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

Aiming	 at	 the	 gap	between	 theoretical	 research	 and	practical	 application	 in	
the	production	bottleneck	field,	we	apply	five	bottleneck	identification	meth‐
ods	in	a	serial	production	line	in	aerospace	industry	based	on	discrete	event	
simulation	and	Plant	Simulation	software,	meanwhile	discuss	the	influence	of	
the	 bottleneck	 machine	 quantity	 on	 the	 system	 performance.	 This	 paper
evaluated	 the	 practicability,	 accuracy	 and	 limitation	 of	 various	 bottleneck	
identification	 methods	 at	 the	 practical	 level.	 The	 results	 of	 the	 bottleneck	
alleviation	manifest	 that	 increasing	 the	 number	 of	 bottleneck	machines	 can	
effectively	improve	the	system	performance,	but	the	more	machine	quantity,	
the	 smaller	performance	 improvement.	More	 importantly, the	paper	 studies	
the	influence	mechanism	and	function	relationship	of	the	bottleneck	machine
quantity	on	the	maximum	completion	time	from	an	interesting	actual	phenom‐
enon	for	the	first	time. The	function	obtains	the	condition	that	the	maximum	
completion	 time	achieve	 the	minimum.	 The	 research	and	conclusion	of	 this	
paper	have	essential	reference	significance	for	production	guidance	and	theo‐
retical	 research,	 and	 can	 also	 contribute	 to	 narrow	 the	 gap	 between	 theory	
and	application	of	the	production	bottleneck	field.	

©	2020	CPE,	University	of	Maribor.	All	rights	reserved.	
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1. Introduction 

The	bottleneck	is	the	machine	or	resource	that	affects	the	production	capacity	of	the	system	in	a	
period,	which	directly	restricts	the	throughput	of	the	whole	system	[1‐6].	Therefore,	bottleneck	
identification	 and	 alleviation	 are	 a	 vitally	 important	 production	 problem	 and	 the	 first	 step	 of	
production	management,	and	it	is	of	considerable	significance	to	improve	production	efficiency,	
economic	benefit	and	reduce	energy	consumption.	The	definition	of	the	bottleneck	is	distinct	for	
different	 production	 systems,	 and	 the	 bottleneck	 identification	methods	proposed	 in	most	 re‐
searches	are	often	not	universal	[7,	8].	The	bottleneck	is	also	a	dynamic	process	that	may	move	
from	one	machine	to	another	[9,	10].	Therefore,	it	is	very	complicated	and	challenging	to	apply	
the	bottleneck	identification	theory	to	actual	production.	

To	the	best	of	our	knowledge,	bottleneck	identification	methods	in	most	studies	are	proposed	
by	two	approaches:	computer	simulation	[11‐14]	or	mathematical	analysis	[15‐18].	The	conven‐
tional	identification	methods	include	as	follows:		
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 The	subsequent	machine	of	the	buffer	with	the	highest	average	work‐in‐progress	quantity	
is	the	bottleneck	[11],		

 The	most	utilized	or	least	idle	machine	is	the	bottleneck	[19],		
 The	next	machine	to	the	station	with	the	highest	blocking	rate	is	the	bottleneck	[20],		
 The	machine	with	the	longest	average	activity	time	is	the	bottleneck	[21],		
 The	machine	 that	processes	 the	 least	variance	or	means	absolute	deviation	of	 the	 inter‐

departure	time	is	the	bottleneck	[14,	22],	and		
 The	most	sensitive	machine	to	the	system	throughput	is	the	bottleneck	[23].	

The	 purpose	 of	 bottleneck	 identification	 is	 to	 alleviate	 the	 bottleneck	 and	 improve	 system	
productivity.	However,	how	to	alleviate	the	bottleneck	is	a	problem	involving	specific	scenarios,	
and	the	methods	to	alleviate	the	bottleneck	are	also	different	 for	specific	systems.	The	general	
alleviation	methods	include	as	follows:		

 Increase	the	number	of	bottleneck	machines	[11,	21],		
 Increase	the	buffer	capacity	before	the	bottleneck	station	[14],	and		
 Improve	 the	 production	 efficiency	 or	 reduce	 the	 processing	 time	 of	 the	 bottleneck	ma‐

chine	[11,	24].	

Although	many	researchers	have	established	different	bottleneck	identification	methods	for	
various	production	systems,	the	practical	application	of	these	theories	is	rare.	The	reason	is	re‐
flected	in	the	complexity	and	uncertainty	of	the	actual	production	system,	such	as	limited	buffer	
capacity,	blocked,	random	interference,	unique	scenes.	Moreover,	these	characteristics	are	diffi‐
cult	to	be	truly	reflected	by	the	theoretical	model.	Actual	case	studies	on	bottleneck	alleviation	
are	also	rare,	the	effectiveness	of	alleviation	methods	has	not	been	fully	verified,	and	the	general	
conclusions	 are	 still	 lacking.	 Therefore,	 there	 is	 a	 gap	 between	 the	 bottleneck	 theory	 and	 the	
practical	application,	which	may	be	due	to	the	fact	that	most	papers	focus	on	one	or	more	practi‐
cal	problems	at	a	time,	and	it	is	a	challenge	to	apply	the	theory	to	various	practical	environments.	

This	paper	aims	to	provide	a	case	study	that	fully	considers	various	bottleneck	identification	
and	alleviation	methods,	hoping	to	draw	general	conclusions	for	practice	and	theory,	and	also	to	
narrow	the	gap	between	theory	and	application.	The	rest	of	the	article	is	organized	as	follows.	
Section	2	proposes	the	materials	and	methods	of	the	case	study.	Section	3	describes	the	system	
and	establishes	a	virtual	model	based	on	Plant	Simulation	software.	Section	4	shows	the	simula‐
tion	results.	Section	5	discusses	the	results	of	section	4.	The	summary	and	general	conclusions	
will	be	presented	in	section	6.	

2. Materials and methods 

The	serial	production	line,	as	the	basic	form	of	other	types	of	production	lines,	is	a	typical	dis‐
crete	event	dynamic	system.	The	ideal	serial	production	line	model	is	shown	in	Fig.	1.	
	

	
Fig.	1	The	ideal	model	of	the	serial	production	line	

	
The	production	activity	in	the	serial	production	line	is	a	dynamic	process	so	that	the	bottle‐

neck	will	change	with	this	dynamic	process.	That	means	there	is	more	than	one	bottleneck	in	the	
production	process.	Nevertheless,	 the	primary	bottleneck	 in	a	period	 is	always	significant	and	
prominent,	which	is	widely	recognized	by	bottleneck	theory	and	practical.	Therefore,	it	is	feasi‐
ble	to	determine	the	most	significant	bottleneck	based	on	the	actual	situation.	

With	the	advent	of	Industry	4.0,	computer	simulation	has	become	an	important	tool	for	pro‐
duction	 optimization	 [25].	 Compared	with	mathematical	modelling	 and	 algorithms,	 computer	
simulation	 can	accurately	 reflect	 the	 system	characteristics	when	 faced	with	 complex	 and	dy‐
namic	production	problems	[26‐29].	Simulation	as	a	powerful	tool	to	guide	decision‐making	in	

BufferStorage Machine Machine Storage
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an	 uncertain	 environment	 can	 simulate	 the	whole	 production	 cycle	 by	 processing	 a	 series	 of	
discrete	event	points	on	the	time	axis	successively.	Recent	literature	also	points	out	that	discrete	
event	 simulation	 is	 an	effective	means	 to	solve	discrete	event	systems	 [30,	31].	Therefore,	we	
adopt	the	method	of	discrete	event	simulation	to	carry	out	the	case	study.	

The	 research	 method	 of	 this	 paper	 can	 be	 described	 as	 follows,	 and	 the	 Plant	 Simulation	
software	was	used	for	creation	of	virtual	model.	

 Analysis	layout	and	material	flow	of	the	system,	and	collect	the	time	information	of	each	
process.		

 Determines	 the	 feasible	bottleneck	 identification	method	according	 to	 the	actual	 system	
information.		

 Establishes	and	verifies	the	simulation	model	of	the	system.		
 Analysis	system	bottleneck	based	on	the	simulation	model	and	identification	method.	
 Determines	the	appropriate	bottleneck	alleviation	methods	according	to	the	actual	system	

and	 the	 identified	bottleneck	machine,	 then	discusses	 the	performance	of	 the	alleviation	
method.		

 Summarizes	and	concludes.	

3. System analysis and modelling 

3.1 Problem description 

The	case	study	involved	a	product	processing	and	testing	system	in	the	aerospace	field.	The	pro‐
duction	layout	is	shown	in	Fig.	2.	The	system	is	mainly	composed	of	the	warehouse,	four	frame	
manipulators,	two	sets	of	transmission	devices,	some	composite	processing	platforms	(CP)	and	a	
series	of	auxiliary	process	platforms.	
	

	
Fig.	2	The	layout	of	the	system	

	
The	material	flow	process	can	be	described	as	follows:		

 The	frame	manipulator	carries	the	parts	from	the	roughcast	warehouse	(RW)	to	the	pallet	
until	the	pallet	is	filled,	then	the	transport	line	begins	to	move	with	the	pallet	to	the	left‐
most	side	of	the	track.	The	pallet	capacity	is	2.	15	s	is	needed	for	each	part	to	be	transport‐
ed	from	the	warehouse	to	pallet.	The	length	of	the	transport	line	is	12	m,	and	the	speed	is	
0.3	m/s.		

 The	second	frame	manipulator	(FM,	feeding	manipulator)	carries	the	parts	from	the	pallet	
to	the	composite	processing	platform	for	processing,	which	requires	85	s	for	each	frame	
manipulator	to	carry,	and	the	processing	time	of	the	compound	platform	is	568	s.		

Composite	processing	platform
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 After	 the	 completion	of	 the	 composite	processing	platform,	 the	parts	 are	 carried	by	 the	
third	 frame	 manipulator	 (BM,	 blanking	 manipulator)	 to	 the	 starting	 point	 of	 another	
transmission	line,	and	each	frame	manipulator	in	this	stage	needs	57	s.		

 The	transmission	line	carries	the	parts	through	5	auxiliary	platforms	(AP1,	AP2,	AP3,	AP4,	
AP5)	in	turn,	and	the	fourth	frame	manipulator	(OM,	offline	manipulator)	carries	it	to	the	
finished	product	warehouse	(FW).	The	processing	time	of	the	five	stations	is	10	s,	10	s,	10	s,	
30	s,	30	s.	The	time	of	the	frame	manipulator	off	the	line	is	40	s.	

Besides,	 if	 there	are	multiple	compound	processing	platform,	 the	 feeding	and	blanking	ma‐
nipulator	may	 face	 the	 problem	 of	 multiple	 targets,	 then	 the	 feeding	 to	 take	 the	 principle	 of	
proximity,	the	blanking	to	take	the	"first	finished	parts	first	blanking"	strategy.	

3.2 Problem assumption 

According	 to	 the	 problem	 description,	 the	 system	 is	 a	 blocked	 serial	 production	 line	 system,	
which	has	no	buffers.	To	facilitate	the	case	study	and	the	establishment	of	the	simulation	model,	
we	suggest	the	following	hypotheses	in	the	case	study:	

1) The	system	is	completely	reliable	and	will	not	break	down;	
2) Due	to	the	high	degree	of	automation	and	the	stable	machining	efficiency,	the	processing	

time	is	regarded	as	an	absolute	constant;	
3) The	finished	product	warehouse	has	enough	capacity;	
4) The	number	of	parts	stored	 in	the	roughcast	warehouse	 is	40	and	evaluates	the	produc‐

tion	performance	by	the	production	indicators	when	40	parts	were	all	processed.	

Six	bottleneck	identification	methods	are	mentioned	in	the	introduction,	but	the	system	has	
no	 buffer,	 so	 it	 is	 not	 feasible	 by	 the	 average	 work‐in‐progress	 of	 the	 buffer.	 The	 other	 five	
methods	are	all	available,	which	will	be	applied	to	our	practical	case.	

3.3 Model construction 

Plant	 Simulation	 is	 used	 in	 this	 paper,	 and	 it	 is	 an	 object‐oriented	 discrete	 event	 simulation	
software	that	can	significantly	reduce	the	difficulty	of	modelling	and	analysis	with	the	character‐
istics	of	inheritance,	encapsulation	and	visualization.	

Establish	machine	objects,	control	strategies	and	data	collection	strategies	 for	each	process	
according	to	the	system	layout	and	material	flow	process.	After	repeated	adjustments	and	modi‐
fications,	the	final	simulation	model	is	shown	in	Fig.	3.	The	object	of	“BF1”,	“BF2”	and	“BF3”	was	
created	for	ease	of	modelling	and	had	no	impact	on	the	simulation	logic.	
	

	
Fig.	3	The	simulation	model	in	plant	simulation	software	
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3.4 Model validation 

The	validity	of	 the	model	 is	 the	premise	of	drawing	correct	results	and	conclusions.	We	allege	
that	the	established	model	is	valid	based	on	the	following	facts:	

 The	model	runs	correctly	until	all	40	parts	are	offline.	
 The	time	of	each	production	process	is	discussed	and	determined	repeatedly	by	the	plan‐

ners	after	taking	full	account	of	the	actual	situation.	
 The	planners	 consider	 that	 the	 simulation	 logic	 is	 consistent	with	 the	 actual	production	

logic	described	in	3.1	by	observing	the	simulation	animation.	
(https://www.bilibili.com/video/av82436626/)	

4. Results of the simulation 

For	the	case	study,	the	five	available	bottleneck	identification	methods	are	the	most	utilized	or	
least	idle	machine	(BT1);	The	next	machine	to	the	station	with	the	highest	blocking	rate	(BT2);	
The	machine	with	the	longest	average	activity	time	(BT3);	The	machine	that	processes	the	least	
variance	or	mean	absolute	deviation	of	the	inter‐departure	time	(BT4);	The	most	sensitive	ma‐
chine	to	the	system	throughput	(BT5).	

The	evaluation	 indexes	of	BT1,	BT2,	BT3	and	BT4	are	machine	utilization	rate	(MUR)	or	ma‐
chine	idle	rate	(MIR),	machine	blocking	rate	(MBR),	average	activity	time	(ACT),	average	abso‐
lute	deviation	(ITA)	or	variance	(ITV)	of	inter‐departure	time.	

BT5	is	the	natural	explanation	of	the	bottleneck,	but	this	concept	is	relatively	vague,	and	the	
evaluation	index	is	difficult	to	establish.	Literature	[21]	solved	the	problem	of	 job	shop	bottle‐
neck	identification	through	complex	mathematical	models	and	algorithms,	but	the	authenticity	
and	 accuracy	 of	 mathematical	 modelling	 in	 diverse	 and	 complex	 environments	 could	 not	 be	
guaranteed.	Therefore,	we	propose	an	intuitive	mean	that	observe	the	Gantt	chart	to	judge	the	
most	sensitive	machine	for	throughput.	

Collecting	time	information	in	the	whole	production	cycle	through	model	simulation,	obtain‐
ing	the	indexes	and	shown	in	Table	1.	

Table	1	shows	that	the	bottlenecks	identified	by	BT1	and	BT3	are	CP.	However,	the	evaluation	
indexes	of	BT2	and	BT4	do	not	show	the	difference	on	the	machine,	and	the	bottleneck	is	not	dis‐
tinguished.	The	result	of	BT5	is	also	CP,	its	Gantt	chart	and	specific	discussion	will	be	put	in	Sec‐
tion	5.	

Then	consider	 the	measure	 to	alleviate	 the	bottleneck	after	CP	 is	determined	as	 the	bottle‐
neck.	There	is	no	buffer	in	the	case	study,	so	it	is	not	feasible	to	increase	the	buffer	capacity	in	
front	of	the	bottleneck.	Besides,	all	the	work	is	done	by	automatic	equipment,	so	the	production	
efficiency	can	hardly	be	accelerated.	Therefore,	the	measure	to	alleviate	the	bottleneck	is	to	in‐
crease	the	number	of	composite	processing	platforms.	
	

Table	1	Evaluation	indexes	of	the	BT1,	BT2,	BT3,	BT4	

Machine	
BT1	 BT2	 BT3	 BT4	

MUR,	%	 MIR,	%	 MBR,	%	 ACT,	s	 ITA	 ITV	

FM	 12.9	 87.1	 0	 85	 0	 0	

CP	 86.3	 13.7	 0	 568	 0	 0	

BM	 8.7	 91.3	 0	 57	 0	 0	

AP1	 1.5	 98.5	 0	 10	 0	 0	

AP2	 1.5	 98.5	 0	 10	 0	 0	

AP3	 1.5	 98.5	 0	 10	 0	 0	

AP4	 4.6	 95.4	 0	 30	 0	 0	

AP5	 4.6	 95.4	 0	 30	 0	 0	

OM	 6.1	 93.9	 0	 40	 0	 0	
	



Li, Xu, Yang, Wang, Bai, Ren 
 

130  Advances in Production Engineering & Management 15(2) 2020

 

To	determine	the	impact	of	the	bottleneck	machine	quantity	on	the	system	performance,	we	
consider	 a	 total	 of	 five	 scenarios,	 corresponding	 to	 the	 number	 of	 composite	machining	 plat‐
forms	of	1,	2,	3,	4,	5,	then	established	the	simulation	model	and	control	strategy	for	each	scenar‐
io.	The	evaluation	indexes	in	each	scenario	are	completion	time	of	the	first	part	(FAT,	first	arri‐
val	time),	completion	time	of	the	last	part	(FCT,	final	completion	time),	mean	time	interval	be‐
tween	the	part	entering	the	finished	warehouse	(MCT,	mean	cycle	time),	utilization	of	the	com‐
posite	processing	platform	(CPU),	utilization	of	feeding	manipulator	(FMU),	utilization	of	blank‐
ing	 manipulator	 (BMU),	 maximum	 machine	 utilization	 (MMU),	 average	 machine	 utilization	
(AMU).	The	simulation	results	of	those	indexes	are	shown	in	Table	2.	
	

Table	2	System	performance	evaluation	in	each	scenario	
Scenario	
No.	

FAT,	s	 FCT,	s	 MCT,	s	 CPU,	%	 FMU,	%	 BMU,	%	 MMU,	%	 AMU,	%	

1	 865	 26332	 653.1	 86.3	 12.9	 8.7	 86.3	 15.9	

2	 865	 13357	 320.3	 85	 25.5	 17.1	 85	 27.9	

3	 865	 9354	 217.7	 80.9	 36.3	 24.4	 80.9	 35.9	

4	 865	 6997	 157.2	 81.1	 48.6	 32.6	 81.1	 43.7	

5	 865	 5776	 125.9	 78.6	 58.8	 39.5	 78.6	 48.9	

5. Discussion 

5.1 Evaluation of each bottleneck identification method 

There	are	four	machine	states:	working,	waiting,	blocked	and	failed.	From	the	results	in	Table	1,	
it	can	be	seen	that	the	three	states	other	than	the	working	do	not	necessarily	exist,	such	as	the	
blocked	state	of	the	machine	in	our	case	study.		

Machine	utilization	represents	the	working	state,	is	the	natural	characteristic	of	the	machine.	
Using	machine	utilization	as	an	indicator	to	identify	the	bottleneck	can	determine	the	use	degree	
of	the	machine.	High	usage	means	that	parts	are	stacked	in	front	of	it,	forming	bottlenecks.	

Average	 activity	 time	 is	 correlated	with	 the	machine	 utilization.	With	 the	 total	 completion	
time	is	equal,	the	higher	the	machine	utilization,	the	longer	time	the	part	stays	on	each	machine,	
which	is	also	the	average	activity	time.	

The	inter‐departure	time	of	each	part	arrive	at	each	machine	in	the	case	is	shown	in	Fig.	4.	
The	abscissa	represents	the	sequence	of	parts	arriving	at	each	machine,	and	the	ordinate	repre‐
sents	the	corresponding	arrival	time.	It	can	be	seen	that	the	part	arrival	time	of	each	machine	is	
proportional	to	the	part	arrival	sequence,	which	means	that	the	processing	interval	time	of	all	
the	part	begins	in	each	machine	is	equal.	
	

	
Fig.	4	The	inter‐departure	time	of	each	part	arrive	at	each	machine	
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Fig.	5	The	Gantt	chart	of	the	system	

	
The	Gantt	chart	is	shown	in	Fig.	5.	The	abscissa	is	time	(unit:	h),	and	the	ordinate	is	machine	

sequence.	Each	block	in	the	Gantt	chart	represents	the	starting	processing	time	and	processing	
duration	of	the	corresponding	part	on	the	corresponding	machine.	It	can	be	seen	that	the	pro‐
cessing	duration	of	the	parts	in	the	CP	is	the	longest,	which	has	a	more	significant	impact	on	the	
final	completion	time	and	throughput	than	other	machines.	Therefore,	the	composite	processing	
platform	is	the	most	sensitive	machine	to	the	throughput,	means	it	is	the	bottleneck	machine.	

It	should	be	noted	that	the	practicability,	accuracy	and	limitation	of	these	bottleneck	identifi‐
cation	methods	 are	 specific	 to	 this	 case	 study,	 which	 does	 not	 mean	 that	 these	methods	 are	
wrong	in	principle,	but	indicates	that	there	is	a	gap	between	theory	and	application.	

5.2 The impact of the bottleneck machine quantity on system performance 

The	FAT	represents	the	speed	of	the	system	laying,	the	FCT	and	the	MCT	represent	production	
efficiency,	and	the	machine	utilization	represents	the	degree	of	efficient	output.	Besides,	the	fac‐
tory	is	very	concerned	about	the	utilization	of	the	CP,	FM	and	the	BM.	Therefore,	we	selected	a	
total	of	eight	indicators	in	Table	2	to	evaluate	the	system	performance.	

The	completion	time	curves	and	mean	cycle	time	under	five	scenarios	are	shown	in	Fig.	6.	Ac‐
cording	 to	Fig.	6(a),	 it	 can	be	known	 that	 the	 first	completion	 time	of	 the	 five	scenarios	 is	 the	
same,	while	the	maximum	completion	time	presents	a	downward	trend,	which	means	increase	
the	 bottleneck	machine	 quantity	 cannot	 improve	 the	 system	 laying	 speed,	 but	 can	 effectively	
improve	 the	production	efficiency.	 It	 can	be	seen	 from	Fig.	6(b)	 that	 the	relationship	between	
the	mean	cycle	time	and	the	number	of	bottleneck	machines	presents	a	decreasing	trend	with	
decreasing	acceleration.	It	can	be	inferred	from	this	trend	that	as	the	number	of	bottlenecks	con‐
tinues	to	increase,	the	final	completion	time	and	the	mean	cycle	time	will	hardly	decrease	once	
the	threshold	is	reached.	
	

Fig.	6	(a)	The	completion	time	of	each	part	in	each	scenario;	(b)	The	mean	cycle	time	of	each	scenario	
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The	utilization	rate	of	each	machine	under	five	scenarios	is	shown	in	Fig.	7.	It	can	be	seen	in	
Fig.	7(a)	that	with	the	increase	of	the	bottleneck	machine	quantity,	the	mean	utilization	rate	of	
the	composite	processing	platform	(MCP)	decreases	with	a	small	range,	while	the	utilization	rate	
of	the	non‐bottleneck	station	increases	significantly.	It	can	be	seen	in	Fig.	7(b)	that	with	the	in‐
crease	 of	 the	 bottleneck	 machine	 quantity,	 the	 maximum	 machine	 utilization	 rate	 decreases	
slightly,	while	the	average	machine	utilization	rate	 increases	significantly,	which	indicates	that	
increasing	the	bottleneck	machine	quantity	can	improve	the	balance	of	the	whole	serial	produc‐
tion	line	system.	

From	the	above	analysis,	it	can	be	drawn	that	increasing	the	number	of	bottleneck	machines	
can	effectively	alleviate	the	bottleneck.	However,	the	alleviate	ability	decreases	with	the	machine	
quantity	increases.	The	more	bottleneck	machines,	the	smaller	the	performance	improvement	to	
the	production	system.	At	 the	same	 time,	 increasing	 the	machine	quantity	will	bring	more	re‐
source	consumption	and	economic	investment,	which	means	that	the	bottleneck	machine	quan‐
tity	should	meet	the	requirements	of	both	system	performance	and	economy,	and	there	must	be	
a	balance	between	the	two.	For	the	case	study,	the	number	of	bottleneck	machines	was	ultimate‐
ly	determined	to	be	3.	
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Fig.	7	(a)	Machine	utilization	in	each	scenario;	(b)	The	maximum	and	average	machine	utilization	in	each	scenario	

5.3 The function between final completion time and bottleneck machine quantity 

According	 to	Fig.	6(a),	when	 the	bottleneck	machine	quantity	 is	greater	 than	1,	 the	 interval	of	
part	completion	time	is	not	equal.	This	phenomenon	can	be	explained	as	the	group	warehousing	
under	different	quantity	of	bottleneck	machine,	which	means	the	parts	are	completed	in	groups,	
and	the	number	of	parts	per	group	is	equal	to	the	bottleneck	machine	quantity.	The	completion	
time	curve	in	scenarios	5	is	shown	in	Fig.	8,	which	intuitively	shows	the	phenomenon	that	five	
parts	are	put	into	storage	as	a	group,	with	short	completion	interval	time	within	the	group	and	
long	completion	interval	time	between	the	groups.	
	

	
				Fig.	8	The	completion	time	of	each	part	in	scenarios	5	
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According	to	Fig.	8,	the	final	completion	time	is	related	to	five	factors:	completion	time	of	the	

first	part	denoted	by	tfat,	the	completion	interval	time	within	the	group	denoted	by	ta,	the	com‐
pletion	interval	time	between	the	groups	denoted	by	tb,	the	number	of	times	ta	appears	denoted	
by	na,	the	number	of	times	tb	appears	denoted	by	nb.	Besides,	there	is	only	tb	when	the	number	of	
bottleneck	machines	is	1.	The	objective	function	can	be	preliminarily	expressed	as	follows.	
	

୫ୟ୶ܥ ൌ ൜
୤ୟ୲ݐ ൅ ݊ୠ௜ ൈ ୠ௜ݐ ൅ ݊ୟ௜ ൈ ௔௜ݐ ݅ ൐ 1

୤ୟ୲ݐ ൅ ݊ୠ௜ ൈ ୠ௜ݐ ݅ ൌ 1 	 (1)
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Where	Cmax	is	the	final	completion	time,	i	is	the	number	of	bottleneck	machines	(i	is	a	positive	
integer),	ݐ௞	is	the	processing	time	of	the	machine	k,	m	is	the	total	process	quantity,	y	is	the	num‐
ber	of	parts	needs	to	be	processed;	“floor”	means	rounding	down,	“mod”	means	remainder.	

The	Gantt	 chart	of	 the	 first	 two	groups	 in	 the	 feeding	manipulator	 (M1,	machine	no.1)	and	
composite	processing	platform	(M2,	machine	No.2)	 is	shown	in	Fig.	9.	All	scenarios	can	be	de‐
scribed	in	Fig.	9,	ta	can	be	regarded	as	the	completion	interval	of	the	part	in	the	second	group,	
while	tb	can	be	regarded	as	the	time	between	the	last	part	in	the	first	group	and	the	first	part	in	
the	second	group.	
	

	
Fig.	9	The	Gantt	chart	of	the	first	two	groups	

	
For	instance,	parts	1	and	6	describe	scenarios	1.	Since	the	feeding	frame	manipulator	needs	

to	wait	for	the	completion	of	the	composite	processing	platform	to	continue	feeding,	the	process	
(6,	1)	(representing	the	processing	of	part	No.	6	on	machine	No.	1)	shall	not	begin	until	the	pro‐
cess	(1,	2)	is	completed.	It	means	that	the	period	from	the	end	of	the	process	(1,	2)	to	the	end	of	
the	process	(6,	2)	is	the	interval	time	between	the	groups	in	scenario	1,	which	denoted	by	tb1.	

Parts	1,	2,	and	6,	7	represent	scenarios	2.	Since	there	are	two	CP	at	scenarios	2,	process	(2,	1)	
can	be	started	 immediately	after	the	process	(1,	1)	completes,	while	(6,	1)	can	only	start	after	
the	processes	(1,	2)	and	(2,	2)	all	complete.	Then	the	period	from	the	end	of	the	process	(2,	2)	to	
the	end	of	the	process	(6,	2)	is	the	interval	time	between	the	groups	in	scenario	2,	which	denot‐
ed	by	tb2.	The	interval	time	within	the	group	can	represent	the	time	from	the	end	of	the	process	
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(6,	2)	to	the	end	of	the	process	(7,	2)	and	denoted	by	ta2.	Similarly,	the	corresponding	ta2,	ta3,	ta4,	
ta5	and	tb1,	tb2,	tb3,	tb4,	tb5	can	be	obtained	and	has	been	shown	in	Fig.	9.	

For	analysis	and	representation	comprehensible,	we	introduce	the	concept	of	the	secondary	
bottleneck	to	distinguish	the	most	significant	bottleneck.	A	fundamental	principle	of	the	second‐
ary	bottleneck	is	that	as	the	number	of	bottleneck	machines	increases,	the	bottleneck	will	move	
from	the	current	bottleneck	to	the	secondary	bottleneck.	The	 identification	method	of	 the	sec‐
ondary	bottleneck	is	similar	to	the	primary	bottleneck.	Sort	the	indexes	in	table	1,	and	the	sec‐
ond	one	is	the	secondary	bottleneck.	According	to	Table	2,	FM	is	the	secondary	bottleneck	ma‐
chine	in	the	case	study.	

According	to	the	above	analysis	and	Fig.	9,	with	the	increase	of	the	bottleneck	machine	quan‐
tity,	ta	remains	unchanged	and	is	equal	 to	the	processing	time	of	 the	FM.	However,	every	time	
the	number	of	bottleneck	machines	increases	by	one,	tb	reduces	the	processing	time	of	a	second‐
ary	bottleneck.	ta	and	tb	can	be	expressed	as	follows.	
	

ୟ௜ݐ ൌ ୱୠݐ ݅ ൐ 1	 (5)
	

ୠ௜ݐ ൌ ୮ୠݐ ൅ ୱୠݐ െ ሺ݅ െ 1ሻ ൈ ୱୠݐ
ൌ ୮ୠݐ െ ሺ݅ െ 2ሻ ൈ 	ୱୠݐ

(6)
	

Where	tsb	is	the	processing	time	of	secondary	bottleneck,	tpb	is	the	processing	time	of	primary	
bottleneck.	Although	we	can	only	know	from	Fig.	9	that	tai	is	equal	to	the	processing	time	of	FM,	
and	tbi	is	equal	to	the	processing	time	of	CP.	Nevertheless,	through	further	analysis	by	changing	
the	time	of	each	station,	we	found	that	tsb	 is	always	equal	 to	the	processing	time	of	secondary	
bottleneck,	and	tpb	 is	always	equal	to	the	processing	time	of	primary	bottleneck.	Then	the	Cmax	
can	be	expressed	as	follows.	
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After	arrangement	
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According	 to	Eq.	 8,	when	ݐ୮ୠ െ ሺ݅ െ 1ሻ ൈ 	,ୱୠ=0ݐ the	ܥ௜୫ୟ୶	gets	 the	minimum	value.	 Then	 ac‐
cording	to	Eq.	8,	the	condition	can	be	expressed	as	the	Eq.	9	and	Eq.	10	after	the	arrangement.	
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From	Eq.	8,	we	can	draw	that	when	making	the	production	plan,	the	number	of	the	part	batch	
should	be	 an	 integer	multiple	 of	 the	bottleneck	machine	quantity.	 From	Eq.	 9,	we	 can	 get	 the	
optimal	configuration	number	of	the	bottleneck	machine.	The	final	completion	time	achieves	the	
minimum	value	when	Eq.	10	is	valid.	
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6. Conclusion 
This paper applied the bottleneck theory to studied a blocked serial production line system in 
the aerospace field based on discrete event simulation, meanwhile discussed the performance of 
five bottleneck identification methods, the effect of the bottleneck machine quantity on system 
performance, obtained the function between final completion time and bottleneck machine 
quantity. Through the case study in this paper, we have reached the following conclusions: 

• The bottleneck identification method based on machine utilization or average activity time 
is universal and practical. The method which is based solely on the machine idle rate, 
blockage rate, and the average absolute deviation or variance of the inter-departure time 
of the machine has some limitations. The method based on the sensitivity of throughput is 
the most natural interpretation of the bottleneck, which is most accurate but difficult to 
apply. 

• Increasing the bottleneck machine quantity can accelerate the production efficiency and 
improve the utilization rate of non-bottleneck machine and system balance. However, the 
alleviation capacity decreases as the number of machines increases. 

• The general function between the final completion time and bottleneck machine quantity 
in the blocked serial production line is obtained, which shows that the production efficien-
cy is determined by the primary bottleneck and the secondary bottleneck. It also manifests 
that the condition of the final completion time gets the minimum value. 

The main contribution of this paper is it evaluates the performance of various bottleneck 
identification and alleviation methods with a practical case, and discusses the relationship be-
tween the final completion time and the bottleneck machine quantity in the blocked serial pro-
duction line for the first time, which has important significance to actual production guidance. 
Also, the case study indicates that some bottleneck identification methods may not be available 
to solve some practical problems, which also proves that there is a gap between theoretical re-
search and practical application. Therefore, another contribution of this paper is it provides a 
practical case for theoretical researchers to reflect and use for reference. 

The limitation of this paper is that it only provides some general conclusions in the blocked 
serial production line. Our next work is to introduce the buffer based on this paper, and research 
the effect between the system performance, the bottleneck machine quantity and the buffer ca-
pacity. 
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A B S T R A C T	   A R T I C L E   I N F O	

This	paper	shows	the	possibility	of	applying	artificial	intelligence methods in	
milling,	as	one	of	 the	most	common	machining	operations.	The	main	goal	of	
the	research	is	to	obtain	reliable	intelligent	models	for	selected	output	charac‐
teristics	 of	 the	 milling	 process,	 depending	 on	 the	 input	 parameters	 of	 the	
process:	depth	of	cut,	cutting	speed	and	feed	to	the	tooth.	One	of	the	problems	
is	certainly	determining	the	value	of	input	parameters	of	the	processing	pro‐
cess	depending	on	the	objective	function,	i.e.	the	output	characteristics	of	the	
milling	process.	The	selected	objective	functions	in	this	paper	are	the	temper‐
ature	 in	 the	 cutting	 zone	 and	 arithmetic	 mean	 roughness	 of	 the	 machined	
surface.	The	paper	examines	the	accuracy	of	three	models	based	on	artificial	
intelligence,	 obtained	 through	 artificial	 neural	 networks,	 fuzzy	 logic,	 and	
genetic	algorithms.	Based	on	the	mean	percentage	error	of	deviation,	conclu‐
sions	were	drawn	as	to	which	of	the	three	models	is	most	adequately	applied	
and	implemented	in	appropriate	process	systems,	which	are	based	on	artifi‐
cial	intelligence.	
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1. Introduction  

There	is	a	need	to	improve	the	machining	process	by	applying	knowledge	from	advanced	model‐
ing	techniques,	such	as	simulation,	which	certainly	involves	modeling	using	artificial	intelligence	
methods.	The	developed	models	are	used	for	the	analysis,	management	and	selection	of	optimal	
process	parameters,	which	represent	a	picture	of	complex	relationships	between	the	input	and	
output	parameters	of	the	milling	process.	The	obtained	models	can	be	used	with	sufficient	accu‐
racy	 in	 adaptive	management	 and	monitoring	 of	 processes	 and	 decision	making	 in	 real	 time,	
which	is	of	great	 importance	in	the	exploitation	of	 intelligent	manufacturing	systems.	It	 is	also	
possible	 to	 optimize	 the	 input	 process	 parameters	 based	 on	 the	 processing	 constraints	 set	 in	
order	to	achieve	one	or	more	target	functions	such	as	reducing	cutting	forces	and/or	minimizing	
the	 roughness	 of	 the	machined	 surface,	which	 have	 the	 greatest	 practical	 value	 and	meaning	
from	a	technical	point	of	view.	In	terms	of	quality	of	the	machined	surface,	the	emphasis	on	the	
roughness	 test	 as	well	 as	 the	 influence	of	 the	 corresponding	parameters	was	given	by	a	 large	
number	of	authors	[1‐4].	

Applying	methods	and	techniques	of	artificial	intelligence	together	with	modeling,	simulation	
and	 optimization	 of	 production	 processes	 lead	 to	 the	 generation	 of	 new	 and	 better	 solutions	
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during	manufacturing	[5‐8].	Their	application	leads	to	the	development	of	intelligent	processing	
systems	that	automatically	perform	complex	production	problems,	freeing	people	not	only	from	
physical	but	also	intellectual	work,	leaving	them	to	do	expert	and	creative	jobs.	

Artificial	intelligence	can	be	considered	an	experimental	doctrine	where	experiments	are	per‐
formed	on	a	computer	within	the	models	that	are	expressed	in	programs	and	whose	testing	and	
upgrading	achieve	some	models	of	human	intelligence.	By	algorithm	it	is	usually	meant	a	finite	
set	 of	 precisely	 defined	 operations	 that	 can	be	performed	on	 a	 computer.	One	 of	 the	 areas	 of	
artificial	intelligence,	together	with	its	sub‐areas,	is	computer	intelligence	(soft	computing).	It	is	a	
basic	artificial	 intelligence	 tool	 that	 involves	series	of	methods	and	 techniques	 for	 the	concep‐
tion,	design	and	use	of	an	intelligent	system.	As	such,	the	tool	is	certainly	attractive	for	creating	
various	models	that	describe	certain	phenomena	in	the	production	process.	

The	objective	of	this	paper	is	to	determine	the	optimal	model	obtained	on	the	basis	of	artifi‐
cial	intelligence	for	predicting	the	roughness	of	the	machined	surface,	i.e.	the	temperature	in	the	
cutting	zone	during	of	the	face	milling	process.	The	proposed	models	are	realized	as	a	function	
of	processing	parameters:	 cutting	 speed,	 feed	per	 tooth	 and	 cutting	depth.	The	most	 common	
artificial	intelligence	methods	are	surely:	fuzzy	logic,	artificial	neural	networks	and	genetic	algo‐
rithms.	Accordingly,	it	is	necessary	to	determine	which	of	these	three	types	for	model	creation	
most	closely	describes	the	change	in	the	output	characteristics	of	the	process.	

2. Literature review 

Artificial	neural	networks	(ANN)	are	nowadays	used	in	almost	all	fields	of	science	and	technolo‐
gy,	 including	mechanical	engineering.	Technological	processing	parameters	are	values	 that	de‐
pend	on	 a	 large	number	 of	 factors.	 There	 are	no	 exact	 forms	 and	procedures	 for	determining	
processing	parameters,	so	in	most	cases,	experience	values	are	used,	like	various	books,	tables,	
graphics,	etc.	Therefore,	neural	networks	can	be	of	great	use.	Instead	of	a	detailed	calculation	of	
the	processing	parameters,	a	neural	network	is	created	that	can	predict	the	unknown	machining	
parameters,	 after	 a	properly	 training	process	 [9].	Today,	 artificial	neural	 networks	 are	widely	
used	in	the	industrial	sector	to	solve	problems	[10‐12].	

An	example	of	the	implementation	of	ANN	can	be	seen	in	the	paper	[13].	The	application	of	
neural	networks	for	the	calculation	of	cutting	force,	torque	and	monitoring	of	tool	wear	during	
the	drilling	process	is	presented	there.	Also,	these	principles	of	neural	networks	application	can	
be	seen	in	other	kinds	of	cutting	material	process.	This	primarily	refers	to	the	milling	process	as	
one	of	the	most	common	cutting	process	[14].	There	are	papers	showing	the	application	of	the	
network	structure	in	the	milling	process	for	variables	such	as	tool	geometry	and	machining	re‐
gimes	[15].	

In	their	research,	Lin	and	Liu	present	the	methodology	of	creating	the	neural	network	struc‐
ture,	 emphasizing	 the	 type	of	 function	as	well	 as	 the	number	of	hidden	 layers	 in	 the	network	
itself.	 It	 should	be	pointed	out	 that	 it	 is	 very	 important	which	 type	of	neural	network,	 i.e.	 the	
number	of	nodes	 in	 individual	 layers,	 is	 the	most	appropriate	 to	 choose	and	 to	obtain	a	 suffi‐
ciently	reliable	model.	Based	on	the	analysis	of	the	papers	[16,	17],	it	can	be	concluded	that	the	
back‐propagation	neural	network	is	sufficiently	reliable.	Also,	it	was	noticed	that	the	faster	con‐
vergence	is	achieved	using	a	two‐hidden‐layer	network	than	using	a	one‐hidden‐layer	network,	
with	the	same	number	of	nodes.	

The	neural	networks	application	is	also	present	in	the	adaptive	control	of	the	spindle	milling	
process	[18].	ANN	are	used	for	on‐line	determination	of	optimal	milling	parameters,	specifically	
feed	per	tooth,	based	on	the	values	of	measured	cutting	forces.	

Next,	a	certainly	not	less	 important	tool	of	artificial	 intelligence	is	Fuzzy	logic. It	represents	
the	generalization	of	the	classical	Boolean	logic.	Systems	based	on	fuzzy	logic	and	fuzzy	sets	can	
be	observed	as	a	generalization	of	expert	systems	based	on	rules.	Fuzzy	systems	manifest	both	
symbolic	and	numerical	features.	

It	 can	 also	 be	 said	 that	 fuzzy	 logic	 and	 fuzzy	 systems	 represent	 an	 effective	 techniques	 to	
identify	 and	 control	 complex	 non‐linear	 systems. Fuzzy	 logic	 is	 also	 used	 for	 prediction. The	
theory	of	fuzzy	logic,	which	has	been	initiated	Zadeh	[19],	is	still	helpful	for	the	operation	with	
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uncertain	and	inaccurate	information. Fuzzy	logic	is	especially	attractive	because	of	its	ability	to	
solve	problems	in	the	absence	of	precise	mathematical	models. This	theory	has	proved	to	be	an	
effective	tool	for	describing	objectives	expressed	through	linguistic	terms,	such	as	small,	medium	
and	high,	which	may	be	defined	as	the	fuzzy	sets	[20].	

Application	of	fuzzy	logic	to	solve	problems	in	the	cutting	process	is	very	common	and	it	can	
be	seen	through	the	overview	of	following	papers.	Rajasekaran	et	al.	[21]	investigated	the	influ‐
ence	of	combinations	of	processing	parameters	in	order	to	obtain	a	good	quality	when	finishing	
machining	by	turning.	They	used	the	fuzzy	modeling	to	predict	the	value	of	surface	roughness.	
Other	 literature	sources	also	show	the	application	of	 the	adaptive	approach	based	on	 the	net‐
work	of	fuzzy	logic	system	(ANFIS),	set	to	show	the	correlation	of	surface	roughness	when	ma‐
chining	by	 turning	or	milling	 [22,	23].	The	 implementation	of	 fuzzy	 logic	 in	surface	roughness	
modeling	when	finishing	machining	has	also	been	discussed	in	paper	[24].	It	can	be	stated	that	
the	fuzzy	logic	is	a	recognizable	system,	sufficiently	developed	and	widely	used	[25].	

Surface	roughness	modelling	when	face	milling	is	considered	a	complex	process. The	concept	
of	fuzzy	reasoning	for	four	inputs	and	one	output	fuzzy	logic	unit	(singleton)	is	excellently	pre‐
sented	in	[26].	Cutting	speed,	feed	per	tooth,	cutting	depth	and	flank	wear	were	set	as	input	var‐
iables,	while	the	output	variable	was	the	roughness	of	the	machined	surface.	

Similar	issues	were	described	by	the	authors	in	paper	[27],	where	the	cutting	speed,	feed	per	
tooth,	 cutting	depth	and	 flank	wear	were	 taken	as	 input	parameters	as	well,	but	 this	 time	 the	
output	variables	were	tool	life	and	cutting	temperature.		

At	the	end	of	this	review	of	artificial	intelligence	application,	it	is	necessary	to	analyze	genetic	
algorithms	(GA).	Genetic	algorithms	are	an	effective	way	to	quickly	find	a	solution	to	a	complex	
problem.	They	are	certainly	not	 fast	but	 they	do	a	great	 job	of	searching	 large	areas.	They	are	
also	most	effective	when	searching	an	area	which	is	very	little	known	or	not	known	at	all.	Ter‐
minology	and	operators	are	taken	from	the	field	of	population	genetics.	The	basic	object	of	ge‐
netic	algorithms	is	the	chromosome,	and	they	represent	an	instantaneous	approximation	of	the	
solution	for	 the	set	goal	 function.	Each	chromosome	is	encoded	and	has	a	certain	quality	–	 fit‐
ness.	 During	 initialization,	 the	 initial	 population	 is	 generated,	which	 is	 a	 solution	 obtained	 by	
another	optimization	method.	Then	follows	a	repetitive	process	until	the	stop	condition	is	met.	
This	process	consists	of	the	execution	of	genetic	operators	of	selection,	crossover	and	mutation.	
By	multiple	 application	 of	 the	 selection	 operator,	mostly	 bad	 individuals	 become	 extinct,	 and	
better	ones	stay	alive,	and	the	next	step	is	crossing	over	between	the	good	individuals.	The	char‐
acteristics	of	parents	 are	 transferred	 to	 children	by	 crossover	operator.	Mutation	 changes	 the	
characteristics	of	individuals	by	random	change	of	genes.	One	such	procedure	enables	the	aver‐
age	quality	of	the	population	to	grow	from	generation	to	generation.	Essentially,	this	is	a	heuris‐
tic	optimization	method	that	solves	certain	computer	problems	by	simulating	the	mechanism	of	
natural	evolution.	

Accordingly,	it	can	be	stated	that	the	mechanism	on	which	GA	is	based,	can	be	used	in	order	
to	optimize	or	to	model	the	value	that	occur	in	certain	production	processes.	Thus,	in	addition	to	
the	wide	domain	of	application	of	the	genetic	algorithm,	they	also	found	their	implementation	in	
designing	of	CNC	control	[28].	When	it	comes	to	artificial	 intelligence,	specifically	based	on	ge‐
netic	algorithms,	it	has	found	its	application	in	machining	processes	where	material	is	removed.	
Thus,	there	is	an	example	of	using	genetic	algorithms	to	perform	optimization	of	parameters	in	
the	examination	of	surface	morphology	[29].	Genetic	algorithms	are	also	used	for	modeling	the	
cutting	force	in	machining	process	of	hard	materials	such	as	titanium	alloys	[30].	They	have	also	
found	their	application	in	the	processing	of	aluminium,	specifically	for	the	optimization	of	pro‐
cessing	 parameters	 [31].	 There	 are	 also	 papers	 in	which	 the	 authors	 deal	 with	modeling	 the	
temperature	during	milling	with	the	help	of	GA	[32].	

3. Materials and methods 

Conditions	for	predicting	the	appropriate	machinability	values	are	created	by	defining	the	mod‐
el.	 Those	 conditions	 allow	 the	 technologist	 or	CNC	programmer	 to	 select	 the	 appropriate	ma‐
chining	regimes	long	before	the	actual	machining.	By	knowing	these	values	of	machinability,	the	
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conditions	are	created	to	achieve	control	of	machining	systems.	Certainly,	assuming	that	the	best	
production	process	was	previously	selected	in	relation	to	the	set	criteria	[33].	Fig.	1	shows	the	
scheme	of	intelligent	control	and	monitoring	of	the	machining	process.	The	figure	shows	that	the	
part	for	modeling	collected	data	is	located	at	the	central	part	of	the	system.	

Experimental	setup	

The	material	used	for	workpiece	was	aluminum	alloy.	It	is	an	alloy	from	7000	series	which	con‐
tains	a	high	percentage	of	zinc	(Zn),	as	the	main	alloying	element,	and	magnesium	(Mg)	as	the	
second	alloying	element.	Beside	Zn	and	Mg,	the	alloy	code	7075	also	contains	copper	(Cu)	as	a	
fourth	alloying	element,	i.e.	it	is	a	multicomponent	Al‐Zn‐Mg‐Cu	alloy.	The	alloys	7075	have	high	
mechanical	 properties,	 good	machinability	 and	 heat‐treated	 process,	 and	 also	 good	 corrosion	
resistance	 [34].	They	belong	 to	 the	group	of	hard	alloys.	They	are	usually	used	 in	 the	aviation	
and	military	industry.	The	forms	they	are	usually	used	are:	sheets,	plates,	wires,	rods,	extruded	
products,	structural	shapes,	pipes,	forgings	etc.	[35].	

Fig.	2	shows	the	typical	microstructure	of	the	tested	samples	of	Al	4.4	%	Cu	alloys	obtained	
by	conventional	casting.	Table	1	shows	the	chemical	composition	of	the	tested	alloys.	

The	experiments	was	performed	on	a	vertical	milling	machine	FSS‐GVK‐3	with	a	face	milling	
head	diameter	of	100	mm,	with	removable	inserts	following	characteristics:	number	of	teeth	t	
=	5,	entrance	angle		=	75,	rake	angle		=	0.	Inserts	are	made	of	tungsten	carbide	quality	K20,	
the	following	characteristics	(l	=	IC	=	12.7	mm;	s	=	3.18	mm;	bs	=	1.4	mm;	b	=	1.4	mm).	

Measurement	of	cutting	temperature	was	performed	using	the	measuring	acquisition	system	
shown	in	Fig	3.	The	central	part	of	the	system	is	virtual	instrumentation.	
	

	
Fig.	2	Microstructure	of	tested	aluminum	alloy	

	
Table	1	Chemical	composition	of	the	alloy	7075	

Alloy	designation	 Basic	element	 Zn	 Mg	 Cu	 Cr	 Fe	 Si	 Mn	 Ti	
7075	 Al	 5.8	 2.52	 1.65	 0.2	 0.18	 0.1	 0.025	 0.025	

	 	

				 	
	

Fig.	1	Monitoring,	modeling	and	control	signal	in	machining	process	
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In	the	case	of	milling,	unlike	turning,	there	are	problems	of	transmitting	the	signal	from	the	
tool	to	the	measuring	instrument.	Due	to	the	fact	that	the	milling	tool	moves	in	a	circular	motion	
during	the	process,	 it	 is	not	possible	 to	directly	manage	the	 thermocouple	wire	directly	 to	 the	
measuring	instrument.	Thermocouple	wire	connects	to	copper	rings,	which	together	with	graph‐
ite	brushes	provide	sliding	contact.	Contact	with	copper	rings	 is	provided	by	springs.	Thermo‐
voltage	occurring	when	measuring	temperature	between	10	to	50	mV,	so	small	losses	also	mean	
large	measurement	errors.	The	thermocouple	is	made	of	Ni	and	CrNi	wire	with	diameter	of	0.1	
mm.	In	the	high‐temperature	zone,	the	wires	were	insulated	using	a	ceramic	tube	of	0.9	mm	in	
diameter,	Fig.	4.	The	length	of	the	tube	was	about	10	mm,	and	the	insulation	was	PVC.	

Apart	of	the	measurement	and	acquisition	system,	temperature	measurement	was	also	per‐
formed	by	the	ThermoPro	TP8S	thermal	camera,	which	served	as	another	verification	of	reliable	
temperature	measurement.	 For	 the	purposes	of	 this	 research,	 i.e.	measuring	 the	 roughness	of	
the	machined	 surface,	 it	was	 used	 the	 device	 called	 ,,MarSurf	 PS1”.	 The	maximum	measuring	
range	is	350	μm	(from	‐200	μm	to	+	150	μm).	This	device	also	meets	the	standards	of	the	Inter‐
national	Organization	for	Standardization	DIN	EN	ISO	3.274.	

The	factor	variation	is	performed	at	5	level	values,	so	that	each	mean	value	between	adjacent	
levels	of	the	geometric	mean	of	these	values.	The	selected	levels	of	factors	are	shown	in	Table	2.	
	

	
Fig.	3	Scheme	of	the	measurement	in	face	milling	process	

	

	
Fig.	4	Prepared	cutting	insert	with	thermocouple	installed	in	the	body	of	the	milling	head	

1 – polygonal inserts, 2 – welded top of the thermocouple, 3 – ceramic tube, 4 – a screw that secures the insert, 5 – tool body,     
6 – thermocouple PVC insulated, 7 – glue 
   



Savkovic, Kovac, Rodic, Strbac, Klancnik 
 

142  Advances in Production Engineering & Management 15(2) 2020

 

Table	2	Levels	of	the	experimental	parameters	for	face	milling	
Levels	(Functions	
of	affiliation)	

Cutting	speed	
v	(m/min)	

Cutting	speed
v	(m/s)	

Feed	to	the	tooth
s1	(mm/t)	

Depth of	cut	
a	(mm)	

Spindle	speed
n	(min‐1)	

Highest				+1.41	 351.86	 5.864	 0.223 2.6 1120	
High										+1	 282.74	 4.712	 0.177 1.72 900	
Medium					0	 223.05	 3.717	 0.141 1.14 710	
Low											‐1	 175.93	 2.932	 0.112 0.75 560	
Lowest					‐1.41	 141.37	 2.356	 0.089 0.5 450	

4. Modeling using artificial intelligence methods 

The	realization	of	the	model	using	artificial	intelligence‐based	tools	was	done	by	using	programs	
that	have	artificial	neural	networks,	fuzzy	logic	(mamdani	model)	and	genetic	algorithms	in	their	
structure.	Experimental	data	with	a	 set	of	21	experiments	 shown	 in	 the	Table	3	were	used	 to	
train	these	systems.	

Table	4	shows	 the	experimental	data	 that	were	used	 for	 the	 test	 for	 further	analysis	of	 the	
models	obtained.	

	

				Table	3	A	plan	of	experimental	testing	with	measured	values	for	the	process	of	training	models	based	on	
				artificial	intelligence	during	face	milling	

No.	
Factor Measured	values	

v	(m/s)	 s1	(mm/t)	 a	(mm)	 Q	(C)	 Ra	(µm)	
1	 2.93	 0.112 0.75 46 1.074
2	 4.71	 0.112 0.75 52 1.081
3	 2.93	 0.177 0.75 53 1.743
4	 4.71	 0.177 0.75 56 1.645
5	 2.93	 0.112 1.72 60 1.058
6	 4.71	 0.112 1.72 67 1.023
7	 2.93	 0.177 1.72 70 1.898
8	 4.71	 0.177 1.72 77 1.734
9	 3.71	 0.141 1.14 60 1.205
10	 2.35	 0.141 1.14 54 1.133
11	 5.86	 0.141 1.14 65 1.244
12	 3.71	 0.089 1.14 55 0.995
13	 3.71	 0.223 1.14 66 2.522
14	 3.71	 0.141 0.5 47 1.242
15	 3.71	 0.141 2.6 76.5 1.229
16	 2.35	 0.089 0.5 51 0.915
17	 2.35	 0.223 2.6 108 1.705
18	 3.71	 0.223 0.5 66 2.023
19	 5.86	 0.089 2.6 98 0.969
20	 5.86	 0.141 0.5 66 1.258
21	 5.86	 0.223 1.14 94 1.94

	
Table	4	Experimental	data	for	testing	the	artificial	intelligence	model	

No.	
Factor Measured	values	

v	(m/s)	 s1	(mm/t)	 a	(mm)	 Q	(C)	 Ra	(µm)	
1	 3.71	 0.141 0.75 51 1.222
2	 3.71	 0.141 1.72 69 1.28
3	 3.71	 0.112 1.14 55 1.037
4	 3.71	 0.177 1.14 62 1.583
5	 2.93	 0.141 1.14 57 1.263
6	 4.71	 0.141 1.14 60 1.734

4.1 Neural network‐based model 

Training	 and	 testing	 are	 the	most	 important	 features	 of	 a	 neural	 network	 (NN)	which	 at	 the	
same	time	determine	the	characteristics	of	NN.	The	training	will	determine	whether	the	neural	
network	 can	 provide	 the	 expected	 response	 or	 not.	 If	 that	 is	 not	 possible,	NN	will	 be	 trained	
again.	The	basic	architecture	of	the	artificial	neural	network	consists	of	an	input	function,	which	
can	be	in	the	form	of	binary,	continuous	or	normalized	data	[36].	
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	 The	distribution	of	data	used	for	network	training,	validation	or	testing	was	as	follows:	70	%	
of	the	data	is	training,	15	%	data	for	validation,	and	15	%	for	test	data.	A	two‐layer	NN	with	sig‐
moid	transfer	function	in	hidden	layers	and	linear	transfer	function	in	output	layer	(fit	net)	can	
arbitrarily	incorporate	multidimensional	mapping	problems,	regarding	consistent	data	and	suf‐
ficient	neurons	in	its	hidden	layer.	The	used	NN	has	one	hidden	layer	with	10	neurons.	The	net‐
work	 is	 trained	with	Levenberg‐Markuard's	return	propagation	algorithm	(trainlm).	This	algo‐
rithm	usually	requires	more	memory,	but	less	time.	Cutting	speed	v	(m/s),	the	feed	per	tooth	s1	
(mm/t)	and	the	cutting	depth	a	(mm)	are	used	as	input	data.	These	input	data	are	grouped	into	
one	whole	that	is	indicated	IN	=	(v,	s1,	a).	Output	data	are	Q	and	Ra	are	not	grouped,	but	a	new	
network	is	created	for	each	one	individually.	Due	to	that,	models	that	were	made	were	type	3‐1,	
three	inputs	and	one	output,	Fig.	5.	

Fig.	6	shows	a	regression	diagram	in	the	neural	network	training	process,	where	the	goal	is	to	
set	the	value	of	the	regression	coefficient	to	be	close	to	1,	the	regression	line	should	be	at	an	an‐
gle	of	45,	while	most	of	 the	data	 from	which	the	network	 is	 trained	with	should	be	along	the	
line	of	regression.	

When	the	network	training	is	completed,	simulation	of	the	neural	network	can	be	performed.	
It	is	necessary	to	define	inputs	(TestIn),	which	are	created	on	the	base	of	Table	4,	and	based	on	
those	 inputs	 to	 perform	 simulation	 and	 get	 new	 generated	 output	 process	 characteristics	
(Test_outputs).	
	

	
Fig.	5	Model	of	formed	neural	networks	

	

	
Fig.	6	Diagram	of	regression	in	the	process	of	training	a	neural	network	

4.2 Fuzzy logic‐based model  

Implementation	of	the	model	based	on	fuzzy	logic	of	the	Mamdani	type	consists	of	several	steps,	
where	 it	 is	necessary	 to	give	a	contribution	 in	 terms	of	editing	membership	 functions	and	ap‐
propriate	rules. On	these	bases,	 the	 fuzzy	 inference	system	comes	to	an	editing,	and	there	 is	a	
graphical	representation	of	 the	appropriate	solutions.	Mamdani	type	 implies	that	the	 language	
values	of	the	output	variable	are	regular	fuzzy	sets,	where	it	is	necessary	to	define	the	number	of	
inputs,	the	names	of	the	input	and	output	variables. As	with	the	neural	network,	there	are	three	
input	variables	(v,	s1,	a)	and	the	two	output	variables	(Q,	Ra)	in	face	milling.	
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Fig.	7	Editor	of	fuzzy	inference	system	

	

Editor	 of	membership	 function	 enables	 the	 display	 and	modification	 of	 all	membership	 func‐
tions,	input	and	output	variables	for	the	entire	fuzzy	inference	system,	Fig	7.	

For	 the	 set	 problem,	 the	 Gaussian	 (gaussmf)	membership	 function	 for	 each	 variable	 is	 de‐
fined.	Gaussian	membership	function	is	the	function	most	commonly	used	in	modelling	by	using	
the	fuzzy	inference	system	[26,	27].	This	symmetric	Gaussian	function	depends	on	two	parame‐
ters	σ	and	C	that	need	to	be	defined	in	the	process	of	modeling,	Eq.	1.	

	

݂ሺݔ; ,ߪ ܿሻ ൌ ݁
షሺೣష೎ሻమ

మ഑మ (1)

After	accepting	the	rules	comprehensible	to	the	program	package,	that	is,	the	highest	value	of	
the	input	parameter	is	represented	numerically	+1.41	written	in	an	attribute	form	with	Highest,	
respectively:	+1	with	High,	0	with	Medium,	‐1	with	Low	and	‐1.41	with	Lowest	defining	appropri‐
ate	fuzzy	set	is	performed.	

The	rules	are	defined	so	that	the	data	that	define	the	cutting	temperature	are	divided	into	6	
fuzzy	subsets	labelled	(A,	B,	C,	D,	E,	F)	that	group	the	approximate	output	values	arranged	by	the	
Gaussian	distribution. For	the	second	output	process	characteristic,	9	fuzzy	sets	(A,	B,	C,	D,	E,	F,	
G,	H,	I)	are	defined	according	to	the	same	principle.	

Accordingly,	the	final	rule	understandable	for	fuzzy	logic	is:	if	speed	is	lower	and	feed	is	lower	
and	depth	is	lower,	then	surface	roughness	in	the	set	C,	this	is	the	first	order.	This	way,	the	other	
rules,	all	21	of	them,	are	defined,	Table	5.	

	
Table	5	The	modified	table	with	corresponding	subsets	

No.	
Factor Measured	values	

v	(m/s)	 s1	(mm/t)	 a	(mm)	 Q	(C)	 Ra	(µm)	
1	 ‐1	 ‐1 ‐1 A C	
2	 1	 ‐1 ‐1 B D	
3	 ‐1	 1 ‐1 B G	
4	 1	 1 ‐1 B F	
5	 ‐1	 ‐1 1 C C	
6	 1	 ‐1 1 D C	
7	 ‐1	 1 1 D H	
8	 1	 1 1 E G	
9	 0	 0 0 C E	
10	 ‐1.41	 0 0 B D	
11	 1.41	 0 0 D E	
12	 0	 ‐1.41 0 B B	
13	 0	 1.41 0 D I	
14	 0	 0 ‐1.41 A E	
15	 0	 0 1.41 E E	
16	 ‐1.41	 ‐1.41 ‐1.41 B A	
17	 ‐1.41	 1.41 1.41 F G	
18	 0	 1.41 ‐1.41 D H	
19	 1.41	 ‐1.41 1.41 F B	
20	 1.41	 0 ‐1.41 D E	
21	 1.41	 1.41 0 F H	
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4.3 Genetic algorithm‐based model 

Predefined	second‐order	model,	obtained	based	on	a	previous	regression	analysis	based	on	the	
design	 of	 the	 experiment,	was	 used	 to	model	 the	 function	 of	Q	 (cutting	 temperature)	 and	Ra	
(arithmetic	mean	roughness):	

ܳ ൌ ଵܥ ൉ ௫భݒ ൉ ଵ௫మݏ ൉ ܽ௫య ሺ2ሻ

ܴ௔ ൌ ଶܥ ൉ ௫రݒ ൉ ଵ௫ఱݏ ൉ ܽ௫ల ሺ3ሻ

When	determining	the	appropriate	shape	of	the	model,	the	genetic	algorithm	method	starts	
from	the	initial	random	population	P(t).	Population	P(t)	is	composed	of	organisms.	Each	organ‐
ism	is	one	of	the	possible	solutions	to	the	problem	and	consists	of	real	constants	(gens):	C1,	x1,	x2,	
x3,	C2,	x4,	x5,	x6.	

Based	on	already	performed	examinations	and	calculations	based	on	regression	analysis,	as	
well	as	due	 to	 faster	detection	of	 the	optimal	solution,	 the	 limits	 in	 the	search	area	have	been	
introduced.	Thus,	the	positioning	of	possible	solutions,	the	coefficients	for	determining	tool	sta‐
bility,	are	localized	to:	60	≤	C1		≤	80;	0.1	≤	x1	≤	0.5;	0.1	≤	x2	≤	0.5;	0.1	≤	x3	≤	0.5.	

After	 generating	 the	 initial	 population,	 the	 iterative	 procedure	 of	 selection,	 recombination	
(crossover)	and	mutation	is	carried	out	until	the	convergence	criterion	is	satisfied,	Fig.	8.	
	

	
Fig.	8	Principle	of	the	genetic	algorithm	

	
Determining	the	interactions	that	occur	among	different	GA	parameters	has	a	direct	impact	on	
the	quality	of	the	solution	and	keeping	parameters	values	balanced	improves	the	solution	of	the	
GA.	 For	machining	process	modeling,	GA	with	 the	 following	parameters	was	used:	 population	
size	150,	crossover	rate	0.8,	mutation	rate	0.03	and	number	of	generations	1000.	

The	only	difference	between	modelling	 the	 function	 for	cutting	temperature	and	arithmetic	
mean	roughness	is	precisely	 in	the	values	of	the	search	area	 limits.	Thus,	the	determination	of	
the	coefficients	that	are	represented	in	the	equation	for	the	arithmetic	mean	roughness	are	set	
to	the	constraints	in	terms	of	the	limits:	10	≤	C2	≤	20;	‐0.5	≤	x4	≤	0.5;	1	≤	x5	≤	1.5;	‐0.5	≤	x6	≤	0.5.	

After	generating	the	optimal	constants	through	the	genetic	algorithms,	the	Eqs.	4	and	5	have	
the	final	form:	

Q ൌ 72.551 ൉ ଴.ଷ଴ହݒ ൉ ଵ଴.ଶଽ଻ݏ ൉ ܽ଴.ଷଵଵ ሺ4ሻ

ܴɑ ൌ 12.337 ൉ ଴.଴ହଽିݒ ൉ ଵଵ.଴଼଼ݏ ൉ ܽି଴.଴ଵ଼ ሺ5ሻ
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5. Results and discussion 

The	 quantitative	 predictive	 potential	E,	 the	 Eq.	 6	 is	 evaluated	 due	 to	 percentage	 of	 deviation	
between	the	obtained	values	(using	the	corresponding	model)	and	the	expected	(experimental)	
values	for	the	temperature	in	the	cutting	zone	Q	and	the	surface	roughness	Rɑ	for	the	data	on	the	
basis	of	which	the	training	of	corresponding	models	of	artificial	intelligence	was	performed.	The	
results	 presented	 are	 given	 in	 Table	 6	 and	 Table	 7.	 The	 verification	 of	 the	 accuracy	 of	 these	
models	was	performed	on	the	basis	of	6	additional	experiments	performed	according	to	the	plan	
given	in	the	second	part	of	Tables	6	and	7.		

Based	on	the	average	percentage	error,	it	can	be	concluded	that	in	both	output	characteristics	
of	the	process	for	the	data	used	in	the	training	of	the	corresponding	model,	this	percentage	error	
does	not	exceed	10	%.	The	situation	is	similar	with	test	data	where	models	used	for	cutting	tem‐
peratures	Q	 are	 also	 below	10	%,	while	 in	 arithmetic	main	 roughness	Ra	 obtains	 a	maximum	
deviation	of	14	%	using	an	artificial	neural	network‐based	model.	Comparing	all	three	models,	it	
is	 concluded	 that	 looking	at	both	output	 characteristics	of	 the	process,	 the	 smallest	 error	was	
made	by	the	model	based	on	fuzzy	logic.	Consequently,	 it	 is	recommended	that	the	knowledge	
base,	based	on	artificial	intelligence	is	recommend	built	into	the	appropriate	process	systems.	
	

ܧ ൌ
ห௒೔ ౣ౥ౚି௒೔ ౛౮౦ห

௒೔ ౛౮౦
∗ 100 %; ݅ ൌ 1…݊,			 ௜ܻ ൌ ;௜ߠ   ܴ௔೔  ሺ6ሻ

	

Table	6	Comparison	of	NN,	FL,	and	GA	predictive	models	for	cutting	temperature	Q		

T
ra
in
in
g	
da
ta
	

No.	 	Exp.	(C)	 	N.N.	(C)	 E	(%)	 	F.L.	(C)	 E	(%)	 	G.A.	(C)	 E	(%)	
1	 46	 48.80	 6.1 48.82 6.13 48.06	 4.48
2	 52	 52.32	 0.61 54.17 4.17 55.55	 6.82
3	 53	 54.24	 2.35 54.16 2.18 55.06	 3.88
4	 56	 56.67	 1.19 54.07 3.44 63.64	 13.64
5	 60	 60.03	 0.05 62.29 3.81 62.22	 3.69
6	 67	 67.13	 0.19 67.50 0.74 71.91	 7.33
7	 70	 69.94	 0.09 67.50 3.58 71.27	 1.82
8	 77	 77.15	 0.19 75.98 1.33 82.38	 6.98
9	 60	 60.64	 1.06 61.42 2.38 62.99	 4.99
10	 54	 53.87	 0.24 53.95 0.09 54.81	 1.49
11	 65	 64.85	 0.23 62.03 4.57 72.42	 11.41
12	 55	 55.16	 0.29 53.95 1.91 54.95	 0.09
13	 66	 79.13	 19.89 67.50 2.27 72.18	 9.37
14	 47	 45.03	 4.19 48.94 4.12 48.75	 3.73
15	 76.5	 75.65	 1.11 76.00 0.65 81.41	 6.42
16	 51	 51.26	 0.51 53.48 4.86 36.99	 27.46
17	 108	 117.68	 8.96 101.00 6.48 81.16	 24.85
18	 66	 59.50	 9.84 67.50 2.27 55.86	 15.36
19	 98	 97.97	 0.03 101.00 3.06 81.63	 16.69
20	 66	 65.99	 0.01 67.49 2.26 56.05	 15.08
21	 94	 93.92	 0.08 100.96 7.41 82.98	 11.72

	 	 Average	error		 2.72	 	 3.22	 	 9.39	

T
es
ti
ng
	d
at
a	 1	 51	 48.84	 4.23 48.058 5.77 55.30	 8.44

2	 69	 65.53	 5.03 64.94 5.88 71.59	 3.76
3	 55	 54.98	 0.04 55.01 0.02 58.83	 6.97
4	 62	 54.88	 11.48 56.81 8.36 67.39	 8.71
5	 57	 55.03	 3.45 54.54 4.32 58.62	 2.84
6	 60	 53.96	 10.06 56.29 6.18 67.75	 12.92

	 	 Average	error		 5.72	 	 5.09	 	 7.27	
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Table	7	Comparison	of	NN,	FL,	and	GA	predictive	models	for	arithmetic	mean	roughness	Ra	
T
ra
in
in
g	
da
ta
	

No.	 Rɑ	Exp.	(μm)	 Rɑ	N.N.	(μm)	 E (%) Rɑ	F.L.	(μm)	 E (%) Rɑ	G.A.	(μm)	 E	(%)	
1	 1.074	 1.071	 0.24 1.048 2.38 1.075	 0.11
2	 1.081	 1.075	 0.53 1.129 4.53 1.045	 3.29
3	 1.743	 1.418	 18.63 1.707 2.04 1.769	 1.49
4	 1.645	 1.643	 0.09 1.517 7.8 1.720	 4.56
5	 1.058	 0.617	 41.66 1.066 0.74 1.059	 0.11
6	 1.023	 1.313	 28.33 1.057 3.36 1.029	 0.68
7	 1.898	 1.751	 7.74 2.002 5.48 1.742	 8.18
8	 1.734	 1.733	 0.08 1.722 0.68 1.695	 2.27
9	 1.205	 1.205	 0.02 1.244 3.2 1.352	 12.19
10	 1.133	 1.135	 0.21 1.141 0.72 1.389	 22.58
11	 1.244	 1.245	 0.1 1.241 0.26 1.316	 5.78
12	 0.995	 0.999	 0.37 1.003 0.84 0.819	 17.64
13	 2.522	 2.488	 1.35 2.552 1.19 2.226	 11.73
14	 1.242	 1.237	 0.37 1.240 0.14 1.372	 10.47
15	 1.229	 1.218	 0.88 1.240 0.9 1.332	 8.38
16	 0.915	 0.909	 0.68 0.940 2.77 0.850	 7.10
17	 1.705	 1.707	 0.12 1.725 1.17 2.253	 32.15
18	 2.023	 2.017	 0.3 2.011 0.61 2.259	 11.68
19	 0.969	 1.029	 6.21 0.996 2.79 0.786	 18.89
20	 1.258	 1.259	 0.08 1.240 1.41 1.336	 6.17
21	 1.94	 1.944	 0.19 2.011 3.64 2.167	 11.69

	 	 Average	error		 5.15	 	 2.22	 	 9.39	

T
es
ti
ng
	d
at
a	 1	 1.222	 1.253	 2.51 1.241 1.50 1.362	 11.47

2	 1.28	 1.022	 20.12 1.328 3.73 1.342	 4.84
3	 1.037	 0.911	 12.12 1.053 1.59 1.052	 1.48
4	 1.583	 1.763	 11.39 1.611 1.79 1.731	 9.37
5	 1.263	 1.124	 10.99 1.143 9.54 1.371	 8.54
6	 1.734	 1.240	 28.46 1.257 27.51 1.333	 8.02

	 	 Average	error		 14.26	 	 7.61	 	 7.29	
	

	 Another	analysis	of	the	accuracy	of	the	corresponding	models	was	performed	based	on	sim‐
ple	linear	regression.	Figs.	9	and	10	show	diagrams	of	actual	and	predicted	values	as	well	as	the	
calculated	 coefficient	 of	 determination	 for	 each	 proposed	model.	 Based	 on	 the	 analysis	 of	 the	
coefficient	of	determination	in	defining	the	most	accurate	model	for	predicting	the	cutting	tem‐
perature	Q,	the	following	can	be	stated:	the	fuzzy	logic	model	gave	the	best	match	of	actual	and	
predicted	values	(R2	=	0.982),	next	the	neural	network	model	(R2	=	0.945),	and	finally	the	most	
unfavourable	prediction	comes	from	a	model	based	on	GA.	In	this	case,	the	first	two	models	are	
acceptable	for	further	implementation	in	process	systems,	while	the	GA	model	should	be	avoided.	

Fig.	10	also	shows	an	analysis	of	deviation	of	 the	values	of	 the	arithmetic	mean	roughness,	
where	it	is	concluded	that	the	fuzzy	logic	model	gives	a	completely	correct	representation	of	the	
actual	and	predicted	values	with	a	very	high	coefficient	of	determination.	The	values	for	the	oth‐
er	two	models	based	on	the	membership	interval	belong	to	the	domain	of	good	correlation.	
	

	
Fig.	9	Diagram	of	actual	and	predicted	values	for	cutting	temperature	
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Fig. 10 Diagram of the actual and predicted values for the arithmetic mean roughness 

 Based on the overall analysis, taking into account the values based on the quantitative predic-
tive potential E as well as the coefficient of determination R2, it is concluded that the models 
based on fuzzy logic are the most suitable for further use. 

6. Conclusion 
By modeling the machinability functions of the milling process, i.e., the machining conditions 
and the output characteristics of the process, the conditions for a predict control and optimize 
process parameters have been created. The modeling process was performed using artificial 
intelligence based methods. Models were realized by artificial neural networks, fuzzy logic and 
genetic algorithms with the analysis of the accuracy. The obtained models for each machinability 
function were analyzed and on the basis of least error of deviation, the best model is proposed. 
An analysis was also performed in terms of the values of the coefficient of determination for 
each individual model as a function of the corresponding characteristics of the face milling pro-
cess. The verification of the accuracy of the model was performed on the basis of additional ex-
periments, which were not used in training phase. Based on a comprehensive analysis, it can be 
concluded that the application of the Fuzzy logic is the most adequate in the examined process. A 
further recommendation would be in the application of artificial neural networks in the first 
place, and then genetic algorithms in the second place. 

The successful theoretical and experimental research has demonstrated the applicability of 
new modeling methods to milling processes. Also, models developed using artificial intelligence 
tools have a potential application in the industry. Consequently, the results of this research have 
their significance in that view, i.e., they can be integrated into manufacturing systems within 
which the tools of the integrated memory for the knowledge base are represented.  
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A B S T R A C T	 	 A R T I C L E   I N F O	

Supply	 chains	 in	 a	 global	 business	 environment	 operate	 within	 conflicting	
aspects.	 This	 research	 analyses	 correlation	 and	 interdependencies	 between	
inventory	 levels,	 costs	 and	 greenhouse	 gas	 emissions	 from	 replenishments	
within	supply	chain	echelon.	A	simulation‐based	inventory	optimisation	con‐
ducted	 on	 4000	 experiments	 assumes	 the	 conditions	 of	 stochastic	 market	
demand,	(R,	s,	S)	inventory	policy,	target	fill	rates,	predefined	lead	times	and	
closing	 days	 constraint.	 It	 verifies	 the	 influence	 of	 operational	 and	 logistic	
decisions	such	as	frequency	of	inventory	replenishments	or	vehicle	size	selec‐
tion	on	management	 objectives.	 Besides	determining	 the	best	 individual	 re‐
sults	 for	 the	 objectives	 of	 minimum	 inventory	 levels,	 total	 costs	 and	 emis‐
sions,	the	overall	best	solutions	in	terms	of	three	decision	models	–	uniformly	
valued,	 cost‐oriented	 and	 environmentally	 responsible	 model,	 were	 deter‐
mined	 using	multi‐criteria	 decision‐making	methodology.	 These	models	 are	
relevant	 for	both	 scientific	 and	practical	managerial	 settings	due	 to	 the	 evi‐
dent	 lack	of	 research	 simultaneously	 analysing	 inventory,	 cost	 and	environ‐
mental	performances	of	(R,	s,	S)	policy.	This	study	confirms	that	it	is	crucial	in	
practice	 to	 perform	 an	 extensive	 simulation	 experiment	 analysis	 for	 each	
product	 to	be	able	 to	determine	 its	optimal	settings.	 Inventory	management	
software	should	have	a	direct	 influence	on	operational	decisions	 in	order	 to	
reduce	costs	or	emissions	within	the	same	fill	rate.	
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1. Introduction 

According	 to	Cetinkaya	et	al.	 [1],	 there	are	 three	 crucial	 factors	which	determine	 the	business	
environment	 and	 the	 strategy	 of	 corporations	 nowadays:	 demand	 (customers	 and	 target	
groups),	supply	(competitors	and	suppliers)	and	general	environment	(regulations,	natural	re‐
sources,	society,	etc.).	These	factors	are	becoming	increasingly	complex	and	dynamic	in	today's	
business	 settings,	 determining	 the	 behaviour	 of	market	players.	The	unique	 objective	of	 busi‐
ness	until	 recent	 years	was	 to	 acquire	 the	maximum	economic	profit	 or	 to	 improve	 customer	
service	[2‐3].	During	the	quality	revolution	of	the	1980s	and	the	supply	chain	(SC)	revolution	of	
the	1990s,	 it	has	become	clear	 that	 the	best	business	practices	require	 integration	of	environ‐
mental	management	 with	 on‐going	 business	 operations	 [4].	 Severe	 deterioration	 of	 the	 envi‐
ronment,	 waste	 generation	 and	 resources	 depletion,	 together	with	 legislation	 and	 customers'	
pressure,	 lead	to	the	development	of	new	concept	‐	Green	Supply	Chain	Management,	which	is	
often	defined	as	an	approach	that	 implements	ecological	 thinking	 into	traditional	supply	chain	
management	 (SCM),	 products	 and	 services.	However,	 this	 cannot	 be	 done	 to	 the	 detriment	 of	



Žic, Žic 
	

152  Advances in Production Engineering & Management 15(2) 2020

	

quality,	 cost	or	 service	 level,	which	 leads	 to	 the	growing	need	 to	 treat	 inventory	management	
inseparably	from	environmental	and	economic	objectives	[5‐7].	
	 The	rest	of	this	paper	is	organised	as	follows:	a	review	of	relevant	literature	is	presented	in	
Section	 2.	 Section	 3	 provides	 a	 formulation	 of	 a	 simulation	model	 and	 presents	 the	methods	
used.	In	Section	4	the	experimental	results	(inventory	levels,	costs	and	emissions)	are	analysed,	
together	with	the	multi‐criteria	decision‐making	method,	used	to	select	the	favourable	solutions	
by	several	decision	criteria.	Finally,	research	conclusions	are	given	in	Section	5.	

2. Literature review 

In	 this	research,	we	study	 the	correlation	between	several	aspects	of	modern	SCM	‐	economic	
performance,	inventory	management	under	(R,	s,	S)	policy	and	environmental	impact,	to	provide	
the	useful	insights	for	managerial	decisions.	The	environmental	impact	of	SC	activities	analysed	
in	 this	work	considers	greenhouse	gases	 (GHG)	emissions	 resulting	 from	 inventory	 replenish‐
ments	based	on	road	freight	transport,	which	is	a	significant	contributor	to	CO2eq	emissions	[8].	
Venkat	and	Wakeland	observed	that	carbon	emissions,	as	an	indicator	of	the	environmental	per‐
formance	of	SC,	are	highly	sensitive	to	the	frequency	and	mode	of	deliveries,	as	well	as	type	and	
amount	of	stored	inventory.	This	implies	that,	even	though	lean	SCs	typically	have	lower	emis‐
sions	due	 to	 reduced	 inventory,	 frequent	 replenishments	 generally	 increase	 the	 level	 of	 emis‐
sions,	particularly	with	longer‐distance	trade	and	globalisation	[9].	Increasing	customer	aware‐
ness	about	environmental	issues,	especially	in	Europe	and	the	US,	requires	transport	and	stor‐
age	providers	to	demonstrate	their	sustainability.	At	the	same	time,	modern	management	forces	
companies	to	integrate	transportation	planning	in	their	management	decisions	to	achieve	a	re‐
duction	of	costs	and	improved	customer	service	[10‐11].	To	be	able	to	move	towards	reduction	
of	emissions	caused	by	transportation,	companies	tend	to	either	adopt	electric	and	hybrid	vehi‐
cles	or	 to	optimise	 their	 operational	 decisions,	where	operational	 adjustments	might	be	more	
cost‐effective	than	investing	in	more	carbon‐efficient	technologies	[12‐13].	
	 (R,	s,	S)	or	periodic	review	policy	is	widely	present	inventory	model	both	in	practice	and	aca‐
demic	 literature.	Due	 to	 its	 structure,	 it	 has	 been	 implemented	 in	many	 business	 information	
systems,	 such	as	ERP	and	APS,	without	 the	 simple	algorithms	or	procedures	 to	determine	 the	
optimal	characteristic	inventory	levels	in	practice	[14‐15].	Reorder	point	s	and	order‐up‐to	level	
S,	together	with	review	period	R,	are	in	practical	business	situations	set	by	inventory	managers.	
Decision‐making	process	becomes	even	more	complicated	with	opposed,	real‐life	objectives	and	
constraints,	such	as	service	or	cost‐based	targets,	limited	resources	and	workforce,	which	is	not	
acknowledged	by	most	of	the	classic	inventory	formulas.	Additionally,	behavioural	preference	is	
a	substantial	factor	which	affects	the	decision‐making	strategies	of	companies,	usually	leading	to	
deviations	from	profit	maximisation	[16].		
	 Despite	the	presence	of	this	inventory	policy	in	practice,	there	is	a	study	gap	in	the	review	of	
the	current	 literature	regarding	 inventory	management	using	 (R,	s,	S)	policy	and	related	envi‐
ronmental	 and	 economic	 aspects.	 In	 this	 context,	 papers	 analysing	 Economic	 Order	 Quantity	
(EOQ)	or	other	production‐inventory	models	are	much	more	common.	The	 review	of	 relevant	
literature	is	shown	in	Table	1,	with	specified	factors	considered	in	the	listed	studies.		
	 Kapalka	et	al.	described	the	approach	for	determining	optimal	(R,	s,	S)	policies	for	inventory	
management	in	a	practical	retail	environment,	in	conditions	of	stochastic	demand	and	lost	sales	
[17].	Possible	benefits	are	evident	in	inventory	and	cost	reduction	while	fulfilling	defined	service	
level	 constraint.	Kiesmüller	et	al.	 compared	 the	 economic	performance	of	 (R,	 s,	S)	 and	 (R,	 s,	 t,	
Qmin)	policies	with	new	policy	(R,	S,	Qmin),	taking	into	an	account	minimum	order	quantity	(MOQ)	
parameter	 [14].	 Bijvank	 and	 Vis	 analysed	 lost	 sales	 inventory	models	with	 service	 level	 con‐
straint,	comparing	the	optimal	replenishment	policy	to	(R,	s,	S)	policy	[18].	Periodic	review	in‐
ventory	systems	with	service	level	constraint	are	also	studied	in	the	work	of	Bijvank	[19],	show‐
ing	cost	performance	similar	to	the	optimal	policy,	justifying	their	use	in	practical	settings.	Gock‐
en	et	al.	used	the	simulation	model	to	determine	optimal	inventory	parameters	and	review	mod‐
el	between	continuous	and	periodic	 review	(s,	S)	 inventory	policies	 [20].	Their	work	 included	
cost	analysis	and	selection	of	the	best	supplier.		
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Table	1	Sustainable	inventory	models;	factors	considered	in	the	literature	
Studies	 Inventory	management	

aspects	
Operational	
aspects	

Environmental	
aspects	

Economic	aspects

Authors	 Year	

In
ve
nt
or
y	

co
nt
ro
l		

po
lic
y	

D
em

an
d	
	

m
od
el
	

EO
Q
	/
SE
O
Q
	m
od
el
	

Le
ad
‐t
im
e	

M
O
Q
	c
on
st
ra
in
t	

Cl
os
in
g	
da
y	
co
ns
tr
ai
nt
	

Se
rv
ic
e‐
ba
se
d	
co
ns
tr
ai
nt
	

In
ve
nt
or
y	
im
pa
ct
	o
n	
ca
r‐

bo
n	
em

is
si
on
s	
(C
E)
	

CE
	fr
om

	lo
gi
st
ic
	a
ct
iv
it
ie
s	

(L
A
)	

Fu
el
	c
on
su
m
pt
io
n	
by
	L
A
	

Ca
rb
on
	p
ol
ic
ie
s	

H
ol
di
ng
	c
os
ts
	

O
rd
er
	c
os
ts
	

Pe
na
lt
y/
	lo
st
	s
al
es
	c
os
ts
	

B
ac
ko
rd
er
	c
os
ts
	

T
ra
ns
po
rt
	c
os
ts
	

Pe
ri
od
ic
		

re
vi
ew

	

Co
nt
in
uo
us
	

re
vi
ew

	

D
et
er
m
in
is
ti
c	

St
oc
ha
st
ic
	

Kapalka	et	al.	 1999 •	 • • • •	 •	
Wahab	et	al.		 2011 • • •	 •	 •	 •
Kiesmüller	 2011 •	 • • • •	 •
Bijvank,	Vis	 2012 •	 • • •	 •	 •	
Chen	et	al.	 2013 • • • •	 •	 •	
Digiesi	et	al.	 2013 • • • • • •	 •	 •	 •
Benjaafar	et	al.	 2013 • • • •	 •	 •	 •
Konur	and	Schaefer	 2014 • • •	 •	 •
Bijvank	 2014 •	 • • • •	 •	
Battini	et	al.	 2014 • • • •	 •	 •
Tang	et	al.		 2015 •	 • • • • • •	 • •
Gocken	et	al.	 2017 •	 •	 • • •	 •	 •	
Akhtari	et	al.	 2019 •	 • • • • •	 •	 •
This	study	 2020 •	 • • • • • • • •	 •	 •	 •
	
	 Only	a	 few	papers	 that	 study	periodic	 review	policy	considered	 the	environmental	 aspects.	
The	research	of	Tang	et	al.	[21]	examines	the	cost	of	cutting	carbon	emissions	by	reducing	ship‐
ment	frequency	and	adjusting	the	inventory	control	decisions.	Akhtari	et	al.	[22]	used	a	simula‐
tion	model	to	compare	the	main	parameters	of	forest‐based	biomass	SC	for	two	inventory	man‐
agement	 systems.	 The	 results	 showed	 that	 the	 selection	 of	 inventory	 system	 slightly	 impacts	
demand	 fulfilment,	 but	 has	 a	 considerable	 influence	 on	 total	 costs	 and	 carbon	 emissions.	 As	
mentioned,	consideration	of	factors	that	have	environmental	and	cost	impact	is	more	prevalent	
within	the	studies	using	the	EOQ	model.	An	environmental	approach	to	traditional	EOQ	is	intro‐
duced	in	a	 few	works	as	the	new	"Sustainable	Order	Quantity"	model	(SOQ).	Digiesi	et	al.	 [23]	
analysed	SOQ	model	with	stochastic	demand	in	regards	to	logistic	and	environmental	costs	per‐
formance,	and	Battini	et	al.	[24]	examined	all	sustainability	factors	connected	to	lot	sizing,	using	
the	 life‐cycle	assessment	approach.	Benjaafar	et	al.	 [13]	presented	how	 firms	could	effectively	
reduce	their	carbon	emissions,	without	significantly	increasing	costs,	by	making	only	operation‐
al	adjustments	in	regards	to	transportation,	production,	inventory	management,	or	collaboration	
with	other	members	of	SC.	Chen	et	al.	[25]	used	the	EOQ	model	to	discuss	a	similar	concept.	In	
their	work,	emission	reductions	are	achieved	by	modifications	of	order	quantities	without	signif‐
icant	cost	increase.	Konur	and	Schaefer	[26]	studied	the	integrated	inventory	control	using	EOQ	
model	and	transportation	decisions	of	a	retailer	under	 four	different	carbon	emissions	regula‐
tion	 policies.	 Wahab	 et	 al.	 [7]	 explored	 the	 problem	 of	 determining	 the	 optimal	 production‐
shipment	policy	 in	domestic	and	 international	SC	with	 incorporated	consideration	of	 the	envi‐
ronmental	 impact	 of	 operational	 decisions	 such	 as	 a	number	of	 shipments,	 shipment	 size,	 the	
return	of	defected	items	etc.	Papers	of	Ferretti	et	al.,	Darvish	et	al.,	and	Yu	et	al.	[3,	27,	28]	con‐
tributed	 to	 the	problem	 formulation	of	 this	research	 in	regards	 to	environmental	or	economic	
aspects	of	SCM.		

3. Formulation of the inventory system model 

3.1 General inventory model settings 

Inventory	model	considered	in	this	research	consists	of	a	single	echelon	SC	system	with	stochas‐
tic	market	demand.	The	model	observes	operating	of	a	distribution	centre	(DC)	in	a	period	of	90	
days,	using	 (R,	s,	S)	 control	policy	 for	managing	 inventory	 levels	and	replenishments	 from	the	
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supplier	to	fulfil	desired	fill	rates.	Main	model	settings	are	specified	in	Fig.	1.	Market	demand	is	
generated	 in	 software	 programmed	 in	 Python,	 and	 confirmed	 to	 be	 normally	 distributed	 by	
D'Agostino‐Pearson	omnibus	K2	test	in	GraphPad	Prism	software,	with	P‐value	higher	than	the	
significance	level	(α	=	0.05).	Demand	is	modelled	with	a	mean	of	1000	products	per	day.	Stand‐
ard	deviation	of	demand	is	defined	as	high	(σH),	with	a	value	of	200,	and	low	(σL)	when	it's	value	
is	2.	In	total,	our	research	is	based	on	400	simulated	market	demands,	grouped	per	200	for	each	
standard	deviation	of	demand.	Tolerance	of	mean	daily	demand,	 in	 total	observed	period	 is	0,	
tolerance	of	standard	deviation	of	demand	is	±0.0001,	and	inventory	fill	rate	tolerance	is	+0,	‒
0.0001.	Simulation	model	assumes	that	days	without	orders	from	customers	may	exist.	The	ser‐
vice‐based	constraint	imposed	on	DC	is	defined	with	fill	rates	of	90	%	and	100	%,	calculated	for	
the	 total	observed	period.	Market	demand,	product	deliveries	and	 inventory	 levels	are	of	non‐
negative,	integer	values.	Inventory	level	is	periodically	reviewed	at	the	end	of	each	day.	
	 In	(R,	s,	S)	inventory	policy,	lowest	characteristic	inventory	levels	can	only	be	determined	by	
applying	exhaustive	brute	force	search.	Brute	force	search	method	results	in	a	global	minimum	
of	characteristic	inventory	levels	s	and	S	at	the	expense	of	rapidly	growing	total	number	of	simu‐
lation	 experiments	 (SE).	 In	 total,	 1.13 ∙ 10ଵଷ	 SEs	were	 tested	 to	 determine	 4000	 SEs	with	 the	
lowest	 characteristic	 inventory	 levels	 satisfying	 boundary	 conditions	 for	 the	 observed	 period.	
For	numerical	analysis,	HP	ProLiant	DL580	G7	server	with	 four	Xeon	E7‐4870	processors	and	
256	GB	RAM	was	used.	Each	processor	has	10	cores,	and	with	hyperthreading	we	were	able	to	
conduct	80	separate	searches	parallelly.	Generating	400	normally	distributed	market	demands	
required	approx.	8.5	h	and	brute	 force	 search	 for	 the	 lowest	 characteristic	 inventory	 levels	of	
abovementioned	4000	SEs	required	approx.	23	h.		
	 As	our	SC	model	tends	to	simulate	realistic	functioning	of	market‐oriented	SCs,	Saturday	and	
Sunday	are	defined	as	closing	days	for	the	supplier,	while	DC	works	seven	days	a	week.	The	con‐
straint	of	closing	days	makes	the	calculations	more	complex,	reflecting	on	 increased	 inventory	
levels,	number	of	orders	and	their	size,	etc.	Even	though	it	is	common	in	practice,	one	of	the	rare	
examples	where	such	constraint	can	be	found	in	the	scientific	literature	is	the	study	of	Janssen	et	
al.	[29],	related	to	perishable	inventory	model.	Initial	inventory	level	in	SE	is	set	to	the	S	level.	If	
current	inventory	position	x	at	the	time	of	review	is	equal	to,	or	bellow	s,	an	order	of	size	(S‐x)	is	
placed.	Average	 inventory	 level	 (AIL)	 is	 calculated	 for	 each	SE	as	 an	average	value	of	 average	
daily	inventory	levels	during	the	total	observed	period.	MOQ	is	1	unit	of	product.	Supplier	is	reli‐
able	and	supplying	complete	ordered	quantity	at	predefined	lead	times	of	0,	2,	5,	10	or	15	work‐
ing	 days,	 meaning	 that	 products	 are	 delivered	 and	 available	 on	 the	 stock	 of	 DC	 in	 that	 time.	
Methods	 used	 in	 this	 paper	 are	 simulation	modelling,	 statistical	 analysis	 and	 description	 and	
multi‐criteria	decision	making.		
	

Market demand:
1. Mean 1000 PCs/day
2. SD high, low
3. 200 demands/SD

Fill rate:
1. 90%
2. 100%

Minimum order quantity:
1 PC

Lead time:
1. 0 days
2. 2 days
3. 5 days
4. 10 days
5. 15 days

Distribution 
centre

Market Supplier

Work time 
synchronisation:
DC works 7/7 days, 
supplier 5/7 days

Vehicle type:
1.	≤3,5	t
2.	3,5	t	–	7,5	t
3.	7,5	t	–	12	t
4.	20	t	–	26	t
5.	26	t	–	40	t

	
Fig.	1	The	settings	of	the	supply‐chain	echelon	simulation	model	
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3.2 Environmental impact of deliveries 

Small	and	heavy‐duty	trucks	together	form	more	than	50	%	of	the	GHG	emissions	in	the	trans‐
portation	sector,	which	is	one	of	the	main	contributors	to	GHG	emissions	in	general	[30].	In	Eu‐
ropean	Union,	between	1990	and	2017,	GHG	emissions	from	transport	 increased	by	10	%,	alt‐
hough	European	Commission	targets	determine	that	emissions	need	to	fall	by	around	two	thirds	
by	2050,	in	comparison	to	1990	levels,	to	meet	the	long‐term	60	%	GHG	emission	from	transport	
reduction	[31,	32].	Operational	decisions	that	tend	to	reduce	emissions	from	transport	activities	
can	contribute	to	GHG	emission	reduction.	
	 In	 our	 SC	 model,	 product	 deliveries	 from	 the	 supplier	 are	 organised	 via	 road	 freight	
transport,	 by	 five	 available	 vehicles	 of	 different	 types	 and	 payload	 capacities	 as	 presented	 in	
Table	2.	The	vehicle	selection	rule	assumes	using	a	single	vehicle	of	the	lowest	category	and	suf‐
ficient	 payload	 capacity	 to	 transport	 the	 complete	 ordered	 quantity	 and	 weight	 in	 one	 trip.	
Transported	product	is	of	average	goods	freight	type.	Fuel	used	is	diesel,	emission	standard	EU‐
RO	6.	SEs	outputs	provide	information	about	the	number	and	size	of	needed	deliveries	to	keep	
defined	fill	rates	at	deterministic	lead	times.	Notation	and	metrics	used	in	this	paper	are	visible	
in	 Table	 3.	 GHG	 emissions	 are	 calculated	 in	 compliance	 with	 EN	 16258,	 which	 specifies	 the	
methodology	for	calculation	of	transport	services	[33].	The	energy	consumption	calculations	are	
not	considered	in	this	study.	The	European	norm	EN	16258	prescribes	calculation	of	emissions	
on	tank‐to‐wheels	(TTW)	basis,	concerning	final	emission	production	during	vehicle	operation,	
and	on	well‐to‐wheels	basis	(WTW),	covering	total	emissions	from	the	production	of	energy	and	
vehicle	operation.	Emission	calculations	are	verified	with	specialised	software	tool	EcoTransIT	
by	ETW	in	accordance	with	EN	16258	[34].	Total	well‐to‐wheels	(Gw)	and	tank‐to‐wheels	GHG	
emissions	(Gt)	emitted	during	the	period	i	=	90	days	are	calculated	according	to	Eq.	1	and	Eq.	2:	

௪ܩ ൌ ௪ሺܸܱܵሻܩ ∙ ௗܰ	 (1)

௧ܩ ൌ ௧ሺܸܱܵሻܩ ∙ ௗܰ	 (2)

Well‐to‐wheels	GHG	emissions	of	the	vehicle	operating	system	(Gw	(VOS))	for	a	round	trip,	are	
calculated	according	to	[28],	as	in	Eq.	3:	

௪ሺܸܱܵሻܩ ൌ ሺܸܱܵሻܨ ∙ ݃௪	 (3)

Tank‐to‐wheels	GHG	emissions	of	the	vehicle	operating	system	(Gt	(VOS))	are	calculated	accord‐
ing	to	Eq.4:	

௧ሺܸܱܵሻܩ ൌ ሺܸܱܵሻܨ ∙ ݃௧	 (4)

3.3 The economic impact of inventory management 

Costs	 taken	 into	 consideration	 in	 this	 research	are	 the	 costs	 associated	with	holding	and	pro‐
curement	of	inventory,	transportation	costs	and	penalty	costs,	calculated	for	the	total	observed	
period.	We	use	the	following	notation:	
	
	of	work	the	in	as	level,	inventory	average	the	multiplying	by	calculated	costs,	holding	the	are	௛ܥ

Urban	[35],	by	the	cost	of	carrying	a	single	unit	of	inventory	during	the	observed	period,	as	in	
Eq.	5.	

௛ܥ ൌ ܪ ∙ ݅ ∙ 	ܮܫܣ (5)
	

Table	2	Specification	of	fixed	transport	costs	per	vehicles	
Vehicle		
type	

Maximum	
total	weight		

(MTW)	of	the	vehicle	

Maximum	
payload		

capacity,	[t]	

Maximum	number	
of	products		

per	delivery,[PC]	

Estimated		
vehicle	price,		

[€]	

Fixed	transport
cost,	Ft	,		

[€/vehicle/trip]	
Van	 ≤3.5	t	 1.5 1500 25000 24.7
Truck	 3.5	t	<	MTW≤	7.5t	 3.5 3500 30000 29.64
Truck	 7.5t<	MTW≤	12	t	 6 6000 70000 69.17
Truck	 20t<	MTW≤	26	t	 17 17000 120000	 118.58
Truck	 26t<	MTW≤	40	t	 26 26000 150000	 148.22
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Table	3	Notation	and	metrics	used	in	this	paper	
Parameters	 Values	and	units Variables Units
Observed	period	(i)	 90	days Holding	costs	in	the	observed	period	(Ch)	 €
Demand	mean	value	(μ)	 1000	units/day Ordering	costs	in	the	observed	period	(Co)	 €
Standard	deviations		
of	demand	(σL,	σH)	

2,	200	units/day Transportation	costs	in	observed	period	(Ct)	 €

Fill	rate	(β)	 90,	100	% Penalty	costs	in	the	observed	period	(Cp)	 €
Minimum	order	quantity	(MOQ)	 1	unit	 Total	costs	in	the	observed	period	(CT)	 €
Review	period	(R)	 1	day	 Number	of	deliveries	in	the	observed	period	(Nd)	 ‐
Fixed	order	cost	(K)	 20	€/order Number	of	orders	in	the	observed	period	(No)	 ‐
Fixed	holding	cost	(H)	 0.005	€/unit/day Average	inventory	level	in	observed	period	(AIL)	 units
Fixed	penalty	cost	(P)	 0.1	€/unit/period Total	well‐to‐wheels	GHG	emissions	in	the	ob‐

served	period	(Gw)	
tonne	
CO2e	

Fixed	transportation		
cost	(Ft)	

24.7,	29.64,	69.17,	
118.58,	148.22		
€/vehicle/trip	

Total	tank‐to‐wheels	GHG
emissions	in	the	observed	period	(Gt)	

tonne	
CO2e	

Delivery	vehicle		
payload	capacity	

1.5,	3.5,	6,	
17,	26	tonne	

Lost	sales	factor	in	
the	observed	period	(LS)	

units/
period

Well‐to‐wheels	GHG	emission	factor		
for	diesel	(gw)	

3.24	kg	CO2e/l Tank‐to‐wheels	GHG	emissions	of	the	
vehicle	operating	system	(Gt	(VOS))	

kg	CO2e

Tank‐to‐wheels	GHG	emission	factor		
for	diesel	(gt)	

2.67	kg	CO2e/l Well‐to‐wheels	GHG	emissions	of	the	
vehicle	operating	system	(Gw	(VOS))	

kg	CO2e

Lead	time	(L)	 0,	2,	5,	10,	15	days Fuel	consumption	used	for	the	vehicle	
operating	system	(F(VOS))	

l

Product	weight	 1	kg	 Load	factor	(Lf) ‐
Distance	from	the	supplier	to	the	DC	 218	km
	
	are	௢ܥ the	order	 costs,	 incurred	with	 each	 replenishment	 order	 to	 the	 supplier,	 calculated	 ac‐

cording	to	Eq.	6.	

௢ܥ ൌ ܭ ∙ ௢ܰ	 (6)

	௧ܥ are	the	total	transportation	costs	related	to	inventory	replenishments,	as	in	Eq.	7.	They	con‐
sist	of	a	fixed	and	variable	component,	as	in	the	work	of	Bonney	and	Jaber	[6].	In	our	model,	
fixed	transportation	costs	are	the	costs	per	vehicle	per	trip	(Ft),	defined	for	each	vehicle	type,	
as	specified	in	Table	2,	calculated	with	the	assumption	that	the	purchasing	price	of	the	vehicle	
will	be	paid	off	in	4	years	of	utilisation.	Vehicles	are	being	used	for	transport	activities	of	de‐
liveries	 along	 the	 SC	 and	 in	 observed	 echelon	 are	 being	used	 once	per	 every	working	day,	
which	means	1012	days	 in	4	year	period.	Variable	 transportation	costs	depend	on	the	 load	
factor	(Lf).		

௧ܥ ൌ ௧ܨ ∙ ௗܰ൫1 ൅ 	௙൯ܮ (7)
	are	sales	Lost	8.	Eq.	in	as	stock‐outs,	the	to	due	sales	lost	the	for	charged	costs,	penalty	the	are	௣ܥ

expressed	with	LS	factor,	representing	the	number	of	unsold	units	in	the	total	observed	peri‐
od	due	to	unmet	demand	caused	by	a	lack	of	inventory.	In	this	paper,	only	penalty	costs	due	
to	unmet	demand	will	be	calculated,	not	considering	the	loss	of	reputation,	customers,	or	sim‐
ilar	effects.	

௣ܥ ൌ ܲ ∙ 	ܵܮ (8)

Total	costs	்ܥ	are	calculated	according	to	Eq.	9:	
்ܥ ൌ ௛ܥ ൅ ௢ܥ ൅ ௧ܥ ൅ 	௣ܥ (9)

4. Results and discussion 

Inventory	management	parameters	and	 related	variables	 resulting	 from	SEs,	 examined	 in	 this	
research	 are	 average	 inventory	 level	 (AIL),	 number	 and	 the	 size	 of	 inventory	 replenishments	
(deliveries),	GHG	emissions	from	deliveries	and	SC	costs.	All	inventory,	cost	and	emission	varia‐
bles	are	calculated	on	the	level	of	single	SE,	and	later	on,	grouped	based	on	a	standard	deviation	
of	demand,	fill	rate	and	lead	time	for	transparency	and	understanding	of	the	results.	
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4.1 Average inventory level (AIL) 

Influence	of	lead	time,	fill	rate	and	demand	fluctuations	on	AIL	is	visible	from	Figs.	2	and	3.	Ex‐
pectedly,	AIL	has	the	highest	value	in	the	scenario	of	the	most	extended	lead	time	scenario	–	L15	
days,	high	 fluctuations	of	demand	and	 fill	 rate	of	100	%.	Results	 indicate	 that	demand	oscilla‐
tions	have	a	medium	effect	on	average	AILs.	When	comparing	the	values	of	average	AILs,	for	the	
change	of	standard	deviation	from	low	to	high	between	the	groups	of	the	same	lead	time	and	fill	
rate	conditions,	we	find	that	they	can	decrease	up	to	8	%	or	increase	up	to	33.7	%.	The	peak	val‐
ue	of	33.7	%	occurs	for	lead	time	0,	fill	rate	of	100	%	and	change	from	low	to	high	standard	devi‐
ation	of	demand.	
	 The	influence	of	fill	rate	decreases	with	longer	lead	times.	The	maximum	increase	of	average	
AILs	for	the	shift	in	fill	rate	from	90	%	to	100	%	occurs	for	0	days	lead	time	and	high	standard	
deviation	of	demand.	 In	general,	 average	AILs	 increase	with	 the	 increase	of	 lead	 time,	 fill	 rate	
and	 standard	 deviation	 of	 demand.	 The	 highest	 percentage	 of	 average	AIL	 increase,	 105.5	%,	
dependent	on	the	lead	time	lengthening	from	0	to	2	days,	occurs	in	the	case	of	a	100	%	fill	rate	
and	low	standard	deviation	of	demand.	Very	high	increase	of	average	AILs,	from	76.9	%	to	99.7	
%,	depending	on	the	fill	rate	and	demand	oscillations,	 is	registered	for	the	change	of	 lead	time	
from	5	to	10	days.		
	 The	most	significant	difference	between	the	minimum	and	maximum	AILs	occurs	for	a	 lead	
time	of	15	days,	100	%	fill	rate	and	high	standard	deviations	of	demand,	followed	by	those	in	the	
conditions	of	 lead	 time	5	days,	 fill	 rate	90	%	and	high	demand	oscillations.	 It	 is	 interesting	 to	
mention	that,	depending	on	the	fill	rate	and	standard	deviation	of	demand,	a	DC	needs	to	have	in	
average	8.4	times	higher	AILs	in	conditions	of	the	lead	time	of	15	days,	than	of	0	lead	times.	Nu‐
merical	 simulations	 showed	 that	 the	 best	 solution	 from	 the	 aspect	 of	 the	 lowest	 average	 AIL	
levels	would	be	the	set	of	data	with	lead	time	0,	fill	rate	90	%	and	high	demand	oscillations.	

4.2 Costs 

The	structure	of	average	total	costs,	and	the	shares	of	its	components	–	holding,	ordering,	trans‐
portation	and	penalty	costs,	are	shown	in	Figs.	4	and	5.	It	is	evident	that	the	minimum	average	
total	costs	occur	under	conditions	of	lead	time	0,	fill	rate	90	%	and	high	demand	oscillations.	The	
highest	total	average	costs	occur	in	terms	of	 lead	time	of	15	days,	100	%	fill	rate	and	high	de‐
mand	oscillations.	From	Figs.	4	and	5	it	is	visible	that	the	average	holding	costs	account	for	the	
significant	share	of	average	total	costs,	and	that	it	increases	with	the	increase	of	lead	time.	This	
share	varies	from	13.8	%	in	case	of	lead	time	0,	fill	rate	90	%	and	high	demand	oscillations,	up	to	
89.8	%	when	lead	time	is	15	days,	fill	rate	100	%	and	high	demand	oscillations.	The	highest	av‐
erage	transportation	costs,	making	58.8	%	of	average	total	costs,	are	registered	in	the	scenario	
with	conditions	of	0	lead	time,	low	deviations	of	demand	and	fill	rate	of	100	%	what	corresponds	
with	the	maximum	average	number	of	deliveries	in	the	total	period.		
	 Penalty	costs	occur	only	when	market	demand	is	not	completely	satisfied,	meaning	in	scenar‐
ios	of	fill	rate	of	90	%.	They	can	reach	up	to	a	maximum	of	20.4	%	of	average	total	costs.	
	

	

			Fig.	2	Average,	minimum	and	maximum	AILi		
			depending	on	fill	rate	and	lead	times	for	σL	

	

		Fig.	3	Average,	minimum	and	maximum	AILi		
		depending	on	fill	rate	and	lead	times	for	σH	
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Fig.	4	Minimum,	maximum	and	average	total		
costs	and	its	components	for	σL	

	

Fig.	5	Minimum,	maximum	and	average	total		
costs	and	its	components	for	σH	

	 Ordering	costs	have	the	smallest	share,	reaching	up	to	maximum	25.2	%	of	total	costs	in	case	
of	everyday	deliveries	(lead	time	0).	Fluctuations	of	average	total	costs,	depending	on	demand	
oscillations,	are	not	significant.	There	is	in	average	2	%	difference	in	total	costs,	when	comparing	
high	and	low	demand	oscillations,	for	the	same	lead	time	and	fill	rate	scenarios	groups.	Fluctua‐
tions	of	average	total	costs,	depending	on	the	fill	rate	change,	are	more	evident.	Per	example,	the	
maximum	increase	of	average	total	costs	of	15.8	%	occurs	for	a	fill	rate	increase	from	90	%	to	
100	%,	in	conditions	of	lead	time	0,	and	low	demand	oscillations.	The	increase	in	average	total	
costs	becomes	strongly	evident	for	5	days	lead	time	and	longer.	Lead	time	increase	from	5	to	10	
days	implies	the	increase	of	average	total	costs	from	25	%	to	30.8	%,	and	from	10	to	15	days	for	
up	to	41.6	%,	depending	on	fill	rate	and	demand.	Overall,	the	lowest	average	total	costs	are	rec‐
orded	in	conditions	of	lead	time	of	2	days,	100	%	fill	rate	and	low	demand	oscillations.	

4.3 GHG emissions 

The	number	of	deliveries	directly	influences	the	amount	of	GHG	emissions.	As	presented	in	Figs.	
6	and	7,	the	maximum	average	number	of	shipments	in	the	observed	period,	63.3,	is	registered	
in	conditions	of	the	shortest	lead	time	(L0),	low	deviations	of	demand,	and	fill	rate	of	100	%.	The	
same	conditions	result	in	the	highest	average	WTW	GHG	emissions.	Additionally,	the	lowest	to‐
tal	WTW	GHG	emissions	are	registered	in	the	situation	of	the	longest	lead	time;	for	a	lead	time	of	
15	days,	100	%	 fill	 rate	and	 low	standard	deviation	of	demand.	Level	of	WTW	GHG	emissions	
decreases	with	longer	lead	times	due	to	reduced	frequency	and	number	of	deliveries.	However,	
it	 is	necessary	to	note	that	the	reduction	of	the	average	number	of	deliveries	does	not	cause	a	
linear	decrease	in	emissions.	On	the	other	hand,	when	comparing	the	average	number	of	deliver‐
ies	for	the	lead	time	of	5	and	10	days,	they	drop	for	52.8	%,	while	the	level	of	emissions	decreas‐
es	for	only	16.3	%.	In	general,	change	from	low	to	high	demand	oscillations	within	the	same	lead	
time	and	fill	rate	group,	does	not	significantly	influence	the	level	of	emissions.	
	

	

		Fig.	6	Minimum,	maximum	and	average	total		
		WTW	GHG	emissions	and	deliveries	for	σL	

	

		Fig.	7	Minimum,	maximum	and	average	total		
		WTW	GHG	emissions	and	deliveries	for	σH	
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	 Fill	 rate	 increase	 from	90	%	 to	100	%	results	 in	WTW	GHG	emissions	 increase,	within	 the	
same	 standard	 deviation	 of	 demand	 and	 lead	 time.	 The	 highest	 rise	 in	 emissions'	 level	 in	 an	
amount	of	80.4%	occurs	in	the	case	of	the	lead	time	of	0	days	and	low	standard	deviation	of	de‐
mand.	With	longer	lead	times,	it	drops	to	the	levels	from	14.6	%	to	0.3	%.	Only	lead	time	group	
of	15	days	differs	from	this	behaviour,	where	emissions	slightly	decrease	with	the	increase	of	fill	
rate.	From	this	study	results,	gained	from	a	single	echelon	model,	it	is	justified	to	conclude	that	
the	 frequency	of	deliveries	 strongly	 affects	 the	emitted	 level	of	GHG	emissions.	Therefore,	 the	
decrease	in	deliveries	frequency	could	contribute	to	deduction	of	overall	emissions.	

4.4 Multi‐criteria decision making 

Trends	of	the	average	inventory	level,	total	costs	and	emissions	resulting	from	SC	activities,	de‐
tailedly	analysed	in	previous	chapters,	are	presented	in	Figs.	8	and	9.	To	achieve	the	overall	op‐
timum	 results	 in	 a	 practical	 business	 environment,	 it	 is	 necessary	 to	 approach	 the	 decision‐
making	process	comprehensively,	taking	into	consideration	all	aspects	simultaneously.	With	this	
purpose,	the	weighted	sum	method	(WSM)	of	multi‐criteria	decision	making	(MCDM)	was	used.	
Three	 decision	 criteria	 are	 selected	 as	 relevant	 for	 the	 evaluation	 of	 alternatives:	 (i)	 average	
inventory	 levels,	 (ii)	 total	 costs	and	 (iii)	WTW	GHG	emissions.	These	are	all	non‐beneficial	 at‐
tributes,	meaning	that	minimum	value	is	desired.		
	 In	general,	for	m	alternatives	and	n	criteria,	the	best	alternative	is,	in	the	minimisation	case,	
the	one	that	satisfies	the	Eq.	10:	

ܲܵ∗ ൌ min
௜
෍ܽ௜௝

௡

௝ୀଵ

,௝ݓ ݎ݋݂ ݅ ൌ 1, 2, 3, … ,݉	 (10)

where	PS*	 is	 the	performance	score	of	 the	best	alternative,	with	n	representing	 the	number	of	
decision	criteria,	aij	the	actual	value	of	the	i‐th	alternative	in	terms	of	the	j‐th	criterion,	and	wj	the	
weightage	 of	 the	 j‐th	 criterion.	 In	 this	 paper,	 values	 of	 4000	 alternatives	 resulting	 from	 the	
equivalent	number	of	SEs,	per	each	of	the	three	decision	criteria,	are	normalised	according	to	Eq.	
11	and	rescaled	in	the	range	between	0	and	1	to	be	mutually	comparable.	

ܽ௜,௡௢௥௠ ൌ
ܽ௜ െ ܽ௠௜௡

ܽ௠௔௫ െ ܽ௠௜௡
	 (11)

	 Normalised	values	of	the	alternatives	for	each	criterion	are	multiplied	by	the	corresponding	
weightage,	depending	on	the	decision‐making	model.	To	get	performance	score	of	each	alterna‐
tive,	 all	weighted	normalised	performance	 values	 for	 each	 alternative	 are	 summarised,	where	
the	best	result	is	the	one	that	yields	the	minimum	total	performance	value,	as	per	Eq.	10.	
	 Three	decision	models	which	are	relevant	for	both	managerial	practice	and	further	scientific	
research	 are	 defined	 ‐	 uniformly	 valued,	 cost‐oriented,	 and	 environmentally	 responsible	 deci‐
sion	model.	Models	differ	based	on	the	dominant	aspect,	as	specified	in	Table	4.	
	

	

Fig.	8	Number	of	deliveries	and	decision	criteria		
in	conditions	of	σL	

	
	
Fig.	9	Number	of	deliveries	and	decision	criteria		
in	conditions	of	σH	
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	 Models	are	defined	based	on	the	goal	which	wants	to	be	achieved	–	better	environmental	or	
economic	 performance,	 or	 equal	 performance	 in	 regards	 to	 inventory	 levels,	 costs	 and	 emis‐
sions.		
	 Weightage	factors	for	uniformly	valued	decision	model	are	determined	according	to	the	ob‐
jective	weighting	method	–	Mean	Weight,	based	on	the	assumption	that	all	decision	criteria	are	
of	equal	importance.	In	cost‐oriented	and	environmentally	responsible	decision	model	decision	
criteria	are	chosen	by	Point	Allocation	Method	in	a	way	that	dominant	decision	criterion	is	of	the	
three	times	higher	value	than	the	other	two	criteria	(20‐20‐60).	The	number	of	points	allocated	
to	 each	 criterion	 is	 assigned	 by	 the	 decision‐maker,	 based	 on	 the	 experience	 and	 reasoning.	
Therefore,	 subjectivity	 in	 this	 step	 of	 the	MCDM	model,	 same	 as	 in	 the	 real	world	 conditions,	
cannot	be	avoided	entirely.	However,	there	is	no	subjectivity	in	all	the	calculations	that	precede	
and	follow	this	step.		
	 Results	 gained	 are	 considerably	 different	within	 the	 same	 lead	 time,	 fill	 rate	 and	 standard	
deviation	of	demand	groups,	which	is	visible	from	the	range	width	between	the	maximum	and	
minimum	performance	 score	 (PS),	 as	 shown	 on	 Figs.	 10	 and	 11.	 The	 difference	 is	 even	more	
evident	when	comparing	the	overall	best	ranked	(min	PS)	and	worst	ranked	(max	PS)	solutions	
within	each	decision	model.	These	results	are	presented	in	Table	5,	together	with	corresponding	
decision	criteria.		
	 The	overall	 best	 solution	according	 to	 the	 settings	of	 the	uniformly	valued	decision	model,	
occurs	in	case	of	shortest	lead	time	and	deliveries	within	the	same	day	(L0),	fill	rate	of	90	%	and	
low	standard	deviations	of	market	demand.	If	comparing	the	performance	of	the	worst	solution	
within	the	same	group	(L0,	β	=	90	%,	σL),	it	shows	57.8	%	lower	AIL,	28	%	higher	total	costs	and	
416.4	%	higher	GHG	emissions.	The	overall	worst	 solution	would	 result	 in	552	%	higher	AIL,	
113.4	%	higher	total	costs	and	36.8	%	lower	GHG	emissions.		
	 The	overall	best	solution,	according	to	the	cost‐oriented	decision	model,	occurs	in	the	same	
conditions	as	for	uniformly	valued	decision	model:	L0,	β	=	90	%,	σL.	The	same	conditions,	with‐
out	optimally	set	parameters,	could	also	result	in	27.1	%	lower	AIL,	62.8	%	higher	total	costs	and	
93.9	%	higher	GHG	emissions.	 For	 the	 comparison,	 the	overall	 least	 favourable	 solution	 (with	
worst	performance	score)	results	with	1027	%	higher	AIL,	171.5	%	higher	total	costs	and	76.3	%	
lower	amount	of	GHG	emissions.		
	 The	overall	best	solution	according	to	the	environmentally	responsible	decision	model	hap‐
pens	 in	the	conditions	of	 the	 lead	time	of	5	days,	90	%	fill	rate	and	high	standard	deviation	of	
market	demand.	In	these	same	conditions	significantly	worse	scenario	could	occur	–	that	one	of	
58.6	%	higher	AIL,	14	%	higher	total	costs	and	3.9	%	higher	GHG	emissions.	Additionally,	when	
comparing	the	best	solution	to	the	worst‐ranked	one,	the	later	results	in	26.7	%	lower	AIL,	27.4	
%	higher	total	costs	and	556.4	%	higher	GHG	emissions.	It	is	visible	that	the	same	lead	time,	fill	
rate	and	market	demand	oscillations	level	provide	optimal	solution	according	to	uniformly	val‐
ued	and	cost‐oriented	decision	model;	the	conditions	of	the	lead	time	of	0	days,	fill	rate	of	90	%	
and	 low	standard	deviation	of	demand.	 In	an	environmentally	responsible	decision	model,	 the	
best	solution	occurs	for	a	lead	time	of	5	days,	fill	rate	of	90	%	and	a	high	standard	deviation	of	
demand.	In	an	environmentally	responsible	decision	model,	emissions	are	302.87	%	lower	than	
in	cost‐oriented	decision	model,	and	113.74	%	lower	than	in	uniformly	valued	decision	model.	
However,	 this	 reduction	 results	with	 25.8	%	 higher	 total	 costs	 than	 in	 cost‐oriented	 decision	
model	and	approximately	the	same	level	of	the	costs	as	in	uniformly	valued	decision	model.	
	

Table	4	Decision‐making	models	and	criteria	
Decision	making	
model	

Uniformly	valued		
decision	model	(A)	

Cost	oriented	
decision	model	(B)	

Environmentally	
responsible	decision	model	(C)	

Model		
characteristic	

each	decision	criterion	has	
the	equal	significance	

total	costs	are	the	dominant	
decision	criterion	

environmental	impact	is		
dominant	decision	criterion	

Weightage	of	the		
decision	criteria	

AIL	:	total	costs	:	emissions	is	
1
3ൗ 	:	1 3ൗ 	:	1 3ൗ 	

AIL :	total	costs :	emissions	is
1
5ൗ 	:	3 5ൗ 	:	1 5ൗ 	

AIL :	total	costs	:	emissions	is
1
5ൗ 	:	1 5ൗ 	:	3 5ൗ 	
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Fig.	10	Minimum	and	maximum	performance	scores		
for	each	decision	model	and	σL	

Fig.	11	Minimum	and	maximum	performance	scores		
for	each	decision	model	and	σH	

5. Conclusion  

In	this	research,	we	studied	a	single	echelon	inventory	system	with	(R,	s,	S)	policy	and	normally	
distributed	market	demand,	 taking	 into	an	account	market	demand	fluctuations,	service‐based	
constraints,	predefined	lead‐times	and	closing	days.		
	

	 In	total,	4000	simulation	experiments	were	examined,	providing	relevant	information	about	
the	behaviour	of	various	SC	performance	factors,	such	as	average	inventory	levels,	costs,	number	
and	size	of	inventory	replenishments	and	GHG	emissions	from	delivery	activities.	To	the	practi‐
tioners	 in	companies	operating	under	(R,	s,	S)	 inventory	policy	 this	offers	valuable	 insights	on	
correlations	 and	 interdependencies	 of	 characteristic	 inventory,	 economic	 and	 environmental	
parameters	 in	 conditions	 of	 stochastic	 market	 demand;	 information	 which	 are	 not	 available	
without	 the	extensive	simulation	analysis.	Research	conclusions	can	be	 transferred	 to	 real‐life	
systems	operating	in	similar	situations	as	defined	in	our	SC	model	to	identify	possible	improve‐
ments	for	management,	find	optimal	operational	settings,	enable	cost	or	GHG	emissions	reduc‐
tion	without	jeopardising	any	operational	aspect	of	SC,	etc.		
	 Statistical	analysis	provides	the	conclusion	about	the	conditions	leading	to	the	individual	best	
solutions	 in	 regards	 to	 the	 inventory	 levels,	 costs	 or	GHG	 emissions	 from	 transport	 activities.	
However,	identification	of	the	overall	best	configuration,	considering	these	three	crucial	aspects	
simultaneously,	 requires	 a	 structured	 analysis	 of	 multiple	 criteria.	 Therefore,	 a	 multi‐criteria	
decision‐making	 method	 was	 used	 to	 select	 the	 optimal	 results,	 based	 on	 different	 decision	
models	 relevant	 for	managerial	 business	 practice	 –	 uniformly	 valued,	 cost‐oriented	 and	 envi‐
ronmentally	responsible	one.		
	 Deviations	 between	 the	 best	 and	 the	 worst‐ranked	 solution	 (performance	 score)	 indicate	
how	much	the	results	can	oscillate	even	within	the	same	lead	time,	fill	rate	and	demand	oscilla‐
tions	group.	The	results	display	that	even	more	significant	differences	occur	between	the	overall	
worst	and	best‐ranked	solution	within	the	same	decision	model.	These	differences	can	reach	up	
to	maximum	1127	%	 for	AIL	(in	cost‐oriented	decision	model),	272	%	for	 total	costs	 (in	cost‐
oriented	decision	model),	and	656	%	for	GHG	emissions	(in	environmentally	responsible	deci‐
sion	model),	which	gives	a	clear	overview	on	the	importance	of	correct	decision‐making.		

Table	5	The	overall	best	and	worst	solutions	within	decision	models		
Decision	
model	

Rank	 L	 β σ SE	
	

AIL CT Gw	 PS	

A	 the	best‐ranked	score	 L0 90 σL 5 2902.7 4399.19	 1.57	 0.120	(min)
A	 the	worst‐ranked	score	 L15 100 σH 3858 18925.7 9389.03	 0.99	 0.677	(max)
B	 the	best‐ranked	score	 L0 90 σL 61 1679.29 3458.16	 4.18	 0.089	(min)
B	 the	worst‐ranked	score	 L15 100 σH 3858 18925.7 9389.03	 0.99	 0.806	(max)
C	 the	best‐ranked	score	 L5 90 σH 1930 3816.38 4350.57	 1.38	 0.110	(min)
C	 the	worst‐ranked	score	 L0 100 σH 761 2797.12 5544.71	 9.05	 0.684	(max)
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Research results imply that it is crucial to perform complete SEs analysis for each product con-
sidered in SC echelon to be able to determine its particular optimal inventory management set-
tings. Therefore, for optimal SCM that takes into an account a wide range of influential aspects, 
we find that continuous monitoring of inventory, demand, logistics, sales and marketing activi-
ties is necessary. Inventory management software should be implemented in the business soft-
ware of the company at the bottom level, with direct influence on operational decisions. The 
proposed approach should raise the awareness that operational decisions such as the frequency 
and size of replenishment deliveries, vehicle category choice but also oscillations of market de-
mand, target fill rates, etc., have a significant impact on inventory, economic and environmental 
performance in SC.  
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A B S T R A C T	   A R T I C L E   I N F O	

Recently,	 besides	 regression	 analysis,	 artificial	 neural	 networks	 (ANNs)	 are	
increasingly	 used	 to	 predict	 the	 state	 of	 tools.	 Nevertheless,	 simulations	
trained	by	cutting	modes,	material	 type	and	the	method	of	sharpening	twist	
drills	(TD)	and	the	drilling	length	from	sharp	to	blunt	as	input	parameters	and	
axial	drilling	force	and	torque	as	output	ANN	parameters	did	not	achieve	the	
expected	results.	Therefore,	in	this	paper	a	family	of	artificial	neural	networks	
(FANN)	was	developed	to	predict	the	axial	force	and	drilling	torque	as	a	func‐
tion	of	a	number	of	influencing	factors.	The	formation	of	the	FANN	took	place	
in	 three	phases,	 in	each	phase	 the	neural	networks	 formed	were	 trained	by	
drilling	lengths	until	the	drill	bit	was	worn	out	and	by	a	variable	parameter,	
while	 the	 combinations	 of	 the	 other	 influencing	 parameters	 were	 taken	 as	
constant	values.	The	results	of	the	prediction	obtained	by	applying	the	FANN	
were	compared	with	the	results	obtained	by	regression	analysis	at	the	points	
of	experimental	results.	The	comparison	confirmed	that	the	FANN	can	be	used	
as	a	very	reliable	method	for	predicting	tool	condition.	
©	2020	CPE,	University	of	Maribor.	All	rights	reserved.	

 
 

 

 

 

 

 

 

Keywords:	
Drilling;	
Cutting	tool;	
Twist	drill	bits;	
Axial	force;	
Tool	wear;	
Prediction;	
Artificial	neural	networks;	
Back	propagation	

*Corresponding	author:		
davorin.kramar@fs.uni‐lj.si	
(Kramar,	D.)	

Article	history:		
Received	8	January	2020	
Revised	24	June	2020	
Accepted	27	June	2020 

 
 

1. Introduction 

The	 prediction	 of	 the	 tool	 condition,	 i.e.	 the	 determination	 of	 correlations	 between	 the	 target	
function	and	the	influencing	parameters,	is	of	high	importance,	since	the	technological	and	eco‐
nomic	 effects	 of	 the	machining	 process	 depend	 directly	 on	 the	 tool	 life.	 However,	 due	 to	 the	
highly	complex	phenomena	that	develop	within	the	cutting	zone	and	are	caused	by	the	influence	
of	 a	number	of	mutually	 collinear	 factors,	modeling	 the	 cutting	process	 is	difficult.	One	of	 the	
most	 accurate	 and	 reliable	 methods	 for	 predicting	 the	 tool	 condition	 is	 the	 experimental‐
analytical	method,	in	which	a	regression	model	for	predicting	the	tool	condition	is	created	on	the	
basis	 of	 the	 determined	 dependence	 of	 the	 target	 function	 on	 the	 influencing	 parameters	 [1].	
Nevertheless,	 regression	 analysis	 does	 not	 provide	 satisfactory	 results	 when	 the	 relationship	
between	the	target	function	and	the	influencing	parameters	is	non‐linear,	as	is	usually	the	case	
in	cutting,	and	requires	additional	experiments.	For	this	reason,	many	researchers	have	recently	
started	to	apply	the	principles	of	ANNs	to	the	modeling	of	the	cutting	process.	
Krivokapić	et	al.	 [2],	explored	the	possibility	of	using	ANN	to	predict	the	wear	of	S390	high	

speed	steel	twist	drills	(TD)	produced	by	powder	metallurgy	(PM),	when	drilling	hardened	steel.	
TD	 nominal	 diameter,	 sharpening	mode,	 number	 of	 revolutions,	 feed	 rate	 and	 drilling	 length	
were	used	as	input	parameters	and	the	mean	value	of	the	wear	band	width	of	the	back	surface	
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was	used	as	output	parameter.	Kaya	et	al.	[3]	presented	an	effective	and	efficient	model	for	as‐
sessing	 cutting	 tool	wear	when	milling	 the	 Inconel	 718	 superalloy,	 based	 on	ANN.	The	model	
trained	 with	 components	 of	 cutting	 force	 in	 three	 axes,	 torque,	 conditions	 and	 cutting	 time	
showed	a	very	good	correlation	between	actual	and	predicted	values	of	tool	wear.	Also	in	milling	
operations,	Wu	et	al.	[4]	compared	three	machine	learning	algorithms,	including	ANNs,	SVR,	and	
RFs	 in	predicting	 tool	wear.	Performance	measures	 include	mean	 square	 error,	R	 square,	 and	
training	 time.	 A	 number	 of	 statistical	 characteristics	 have	 been	 extracted	 from	 cutting	 forces,	
vibrations,	 and	 acoustic	 emissions.	 A	 similar	 study	 using	 a	 Response	 Surface	 Methodology	
(RSM),	a	genetic	algorithm	(GA)	and	a	Grey	Wolf	Optimizer	(GWO)	algorithm	to	predict	surface	
roughness	 in	ball‐end	nose	milling	of	hardened	steel	was	 conducted	by	Sekulic	et	al.	 [5].	Two	
modeling	techniques,	RSM	and	ANN,	have	been	used	to	develop	Ra	and	VB	predictive	models	in	
turning	 and	 their	 predictive	 capabilities	have	 been	 compared	 in	 a	 study	by	Tamang	et	al.	 [6].	
Netoa	et	al.	[7]	used	two	types	of	ANN	to	assess	the	diameter	of	precision	drilled	holes	in	alumi‐
num	 and	 titanium	alloys.	 The	 input	 parameters	were	 signals	 of	 acoustic	 emission,	 power	 and	
cutting	 force	and	vibration.	Rao	et	al.	 [8]	used	ANN	 to	predict	 the	 surface	 roughness,	 the	 tool	
wear	and	the	workpiece	vibration	amplitude	drilling	AISI	316	steel,	and	their	input	parameters	
were	tool	tip	radius,	cutting	speed,	feed	rate	and	the	amount	of	material	removed.	The	applica‐
tion	of	ANN	[9]	resulted	in	a	model	for	monitoring	the	wear	condition	depending	on	the	acoustic	
emission	signal.	By	applying	ANN,	Kannan	et	al.	 [10]	have	monitored	the	roughness	of	the	ma‐
chined	surface	as	a	function	of	the	influencing	parameters	when	drilling	brass	plates	and	have	
developed	a	model	for	monitoring	drill	wear	with	optimisation	of	feed	rate,	cutting	speed,	thrust	
and	torque.	Benkedjouh	et	al.	[11]	formed	a	model	for	assessing	tool	condition	and	predicting	its	
lifetime,	 based	 on	 the	 properties	 obtained	 from	 the	 control	 signals	 and	 the	 support	 of	 vector	
regression	to	assess	and	predict	tool	wear.	Drouillet	et	al.	[12]	developed	an	ANN‐based	model	
for	predicting	the	remaining	tool	 life	based	on	the	value	of	the	measured	power	of	the	spindle	
when	milling	stainless	steel	workpieces	at	different	cutting	speeds.	D'Addona	et	al.	[13]	showed	
that	ANN	is	a	reliable	method	for	monitoring	the	wear	of	drill	based	on	the	analysis	of	vibration	
signals.	Patra	et	al.	[14]	developed	an	ANN	model	to	predict	the	number	of	drill	holes	based	on	
axial	force,	cutting	speed,	drill	spindle	speed	and	feed	rate.	Khorasani	and	Yazdi	[15]	developed	
a	general	dynamic	ANN	system	for	monitoring	surface	roughness	when	milling	Al	7075	and	St	
52	using	cutting	speed,	feed	rate,	material	type,	coolant,	vibration	and	noise	as	input	parameters.	
Mikołajczyk	et	al.	[16]	confirmed	that	a	useful	industrial	tool	for	assessing	tool	life	in	turning	by	
combining	 image	recognition	software	and	ANN.	Wang	and	Jia	[17]	developed	ANN	to	express	
thrust	force	and	delamination	factor	as	a	function	of	drilling	parameters.	Multi‐objective	optimi‐
zation	of	drilling	parameters	is	than	performed	based	on	NSGA‐II.	In	the	research	of	Kumar	and	
Hynes	 [18]	 the	ANFIS	model	 has	 been	 used	 for	 predicting	 surface	 roughness	 of	 drilled	 galva‐
nized	steel,	while	optimization	was	performed	using	 the	GA	method.	 In	Mondal	et	al.	 [19]	 the	
minization	of	burr	 formation	 in	drilling	process	was	performed	with	the	application	of	regres‐
sion	modeling	and	ANN.	In	the	work	of	Schorr	et	al.	 [20]	an	approach	to	predict	the	quality	of	
drilled	and	 reamed	bores	was	presented.	The	machine	 learning	method	of	 random	 forest	was	
used	to	predict	the	concentricity	and	the	diameter	of	the	bores	on	the	basis	of	the	torque	meas‐
urements.	Yin	et	al.	[21]	have	established	the	model	by	backpropagation	ANN	for	the	prediction	
of	microhole	diameters	and	hole	roundness	in	laser	drilling.	
The	importance	of	predicting	tool	wear	at	different	cutting	conditions,	possible	limitations	of	

regression	 analysis	 and	 the	 increasing	use	 of	ANN	 in	 tool	 condition	prediction	were	 the	 chal‐
lenges	 for	 this	research.	The	aim	of	 the	research	was	to	develop	a	model	 for	a	comprehensive	
prediction	 of	 tool	 wear	 of	 TDs	 as	 a	 function	 of	 a	 number	 of	 influencing	 parameters	 for	 drill	
lengths	up	to	the	point	when	TD	became	worn.	Axial	force	and	torque	by	drilling	were	chosen	as	
a	target	function.	Both	provide	the	most	reliable	information	about	tool	wear	that	can	be	meas‐
ured	during	 the	cutting	process.	The	 input	parameters	 for	ANNs	were:	 the	material	of	 the	TD,	
sharpening	mode	 and	 nominal	 diameter	d,	 number	 of	 revolutions	n,	 feed	 rate	 s	 and	 achieved	
drilling	length	Lmax.	The	attempt	to	create	the	desired	model	by	applying	a	complex	ANN	did	not	
lead	to	a	satisfactory	result;	therefore	the	idea	was	to	form	a	family	of	simple	ANNs	(FANN).	
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2. Materials and methods 

In	order	to	create	a	model	for	predicting	the	TD	condition,	backpropagation	was	performed	us‐
ing	ANNs.	The	modeling	was	based	on	the	determined	correlations	between	the	target	functions	
(drilling	force	and	torque)	and	the	influencing	parameters	by	drilling	of	quenched	and	tempered	
alloy	steel	42CrMo4	(43‐45	HRC).	 In	 the	experiments,	 twist	drill	bits	 (DIN	338)	made	of	high‐
speed	steel	with	increased	Co	content	were	used,	which	were	produced	in	the	conventional	met‐
allurgical	process	(C)	or	 in	the	powder	metallurgical	process	(PM),	regularly	sharpened	with	a	
corrected	main	cutting	blade	(CMB)	or	ground	crosswise	(CL),	see	Table	1.	
The	workpiece	dimensions	(thickness)	were	adjusted	so	that	the	bore	length	of	L	=	3d	mm	is	

maintained	with	uniform	distribution	of	the	workpiece	hardness	over	the	longitudinal	and	cross	
section.	 The	 cutting	 conditions	 were	 adjusted	 to	 the	 recommendations	 for	 drilling	 hardened	
steel.	
For	 cooling	 and	 lubrication	 the	8	%	 solution	of	Teolin	H/VR	 in	 the	amount	of	1	 l/min	was	

used.	Axial	force	and	torque	were	measured	with	the	three‐component	dynamometer	"Kistler",	
TYP	8152B2,	in	the	range	from	100	to	900	kHZ,	integrated	in	the	conventional	drilling	machine	
TYP	FGU‐32	and	connected	to	a	Global	Lab	software	for	data	acquisition,	as	illustrated	in	Fig.	1.	
The	initial	experiment	was	conducted	with	four	repetitions	of	drilling	tests	in	the	central	point	
according	to	the	matrix	plan	for	three‐factor	experiment	shown	in	Table	2.	

	

Table	1	Tool	material	and	sharpening	modes	for	TDs 

Influential	parameters	
	Cutting	

tool	material	
High‐speed	steel	with	8	%	Co,	produced	in	conventional	metallurgy	process,	S2‐9‐1‐8,	(C)	
High‐speed	steel	with	8	%	Co,	produced	in	powder	metallurgy,	S390	MICROCLEAN,	(PM)	

Sharpening	mode	of	
drills	

Regular	with	corrected	main	blade	(CMB)	
Cross‐like	(CL)	

	

	
Fig.	1	Set‐up	for	measurement	of	axial	force	and	torque	in	drilling	[1]	

	
Table	2	Matrix	plan	of	three‐factor	experiment	[1]	

Experimental	
points	

Coded	values	 Real	values Output	vectors	
	Fa,	M	x1	 x2	 x3	 d	[mm]	 n	[rpm]	 s	[mm/rev]	

1	 ‐1	 ‐1	 	‐1	 6.0 250 0.027 F1,	M1

2	 +1	 ‐1	 	‐1	 10.0 250 0.027 F2,	M2

3	 ‐1	 +1	 	‐1	 6.0	 500	 0.027	 F3,	M3	
4	 +1	 +1	 	‐1	 10.0 500 0.027 F4,	M4

5	 ‐1	 ‐1	 +1	 6.0 250 0.107 F5,	M5

6	 +1	 ‐1	 +1	 10.0 250 0.107 F6,	M6

7	 ‐1	 +1	 +1	 6.0 500 0.107 F7,	M7

8	 +1	 +1	 +1	 10.0 500 0.107 F8,	M8

9	 0	 0	 0	 7.75 355 0.053 F9,	M9	

10	 0	 0	 0	 7.75 355 0.053 F10,	M10	

11	 0	 0	 0	 7.75 355 0.053 F11,	M11	

12	 0	 0	 0	 7.75 355 0.053 F12,	M12	

	
Based	on	the	matrix	plan,	measurement	of	the	axial	 force	and	the	torque	for	the	particular	ex‐
periment	was	performed	at	 five	measuring	points	 for	both	tool	materials	and	both	sharpening	
modes.	The	first	measurement	was	performed	while	drilling	L	=	3d	mm	deep	holes	with	sharp	
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TD,	while	the	fifth	measurement	was	performed	when	the	drilling	lengths	were	reached,	where‐
by	 the	 following	predefined	maximum	allowed	 flank	wear	 values	 (hmax)	 for	different	TD	were	
reached:	

 for	TD	Ø6.0	mm	–	hmax	=	0.25	mm,	
 for	TD	Ø7.75	mm	–	hmax	=	0.30	mm,	
 for	TD	Ø10.0	mm	–	hmax	=	0.35	mm.	
The	 other	 three	 measurements	 were	 performed	 upon	 achievement	 of	 the	 drilling	 lengths	

whereat	the	flank	wear	of	TD	remained	within	the	interval	0	<	hi	<	hmax,	and	i	=	2,	3,	4.		
Under	different	experimental	conditions	(material	of	TD,	sharpening	mode,	nominal	diame‐

ter,	number	of	revolutions	and	feed	rate),	TD	reached	the	maximum	allowed	flank	wear	at	dif‐
ferent	drilling	lengths,	as	shown	in	Table	3.	
Based	on	the	measurement	results	of	all	the	TD	used	in	the	experiments,	diagrams	for	the	axi‐

al	force	and	the	torque	as	a	function	of	the	drilling	length	and	the	cutting	regime	were	generated.	
	

Table	3	Drilling	lengths	at	which	drills	achieved	maximum	allowable	wear	
No.	 Drills	

mate‐
rial	

Sharpe‐
ning	
mode	

d	
[mm]	

n	
[rpm]	

s	
[mm/	
rev]	

Lmax		
[mm]	

No.	 Drills
mate‐
rial	

Sharpe‐
ning	
mode	

d	
[mm]	

n	
[rpm]	

s	
[mm/	
rev]	

Lmax		
[mm]	

1	

S3
90
	

CM
B
	

6.0	 250	 0.027 560 25

S	
2‐
9‐
1‐
8	

CM
B
	

6.0 250	 0.027	 630
2	 10.0	 250	 0.027 750 26 10.0 250	 0.027	 1420
3	 6.0	 500	 0.027 1325 27 6.0 500	 0.027	 3050
4	 10.0	 500	 0.027 3250 28 10.0 500	 0.027	 3020
5	 6.0	 250	 0.107 1330 29 6.0 250	 0.107	 1550
6	 10.0	 250	 0.107 1050 30 10.0 250	 0.107	 2400
7	 6.0	 500	 0.107 3000 31 6.0 500	 0.107	 4650
8	 10.0	 500	 0.107 800 32 10.0 500	 0.107	 720
9	 7.75	 355	 0.053 1730 33 7.75 355	 0.053	 1755
10	 7.75	 355	 0.053 2370 34 7.75 355	 0.053	 1220
11	 7.75	 355	 0.053 1920 35 7.75 355	 0.053	 1520
12	 7.75	 355	 0.053 1870 36 7.75 355	 0.053	 1480
13	

CL
	

6.0	 250	 0.027 1300 37

CL
	

6.0 250	 0.027	 610
14	 10.0	 250	 0.027 1000 38 10.0 250	 0.027	 1100
15	 6.0	 500	 0.027 2700 39 6.0 500	 0.027	 3690
16	 10.0	 500	 0.027 5075 40 10.0 500	 0.027	 5800
17	 6.0	 250	 0.107 1400 41 6.0 250	 0.107	 4200
18	 10.0	 250	 0.107 2000 42 10.0 250	 0.107	 3820
19	 6.0	 500	 0.107 2260 43 6.0 500	 0.107	 5850
20	 10.0	 500	 0.107 900 44 10.0 500	 0.107	 800
21	 7.75	 355	 0.053 2650 45 7.75 355	 0.053	 2750
22	 7.75	 355	 0.053 2530 46 7.75 355	 0.053	 2340
23	 7.75	 355	 0.053 2650 47 7.75 355	 0.053	 2400
24	 7.75	 355	 0.053 2850 48 7.75 355	 0.053	 2440
	

	
				Fig.	2	Axial	force	vs. drilling	length	and	cutting
				regime	for	TD	S390,	CMB,	Ø6.0	

			Fig.	3 Axial	force	vs. drilling	length	for	4	repeated
				experiments	in	central	plan	point	(d4	=	7.75	mm,	
				n5	=	355	rpm,	s5	=	0.053	mm/rev)	for	TD	S390,	CMB	
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The	axial	force	Fa	as	a	function	of	the	drilling	length	L	for	TD	Ø6.0	mm,	made	of	S390	PM	steel,	
regularly	sharpened	(CMB),	is	shown	in	Fig.	2	and	for	TD	in	the	central	plan	point	(d4	=	7.75	mm,	
n5	=	355	rpm,	s5	=	0.053	mm/rev)	in	Fig.	3.	The	diagrams	show	that	all	the	different	factors	(ma‐
terial	of	twist	drill	bits,	sharpening	mode	and	cutting	regime)	had	a	significant	influence	on	the	
axial	force	Fa.	

3. Results and discussion 

As	far	as	the	defined	correlation	curves	are	concerned,	 the	trend	curves	and	polynomial	equa‐
tions	were	defined	for	their	interpretation,	thus	providing	sufficient	data	sets	for	the	ANN	out‐
put	parameters.	After	the	data	research	in	ANN	the	tool	condition	prediction	application,	a	feed‐
forward	back	propagation	ANN	 training	was	 conducted	 in	 the	MATLAB	6.0	 software	package.	
The	training	was	performed	with	six	 input	parameters,	 three	of	which	were	parameters	of	the	
cutting	regime	(nominal	diameter	d,	number	of	revolutions	n,	and	feed	rate	s),	material	type	of	
TD,	 sharpening	mode	and	drilling	 length	 l,	 and	 two	output	parameters	–	axial	drilling	 force	Fa	
and	torque	M,	as	shown	in	Fig.	4.	
What	 follows	 is	 a	 selection	 of	 parameters	 amongst	 those	 offered	 in	 back	 propagation	ANN	

training	within	MATLAB	software	package:	

1. Training	function	
2. Adaption	learning	function	
3. Performance	function	
4. Number	of	epochs	
5. Number	of	neuron	layers,	and	for	each	neuron	layer	

5.1	Number	of	neurons	in	a	layer	
5.2	Transfer	function	

	

	

Fig.	4	Complex	ANN	training	scheme	[22]	
	
As	one	of	the	ways	to	improve	generalization	during	ANN	training,	it	is	suggested	to	surround	

each	 element	 of	 the	 trained	 family	 with	 a	 low	 noise	 level.	 By	 applying	 the	 above	 mentioned	
method,	the	ANN	trainees	approached	a	training	error	of	 less	than	10‐10.	After	ANN	training,	 it	
was	checked	(simulated)	with	the	data	relevant	to	the	experiment,	but	was	not	used	in	the	train‐
ing	 process.	 However,	 the	 simulation	 of	 the	 trainees	 ANN	 did	 not	 yield	 the	 expected	 results,	
which	indicates	that	it	is	impossible	to	efficiently	process	a	large	amount	of	data	for	the	cutting	
process	using	the	usual	approach	with	ANN	multiple	inputs	and	outputs.	This	again	confirms	the	
fact	that	predicting	the	tool	condition,	which	depends	on	numerous	influential	parameters,	is	a	
delicate	matter.	The	trained	ANN	had	a	poor	generalization	due	to	the	occurrence	of	the	follow‐
ing	phenomena:	

 depending	on	the	type	of	TD	material,	the	sharpening	mode	and	the	cutting	regime	(nomi‐
nal	diameter,	number	of	revolutions	and	feed	rate),	TD	reached	the	maximum	wear	at	dif‐
ferent	drilling	lengths,	as	shown	in	Fig.	2	and	Table	3;	

 wide	dispersion	of	 axial	drilling	 force	and	 torque	depending	on	 the	 type	of	TD	material,	
sharpening	mode	and	cutting	regime;	and	



Development of a family of neural networks for the prediction of tool condition
 

Advances in Production Engineering & Management 15(2) 2020  169
 

 the	same	type	of	TD	material,	the	same	sharpening	mode	and	the	same	cutting	conditions	
(nominal	diameter,	number	of	revolutions	and	feed	rate	)	together	with	different	drilling	
lengths	(changing	only	one	of	the	input	parameters	while	keeping	the	others	constant)	are	
an	additional	disadvantage	for	ANN.	

3.1 Formation of the family of neural networks (FANN) 

Since	the	trained	ANN	did	not	achieve	the	research	goal	set	for	the	reasons	worked	out,	the	fol‐
lowing	idea	came	up:	Instead	of	training	a	complex	ANN	with	6	input	parameters	and	axial	drill‐
ing	force	Fa	and	torque	M	as	output	parameters,	the	training	of	a	family	of	simple	ANNs	should	
be	carried	out	with	two	variable	parameters,	one	of	which	would	always	be	the	drilling	length	L,	
while	the	axial	drilling	force	Fa	would	be	the	output	parameter.	
The	formation	of	a	FANN	was	performed	for	TD	material	–	PM	(high‐speed	steel	produced	in	

powder	metallurgy	process)	and	sharpening	mode	–	CBM	(regular	with	corrected	main	cutting	
edge),	where	one	of	the	parameters	of	the	cutting	regime	(d,	n	and	s)	and	the	drilling	 length	L	
were	 variable	 values,	while	 the	 combination	 of	 the	 other	 two	 parameters	was	 assumed	 to	 be	
constant.	As	shown	 in	Fig.	5,	 the	 formation	of	FANN	(ANNs	training)	was	organised	 in	several	
phases.	In	Phase	I,	the	nominal	diameter	of	the	TD	involved	in	the	experiment	(d1	=	6.0	mm	and	
d2	=	10.0	mm)	and	drilling	length	L	were	taken	as	variables,	while	the	combinations	of	the	fol‐
lowing	parameters	involved	in	the	experiment:	type	of	TD	material,	sharpening	mode,	number	of	
revolutions	and	feed	rate,	were	taken	as	constant	values.	Over	the	course	of	Phase	I,	simulation	
of	the	trained	ANN	was	performed	for	nominal	TD	diameters	of	6.0	<	dn	<	10.0	mm	(d3	=	7.0,	d4	=	
7.75	and	d5	=	9.0	mm)	and	drilling	length	of	L	=	0‐2.000	mm.	
	

	
Fig.	5	Development	of	a	family	of	simple	ANNs	
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During	Phase	II	of	ANN	formation,	values	for	the	number	of	revolutions	n	involved	in	the	ex‐
periment	(n1	=	250	and	n2	=	500	rpm)	and	the	drilling	length	L	were	taken	as	the	variable	pa‐
rameters,	 while	 the	 constant	 values	 contained	 combinations	 of	 the	 following	 parameters:	 TD	
material,	sharpening	mode	and	feed	rate	(s1	=	0.027	and	s2	=	0.107	mm/rev),	and	the	TD	diame‐
ters	for	which	the	values	of	the	axial	forces	had	been	obtained	by	experimenting	and	simulating	
the	ANN	 formed	 in	Phase	 I	 (6.0	 ≤	d	 ≤	 10.0	mm).	 The	 simulation	 of	ANN	 in	Phase	 II	was	per‐
formed	with	the	standard	number	of	revolutions	within	the	range	250	<	nq	<	500	(n3	=	280,	n4	=	
315,	n5	=	355,	n6	=	400	and	n7	=	450	rpm)	and	the	drilling	length	L	expressed	in	mm.	
In	Phase	III,	values	of	the	feed	rate	(s1	=	0.027	and	s2	=	0.107	mm/rev)	and	the	drilling	length	

L	were	taken	as	variable	parameters,	while	the	constant	values	comprised	combinations	of	the	
following	parameters:	 TD	material,	 sharpening	mode,	 diameters	within	 the	 range	 of	 6.0	 ≤	d	 ≤	
10.0	mm	(for	which	the	values	of	axial	force	Fa	had	been	obtained	by	experimenting	and	simula‐
tion	of	the	ANN	in	Phase	I),	and	standard	number	of	revolutions	within	the	range	of	250	≤	n	≤	
500	rpm	(for	which	the	values	of	axial	force	Fa	had	been	obtained	by	experimenting	and	simula‐
tion	of	the	ANN	in	Phase	II).	The	simulation	of	a	trained	ANN	in	Phase	III	was	performed	with	the	
standard	feed	rate	within	the	interval	of	0.027	<	st	<	0.107	(s3	=	0.033,	s4	=	0.042,	s5	=	0.053,	s6	=	
0.067	and	s7	=	0.084	mm/rev)	and	the	drilling	length	L.	The	axial	drilling	force	Fa,	expressed	in	N,	
was	chosen	as	the	output	parameter	of	all	ANNs.	
In	Phase	I	of	the	FANN	formation,	only	those	ANNs	were	trained	which	were	involved	in	the	

experiment	with	the	factor	values	di,	np	and	sk,,	i.e.	the	ANN:	n11,	n21,	n12	and	n22.	
	

 

Fig.	6	First	model	of	Phase	II	of	FANN	formation	
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In	Phase	II,	besides	the	ANN	trained	with	the	values	of	parameters	involved	in	the	experiment	
(n11,	n21,	n12	and	n22),	the	following	ANNs	were	formed:	n41	(n1	=	250	and	n2	=	500	rpm;	d4	=	
7.75	mm;	s1	=	0.027	mm/rev)	and	n42	(n1	=	250	and	n2	=	500	rpm;	d4	=	7.75	mm;	 s2	=	0.107	
mm/rev),	 as	well	 as	 control	ANNs	d51	 (d1	 =	 6.0	 and	d2	 =	 10.0	mm;	n5	 =	 355	 rpm;	 s1	 =	 0.027	
mm/rev)	and	d52	(d1	=	6.0	and	d2	=	10.0	mm;	n5	=	355	rpm;	s2	=	0.107	mm/rev),	as	shown	in	Fig.	
6.	The	values	of	the	axial	force	Fa	for	combinations	of	influencing	parameters	of	the	mentioned	
ANN	were	obtained	by	simulation	of	ANN	in	Phase	I	or	by	ANN	from	Phase	II,	which	was	trained	
with	the	factor	values	involved	in	the	experiment.		
The	 results	 of	 the	 simulation	 of	 ANN	 n41	 for	n5	 =	 355	 rpm	 (d4	 =	 7.75	mm	 and	 s1	 =	 0.027	

mm/rev)	shall	be	consistent	with	the	results	of	the	simulation	of	control	ANN	d51	for	d4	=	7.75	
mm	(n5	=	355	rpm	and	s1	=	0.027	mm/rev),	while	the	results	of	simulation	of	ANN	n42	for	n5	=	
355	rpm	shall	be	consistent	with	 the	results	of	 the	simulation	of	 the	control	ANN	d52	for	d4	=	
7.75	mm.	
In	Phase	III,	in	addition	to	the	ANNs	trained	with	the	factor	values	involved	in	the	experiment	

(s11,	s21,	s12	and	s22),	the	following	ANNs	were	formed:	s41	(s1	=	0.027	and	s2	=	0.107	mm/rev;	
d4=	7.75	mm;	n1	=	250	rpm)	and	s42	(s1	=	0.027	and	s2	=	0.107	mm/rev;	d4	=	7.75	mm;	n2	=	500	
rpm),	and	the	control	ANNs	d15	(d1	=	6.0	and	d2	=	10.0	mm;	n1	=	250	rpm;	s5	=	0.053	mm/rev)	
and	d25	(d1	=	6.0	and	d2	=	10.0	mm;	n2	=	500	rpm;	s5	=	0.053	mm/rev).	The	values	of	the	axial	
force	Fa	for	combinations	of	influencing	parameters	from	the	above	stated	ANNs	were	obtained	
by	simulating	the	ANNs	from	the	Phase	II,	i.e.	ANNs	of	the	Phase	III	which	had	been	trained	with	
the	factor	values	involved	in	the	experiment	(s11,	s21,	s12	and	s22).	The	results	of	the	simula‐
tion	of	ANN	s41	for	s5	=	0.053	mm/rev	(d4	=	7.75	mm	and	n1	=	250	rpm)	must	correspond	to	the	
results	of	the	simulation	of	ANN	d15	for	d4	=	7.75	mm	(n1	=	250	rpm	and	s5	=	0.053	mm/rev),	
while	the	results	of	the	simulation	of	ANN	s42	for	s5	=	0.053	mm/rev	(d4	=	7.75	mm	and	n2	=	500	
rpm)	must	correspond	to	those	of	the	simulation	of	ANN	d25	for	d4	=	7.75	mm.	
In	addition	to	those	ANNs	specified	in	the	fifth	model	in	Phase	III,	the	following	ANNs	were	

also	formed:	s15	(s1	=	0.027	and	s2	=	0.107	mm/rev,	d1	=	6.0	mm	and	n5	=	355	rpm),	s25	(s1	=	
0.027	and	s2	=	0.107	mm/rev,	d2	=	10.0	mm	and	n5	=	355	rpm),	s45	(s1	=	0.027	and	s2	=	0.107	
mm/rev;	d4	=	7.75	mm	and	n5	=	355	rpm)	and	control	ANNs	d55	(d1	=	6.0	and	d2	=	10.0	mm;	n5	=	
355	rpm	and	s5	=	0.053	mm/rev)	and	in	the	control	model	also	n45	(n1	=	250	and	n2	=	500	rpm;	
d4	=	7.75	mm;	s5	=	0.053	mm/rev),	for	which	the	values	of	the	axial	force	Fa	have	been	obtained	
by	simulating	the	ANNs	from	previous	phases,	as	shown	in	Fig.	7.	
	

 

Fig.	7	Control	model	of	FANN	formation	
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Results	of	the	simulation	of	ANN	d55	for	d4	=	7.75	mm	(n5	=	355	rpm,	s5	=	0.053	mm/rev);	
s45	for	s5	=	0.053	mm/rev	(d4	=	7.75	mm,	n5	=355	355	rpm)	and	n45	for	n5	=	355	rpm	(d4	=	7.75	
mm,	s5	=	0.053	mm/rev)	must	correspond	both	to	each	other	and	to	the	results	of	the	experi‐
ment	in	the	central	plan	point	(d4	=	7.75	mm;	n5	=	355	rpm	and	s5	=	0.053	mm/rev).	
The	first	training	of	the	ANNs	was	performed	at	the	outer	points	of	the	experiment,	using	the	

values	of	axial	 force	obtained	by	the	experiment	as	 input	parameters.	The	formation	of	the	se‐
quence	of	ANNs	was	continued	towards	the	central	point	of	the	plan,	as	shown	in	Fig.	8,	so	that	
the	final	training	was	performed	in	the	central	point	of	the	plan.	As	output	parameters	the	values	
of	axial	force	Fa	obtained	by	the	simulation	of	the	ANNs	in	the	previous	phases	were	used.	
The	values	of	the	axial	drilling	force	Fa	as	a	function	of	the	drilling	length	and	the	influencing	

parameters	 (type	 of	 TD	material,	 sharpening	mode,	 nominal	 diameter,	 number	 of	 revolutions	
and	feed	rate),	which	were	obtained	by	the	simulation	of	 trained	ANNs	can	be	graphically	dis‐
played,	as	shown	in	Figs	9.	and	10.	Fig.	9.	shows	the	values	of	the	axial	force	Fa	as	a	function	the	
drilling	 length	obtained	by	the	simulation	of	ANN	d11	(M	=	PM,	SM	=	CMB,	n1	=	250	rpm,	s1	=	
0.027	mm/rev)	at	the	nominal	diameters	of	drills	d3	=	7.0;	d4	=	7.75	and	d5	=	9.0	mm	in	relation	
to	the	values	of	the	axial	force	determined	in	the	experiment	for	drills	with	nominal	diameter	d1	
=	6.0	and	d2	=	10.0	mm.	

	

	
	

	

	

	

	

	

	

	
	

	
	

	 	
	

Fig.	10	shows	the	values	of	the	axial	force	Fa	as	a	function	of	the	drilling	length	obtained	by	
simulating	ANN	n12	(M	=	PM,	SM	=	CMB,	d1	=	6.0	rpm,	s2	=	0.107	mm/rev)	 for	 the	number	of	
revolutions	n3	=	280;	n4	=	315,	n5	=	355,	n6	=	400	and	n7	=	450	rpm,	in	relation	to	the	value	of	the	
axial	force	at	the	number	of	revolutions	n1	=	250	and	n2	=	500	rpm	obtained	in	the	experiment.	
The	same	principle	can	be	applied	to	represent	the	values	of	axial	force	as	a	function	of	drilling	
length	obtained	by	simulating	others	ANNs	within	the	family	formed.	
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Fig.	8	Direction	of	development	of	ANNs	

Fig.	9	Results	of	simulation	of	ANN	d	11
(n1	=	250	rev/min,	s1	=	0.027	mm/rev)	

									Fig.	10 Results	of	simulation	of	ANN	n	12	
										(d1	=	6.0	mm,	s2	=	0.107	mm/rev)	
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Comparison	values	of	the	axial	drilling	force,	which	were	obtained	by	simulating	ANN	n41	for	
n5	=	355	rpm	(d4	=	7.75	mm,	s1	=	0.027	mm/rev)	and	control	ANN	d51	for	d4	=	7.75	mm	(n5	=	355	
rpm,	s1	=	0.027	mm/rev)	are	shown	in	Fig.	11,	while	those	for	ANN	s42	for	s5	=	0.053	mm/rev	(d4	
=	 7.75	mm,	n2	 =	 500	 rpm)	 and	 control	 ANN	d25	 for	d4	 =	 7.75	mm	 (n2	 =	 500	 rpm,	 s5	 =	 0.053	
mm/rev)	are	shown	in	Fig.	12.	The	diagrams	show	that	the	results	of	simulation	of	control	ANN	
d51	correspond	to	the	results	of	simulation	of	ANN	n41	with	a	maximum	deviation	of	3.14	%	for	
L	=	500	mm	(Fig.	11),	while	the	results	of	simulation	of	control	ANN	d25	correspond	to	the	re‐
sults	of	simulation	of	ANN	s42	with	a	maximum	deviation	of	3.95	%	for	L	=	2000	mm	(Fig.	12).	
The	 same	principle	 can	be	used	 to	 represent	 comparative	values	of	 axial	 force	obtained	by	

simulation	of	ANN	n42	and	control	ANN	d52	as	well	as	ANN	s41	and	control	ANN	d15.	
	

	
						Fig.	11	Comparative	results	of	simulation	of	ANN
						n	41	(for	n5	=	355	rpm)	and	d	51	–	n	1	controlling	
						(for	d4	=	7.75	mm)	

Fig.	12 Comparative	results	of	simulation	of	ANN	
s	42	(for	s5	=	0.053	mm/rev)	and	d	25	–	s	2	controlling	
(for	d4	=	7.75	mm)	

	
The	values	of	the	axial	drilling	force	Fa	for	four	repeated	experiments	in	the	central	plan	point	

and	their	mean	value	are	shown	in	Fig.	13.	Comparative	values	of	axial	drilling	force	obtained	by	
simulation	of	ANN	s45	for	s5	=	0.053	mm/rev,	the	control	ANN	d55	for	d4	=	7.75	mm	and	n45	for	
n5	=	355	rpm,	and	mean	values	of	the	experiments	in	the	central	plan	point	are	shown	in	Fig.	14.	
The	diagrams	in	Figs	13	and	14	show	that	the	results	of	the	simulation	of	ANN	s45	for	s5	=	0.053	
mm/rev	and	 the	control	ANN	d55	 for	d4	=	7.75	mm,	and	n45	 for	n5	=	355	rpm	correspond	 to	
each	other	and	lie	within	the	interval	comprising	the	values	of	three	repeated	experimental	re‐
sults	in	the	central	plan	point.	
The	results	of	the	fourth	repeated	experiment	deviate	both	from	the	results	of	the	other	three	

repeated	experiments	and	from	the	results	obtained	by	simulating	ANN.	The	comparison	of	the	
results	of	the	simulation	with	the	mean	value	of	four	experiment	results	in	the	central	planning	
point	reveals	the	following:	

 the	deviation	of	the	results	of	the	simulation	of	ANN	s45	from	the	mean	value	of	the	exper‐
imental	results	is	at	most	6.598	%	for	L	=	1000	mm;	

 the	deviation	of	the	results	of	the	simulation	of	the	control	ANN	d55	from	the	results	of	the	
simulation	of	ANN	s45	is	at	most	7.89	%	for	L	=	0	mm	and	from	the	mean	value	of	the	ex‐
perimental	results	for	four	repeated	experiments	is	at	most	9.7	%	for	L	=	2000	mm,	and	

 the	deviation	of	the	results	of	the	simulation	of	the	control	ANN	n45	from	the	results	of	the	
simulation	 of	ANN	 s45	 is	maximum	5.596	%	and	 from	average	of	 four	 repeated	 experi‐
ments	results	maximum	of	10.74	%	for	L	=	1000	mm.	

The	results	of	 the	simulation	of	 the	ANN	central	plan	point	come	even	closer	 to	 the	experi‐
mental	results	when	compared	with	the	mean	value	of	three	instead	of	all	four	repeated	experi‐
ments.	
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																Fig.	13	Value	of	axial	force	for	four	repeated
																experiments	in	the	central	plan	point	

			Fig.	14	Comparative	values	of	axial	force	obtained	by	
			simulation	of	ANN	s	45	(for	s5	=	0.053	mm/rev),	d	55	
			(for	d4	=7.75	mm)	and	n	45	(for	n5	=	355	rev/min)	as	well
			as	mean	values	of	four,	that	is	to	say,	three	central	point	

3.2 Comparative analysis of the axial drilling force obtained by ANN and regression analysis  

The	comparative	analysis	of	the	values	of	the	axial	drilling	force	Fa	obtained	by	ANN	and	regres‐
sion	analysis	was	performed	for	the	following	drilling	lengths	L	=	100,	500	and	1000	mm.	

The	experimental	values	of	the	axial	drilling	force	for	the	drilling	lengths	L	=	100	mm,	L	=	500	
mm	and	L	=	1000	mm	are	shown	in	Table	4.	

The	axial	drilling	force	Fa,	as	a	target	function,	can	be	represented	in	the	form	of	the	complex	
exponentiation,	shown	by	the	Eq.	1.		

	

௔ܨ ൌ 	௕యݏி݀௕భ݊௕మܥ (1)
	

In	order	to	obtain	a	regression	model	that	describes	which	will	describe	the	target	function	as	
accurately	 as	 possible	with	 respect	 to	 Eq.	 1,	 the	 incomplete	 second‐order	 three‐factor	model	
(incomplete	 quadratic	 model)	 with	 constant	 coefficients	 was	 applied	 after	 completion	 of	 the	
linearization,	as	shown	in	Eq.	2.	

 
Table	4	The	experimental	values	of	the	axial	drilling	force	

EX
PE
R
I‐

M
EN

T
A
L	
	

PO
IN
T
S	

P	L	A	N	‐	M	A	T	R	I	X		

Coded	values	 Actual	values	
Experimental	Fa	values	[N]	

x1	
	

x2	
	

x3	
	

x1	x2	
	

x1	x3	
	

x2	x3	
	

x1	x2	x3	
	

d	
[mm]

n		
[rpm]	

s	
[mm/	
rev]	 L=100	mm L=500	mm	 L=1000	mm	

1	 ‐1	 ‐1	 ‐1	 1	 1	 1	 ‐1	 6.0	 250	 0,027	 544,85	 649,96	 686.90	
2	 1	 ‐1	 ‐1	 ‐1	 ‐1	 1	 1 10.0 250 0,027 700,86 996,71	 1325.30
3	 ‐1	 1	 ‐1	 ‐1	 1	 ‐1	 1 6.0 500 0,027 401,11 464,31	 564.24
4	 1	 1	 ‐1	 1	 ‐1	 ‐1	 ‐1 10 500 0,027 654,23 717,83	 768.65
5	 ‐1	 ‐1	 1	 1	 ‐1	 ‐1	 1 6.0 250 0,107 740,32 909,58	 959.71
6	 1	 ‐1	 1	 ‐1	 1	 ‐1	 ‐1 10.0 250 0,107 1339,03 1716,27	 		1907.70
7	 ‐1	 1	 1	 ‐1	 ‐1	 1	 ‐1 6.0 500 0,107 931,98 962,00	 989.67
8	 1	 1	 1	 1	 1	 1	 1 10.0 500 0,107 1329,16 1531,00	 1727.44
9	 0	 0	 0	 0	 0	 0	 0 7.75 355 0,053 720,56 838,55	 950.36
10	 0	 0	 0	 0	 0	 0	 0 7.75 355 0,053 615.73 736.10	 870.26
11	 0	 0	 0	 0	 0	 0	 0 7.75 355 0,053 633.70 784.84	 873.20
12	 0	 0	 0	 0	 0	 0	 0 7.75 355 0,053 667,50 703,69	 736.60
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The	coding	has	been	performed	by	the	transformation	Eq.	3:	
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൅ ଶݔ , 1 ൌ 2
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൅ 1 and  ݔଷ ൌ 2
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By	applying	the	regression	analysis,	the	coefficients	of	models	for	drilling	lengths	L	=100,	500	
and	1000	mm,	have	been	obtained	and	shown	in	Table	5.	

Based	on	the	coefficients	shown	in	Table	5	and	the	return	to	the	original	coordinates,	the	re‐
gression	models	of	the	target	function	(axial	drilling	force	Fa)	were	obtained	through	the	trans‐
formation	Eq.	3.	To	obtain	more	 accurate	 results,	 no	verification	of	 the	 significance	of	 the	pa‐
rameters	was	performed,	and	no	insignificant	parameters	were	omitted,	they	were	all	retained	
in	 the	model.	 The	 equation	 obtained	 in	 this	way	was	used	 to	 calculate	 the	 values	 of	 the	 axial	
drilling	 force	Fa.	The	comparison	between	results	obtained	by	 the	ANN	simulation	and	 the	re‐
gression	model	is	shown	in	Table	6.	

	
Table	5	Coefficients	of	the	regression	model	 

Drilling	length		
Coefficients	of	the	model		

b0	 b1	 b2	 b3	 b12	 b13	 b23	 b123	
L	=	100	 6.5943	 0.2111	 ‐0.0190 0.3132 ‐2.52E‐05 0.0258235 0.074737	 0.0747443
L	=	500	 6.7604	 0.2454	 ‐0.0903 0.2957 ‐0.02027 0.029545 0.075798	 ‐0.0223
	L	=	1000	 6.8742	 0.2763	 ‐0.1012 0.2588 ‐0.05976 0.034711 0.084119	 0.027256
	

Table	6	Comparative	values	of	the	axial	drilling	force	 

Drilling	
length	
L	[mm]	

Cutting	modes	 Results	of	the	
experiment	
Feksp	[N]	

Results	of		
ANN	simulation		

Results	of		
Regression		
analysis	

Deviation
FANN	from	
Fra	[%]	d	

[mm]	
n	[rpm]	

s	
[mm/rev]	

FANN
[N]	

Error	
[%]	

ANN	
Fra	
[N]	

Error	
[%]	

L	
=	
10
0	
m
m
	

6.00	 500 0.027	 401.11 401.06 ‐0.012 d	21 380.97	 ‐5.021	 5.27
7.75	 250 0.027	 590.19 d	11 587.07	 	 0.53
10.00	 250 0.107	 1339.03 1338.92 ‐0.008 d	12 1271.80	 ‐5.021	 5.28
6.00	 355 0.027	 470.51 n	11 443.21	 	 6.16

7.75	 355	 0.027	
		
		

555.65 n	41 533.99	 	 4.06
560.25 d	51 	 	

10.00	 250 0.053	 863.30 s	21 914.04	 	 ‐5.55

7.75	 355	 0.053	
659.37	

(middle)	

646.89 ‐1.893 s	45 726.43	 10.170	 ‐10.95
690.34 4.697 d	55 	 	
675.58 2.458 n	45 	 	

L	
=	
50
0	
m
m
	

10.00	 500 0.027	 717.83 717.86 0.004 d	21 676.18	 ‐5.802	 6.16
10.00	 355 0.027	 868.87 n	21 795.24	 		 9.26
6.00	 250 0.107	 909.58 909.48 ‐0.011 d	12 856.81	 ‐5.802	 6.15
7.75	 250 0.107	 1204.08 d	12 1177.71	 		 2.24
6.00	 355 0.107	 938.19 n	12 881.44	 		 6.44

7.75	 500	 0.053	 	
768.35 s	42 782.88	 		 ‐1.86
770.99 d	25 		 		

7.75	 355	 0.053	
765.80	

(middle)	

794.40 3.735 s	45 857.34	 11.954	 ‐7.34
808.72 5.605 d	55 		 		
819.35 6.993 n	45 		 		

L	
=	
10
00
	m
m
	

10.00	 250 0.027	 1325.30 1325.28 ‐0.002 d	11 1248.09	 ‐5.826	 6.18
7.75	 500 0.027	 680.79 d	21 620.39	 		 9.74

7.75	 355	 0.027	
		
		

813.38 n	41 745.24	 		 9.14
806.83 d	51 		 		

6.00	 500 0.107	 989.67 989.78 0.011 d	22 932.01	 ‐5.826	 6.20
6.00	 250 0.053	 795.76 s	11 762.02	 		 4.43
10.00	 500 0.053	 1101.65 s	22 1076.25	 		 2.36

7.75	 355	 0.053	
857.61	

(middle)		
		

914.19 6.598 s	45 961.28	 12.089	 ‐4.90
905.26 5.557 d	55 		 		
949.72 10.741 n	45 		 		
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The	comparison	made	revealed	the	following:	

• The	results	obtained	by	simulation	of	the	ANN	at	the	points	of	experiment	for	all	drilling	
lengths	 are	 fully	 are	 fully	 consistent	 with	 the	 experimental	 results	 with	 a	 maximum	
deviation	of	less	than	0.025	%.	

• For	controlled	drilling	 lengths	(L	=	100,	500	and	1000	mm),	 the	maximum	deviations	of	
the	results	obtained	by	simulation	of	the	ANN	in	the	central	plan	point,	if	compared	to	the	
experimental	results,	are:	
- for	ANN	s45	‐	6,598	%	at	drilling	length	L	=	1000	mm;	
- for	ANN	d55	‐	5.557	%	at	drilling	length	L	=	1000	mm,	and	
- for	ANN	n45	‐	10.741	%	at	drilling	length	L	=	1000	mm.	

• For	drilling	lengths	L	=	100,	500	and	1000	mm,	the	values	of	 the	axial	 force	obtained	by	
regression	analysis	deviate	from	the	experimental	results	as	follows:	
In	the	points	of	experiment:	
- 5.022	%	for	L	=	100	mm,		
- 5.802	%	for	L	=	500	mm,	and	
- 5.826	%	for	L	=	1000	mm,	
and	in	the	central	plan	point:		
- 10.17	%	for	L	=	100	mm,		
- 11.954	%	for	L	=	500	mm,	and	
- 12.089	%	for	L	=	1000	mm,		
which	is	significantly	less	favourable	compared	to	the	results	obtained	by	the	simulation	
of	ANN.	

• The	results	obtained	by	simulation	of	neural	networks	in	the	plan	points	which	were	not	
included	in	the	experiment	also	correspond	to	the	results	obtained	by	regression	analysis	
maximum	deviation	of	less	than	9.75	%.		

The	performed	analyses	of	the	results	obtained	by	application	of	a	family	of	ANNs	and	their	
comparison	with	the	experimental	results	and	the	results	obtained	by	mathematical	modelling	
of	 multifactor	 plans	 show	 that	 prediction	 of	 tool	 condition,	 in	 conditions	 of	 non‐linear	
dependency	of	the	target	function	and	influential	parameters,	can	be	additionally	enhanced	by	
application	of	a	family	of	ANNs.	Therefore,	a	family	of	ANNs	can	be	applied	very	successfully	in	
prediction	 of	 tool	 condition,	 in	 particular	 in	 cases	 of	 non‐linear	 dependency	 of	 the	 target	
function	 and	 influential	 parameters	 when	 the	 regression	 analysis	 method	 fails	 to	 render	
satisfactory	results	and	calls	for	further	experimental	research.	

4. Conclusion 

The	 prediction	 of	 tool	 condition	 is	 of	 high	 practical	 importance,	 since	 the	 (technological	 and	
economic)	 effects	 of	 the	 machining	 process	 depend	 directly	 on	 the	 tool	 life.	 However,	
considering	 that	 the	 machining	 process	 is	 a	 highly	 complex	 physico‐chemical	 mechanism	 of	
interaction	between	 tool	 and	workpiece	under	 the	 conditions	of	 scatter	 of	 characteristics	 and	
properties	of	the	elements	of	the	technological	system,	modelling	this	process	seems	to	be	very	
difficult.	 The	 application	 of	 modern	 technologies	 aimed	 at	 solving	 the	 problems	 related	 to	
modeling,	simulation	and	monitoring	of	the	machining	process	has	recently	begun,	and	the	most	
commonly	 used	ANNs	 allow	 to	 predict	 changes	 in	 the	 parameters	 of	 interest	 as	 a	 function	 of	
changes	in	the	input	value.		

In	 this	 paper	 the	 axial	 cutting	 force	 Fa	 was	 chosen	 as	 a	 target	 function,	 i.e.	 as	 a	 source	 of	
information	about	the	amount	of	cutting	tool	wear.	The	influencing	factors	selected	included	the	
material	 of	 the	 tool	 (twist	 drill),	 the	 sharpening	mode,	 the	 nominal	 diameter,	 the	 number	 of	
revolutions,	the	feed	rate	and	the	drilling	length	until	the	twist	drills	are	worn	out.	Based	on	the	
established	 correlations	 between	 the	 target	 function	 and	 the	 influencing	 parameters	 for	
predicting	 the	wear	 size	 of	 twist	 drills,	 a	 FANN	was	 developed.	 The	 results	 of	 the	 prediction	
obtained	by	applying	a	FANN	were	compared	with	the	results	obtained	by	regression	analysis	in	
the	 experimental	 points.	 The	 comparison	 showed	 that	 the	 prediction	 results	were	 consistent.	



Development of a family of neural networks for the prediction of tool condition 
 

Furthermore, the prediction results obtained by applying a FANN deviate significantly less from 
the experimental results. Therefore, the developed model of FANN can be used as a very reliable 
method for predicting the state of the tool, especially in case of a nonlinear relationship between 
the target function and the parameters involved, and in cases where the regression analysis does 
not give satisfactory results and requires additional experimental research. 
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A B S T R A C T	   A R T I C L E   I N F O	

How	 to	 evaluate	 the	 fuel	 gas	 operation	 (FGO) of	 various	 working	 groups	
(WGs)	and	working	shifts	(WSs)	in	reheating	furnace	is	still	ambiguous	prob‐
lem.	In	this	paper,	a	novelty	time‐series	FGO	evaluation	model	was	proposed.	
The	 strategy	mainly	 included:	 Firstly,	 the	 fuel	 gas	 per	 ton	 steel	 (FGTS)	was	
calculated	 in	 certain	 time	 interval;	 Secondly,	 the	 FGTS	 time‐series	 data	 set	
was	 formulated	 in	 statistical	 period;	 Thirdly,	 the	 FGTS	 time‐series	 data	 set	
was	divided	according	to	working	schedule;	Lastly,	the	FGO	evaluation	model	
was	established.	Case	study	showed	that:	i)	The	fuel	gas	operation	evaluation	
results	of	various	WGs	in	different	WSs	were	accorded	with	normal	distribu‐
tion;	ii)	For	various	WGs,	A	WG	performed	best,	followed	by	C	WG	and	D	WG.	
The	performance	of	B	WG	was	the	worst	due	to	its	violent	fluctuation	of	fuel	
gas	operation	evaluation	results	in	three	WSs;	iii)	For	different	WSs,	the	day	
WS	and	swing	WS	performed	well,	whereas	the	performance	of	night	WS	was	
unsatisfactory.	Discussion	 results	 showed	 that	 the	 improvement	 of	working	
skills,	 working	 responsibility	 and	 working	 passion,	 which	 were	 effective	
measure	to	achieve	energy	saving	in	terms	of	operation,	should	be	enhanced	
through	skills	training	and	the	reward	and	punishment	system.	Generally,	this	
novelty	 time‐series	 FGO	 evaluation	 method	 could	 also	 be	 applied	 to	 other	
industrial	equipment.	
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1. Introduction 

The	iron	and	steel	industry,	whose	products	are	widely	used	in	various	industries,	is	the	pillar	of	
the	manufacturing	industry	[1].	Therefore,	the	development	of	iron	and	steel	industry	(whether	
technological	innovation	or	economic	operation)	has	attracted	much	attention	of	many	scholars	
from	different	countries,	such	as	the	United	States	of	America	[2],	China	[3‐4],	Great	Britain	[5]	
etc.	With	the	rapid	development	of	 iron	and	steel	 industry,	 the	energy	consumption	 is	also	 in‐
creasing	 [6‐7]	 (especially	 in	China,	 as	 shown	 in	Fig.	 1	 [8],	million	 ton	 coal	 equivalent	 (Mtce)).	
And	the	energy	consumption	in	iron	and	steel	industry	accounts	for	about	23.6	%	of	the	whole	
industrial	energy	consumption	in	China	2012	[9].	Accordingly,	many	energy	conservation	tech‐
nologies	and	methods	are	widely	used	in	iron	and	steel	industry,	such	as	waste	energy	recovery	
[10],	material	flow	balance	analysis	[11]	etc.	Then,	the	energy	efficiency	of	iron	and	steel	indus‐
try	has	been	greatly	improved.	However,	energy	conservation	of	iron	and	steel	industry	should	
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still	be	further	developed	[12].	It	has	been	demonstrated	that	there	is	considerable	potential	for	
energy	conservation	and	emissions	reduction	in	iron	and	steel	industry	[13‐14].	

Reheating	furnace,	which	is	widely	applied	to	rolling	process	[15],	is	a	very	important	ther‐
mal	equipment.	The	energy	consumption	of	reheating	furnace	accounts	for	approximately	15‐20	
%	of	the	total	energy	consumption	in	steel	industries	and	approximately	70	%	of	the	rolling	pro‐
cess	[16].	Therefore,	the	energy	saving	of	reheating	furnace	has	been	an	area	of	intense	investi‐
gation.		
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Fig.1	The	crude	production	and	energy	consumption	of	Chinese	iron	and	steel	industry	over	the	years	
(Data	Source:	CHINA	STATISTICAL	YEARBOOK)	

2. Literature review 

The	research	on	energy	conservation	of	reheating	 furnace	has	been	highly	valued	all	 the	 time.	
Generally,	the	research	work	is	mainly	carried	out	as	follows:	thermal	regulation	optimization,	
combustion	process	optimization,	waste	heat	recovery	and	utilization.	

1)	Thermal	regulation	optimization	

Energy	 waste	 will	 be	 effectively	 reduced,	 if	 a	 reasonable	 thermal	 regulation	 is	 adopted.	 Fur‐
thermore,	thermal	regulation	optimization	can	be	achieved	through	billet	heat	transfer	process	
analysis.	The	study	on	billet	heat	 transfer	process	mainly	 focus	on	variation	rule	of	billet	heat	
transfer	 characteristics	 under	 various	 production	 rhythm(s)	 and	 different	 loading	 tempera‐
ture(s).	The	 reasonable	 gas	 supply	 strategy,	which	can	 improve	billet	heat	quality	and	energy	
saving,	 should	be	 formulated	 in	accordance	with	 these	variation	rules.	The	numerical	 analysis	
method	is	wildly	applied	to	this	field.	Mayr	et	al.	[17]	put	forward	a	time	saving	simulation	of	an	
18	MW	pusher	type	reheating	furnace	with	a	production	capacity	of	60	t/h	and	it	is	fired	by	nat‐
ural	gas	burners.	Tang	et	al.	[18]	developed	a	transient	three‐dimensional	Computational	Fluid	
Dynamics	(CFD)	model,	which	could	simulate	the	flow	characteristics,	combustion	process	and	
multi‐scale	heat	 transfer	 inside	 the	 reheating	 furnace.	The	validation	on	an	 industrial	walking	
beam	slab	reheating	furnace	was	conducted.	Han	et	al.	used	the	finite‐volume	method	to	simu‐
late	the	slab	heating	characteristics	[19].	Although	these	CFD	analyses	can	be	used	for	accurate	
prediction	of	 the	 thermal	and	combusting	 fluid	characteristics	 in	reheating	 furnace,	 it	necessi‐
tates	long	computational	time	and	resulting	costs	due	to	many	governing	equations,	complexity	
of	the	furnace	structure	and	uncertainty	of	the	models	[20].	

2)	Combustion	process	optimization	

Combustion	 process	 optimization	 can	 improve	 the	 fuel	 gas	 combustion	 efficiency	 through	 the	
improvement	of	burner,	the	optimization	of	fuel	gas‐supply,	air‐fuel	ratio	control	or	other	tech‐
nical	means.	For	example,	García	and	Amel	[21]	presented	a	numerical	simulation	of	the	effects	
of	using	self‐recuperative	burners,	which	can	utilize	heat	recovery	on	the	performance	of	a	walk‐
ing‐beam	reheating	furnace.	A	transient	radiative	slab	heating	analysis	was	performed	to	inves‐
tigate	the	effect	of	various	fuel	mixtures	on	the	performance	of	an	axial‐fired	reheating	furnace	
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[22].	Meanwhile,	 the	approach,	which	applied	oxy‐fuel	combustion	 instead	of	air‐fuel	 combus‐
tion,	 could	enhance	combustion	efficiency	 [23].	Moreover,	 Jian‐Guo	Wang	 [24]	put	 forwards	a	
soft‐sensing	method,	which	can	predict	combustion	efficiency,	since	 it	cannot	be	measured	di‐
rectly.	

3)	Waste	heat	recovery	and	utilization	

Waste	heat	of	 flue	gas	and	vaporization	cooling	system	accounts	 for	about	50	%	of	 the	energy	
consumption	 in	 reheating	 furnace	 [25].	Moreover,	 the	 temperature	of	 the	 flue	 gas	 leaving	 the	
furnace	hearth	is	about	850	°C	[26].	Therefore,	the	waste	heat	of	flue	gas	has	recovery	value.	The	
Organic	Ranking	Cycle,	which	has	been	successfully	applied	to	reheating	furnace,	is	a	very	effec‐
tive	technology	in	waste	heat	recovery	[27‐28].	Moreover,	energy	cascade	utilization	technology	
has	also	been	applied	to	recovery	of	reheating	furnace	[29].	

The	above	researches	mainly	concentrated	on	how	to	achieve	energy	saving	of	reheating	fur‐
nace	 through	 the	 improvement	 of	 technical	measures.	 These	 technical	measures	mainly	 seek	
new	 breakthroughs	 from	 objective	 factor.	 Unfortunately,	 the	 influence	 of	 subjective	 factors,	
which	are	significant	for	energy	saving	of	reheating	furnace,	has	not	been	taken	into	account.	For	
example,	 there	 are	 differences	 in	 the	 FGO	 for	 various	WGs	 in	 different	WSs	 due	 to	 individual	
operation	 skills,	 fatigue	 state	 etc.	Moreover,	 Lu	et	al.	 [30]	had	proposed	 an	 energy	 apportion‐
ment	model,	which	could	calculate	the	energy	consumption	amount	for	every	billet,	in	reheating	
furnace.	Then,	bottleneck	of	slab	thermal	efficiency	had	been	further	analyzed	[31]	and	variation	
of	fuel	gas	consumption	had	been	discussed	based	on	energy	consumption	model	[32]	in	reheat‐
ing	 furnace.	However,	 the	 FGO	 for	 various	WGs	 in	 different	WSs	 could	not	 be	 evaluated.	 This	
paper	 proposes	 a	 novelty	 time‐series	 FGO	 evaluation	method,	which	 can	 evaluate	 the	 FGO	 of	
various	WGs	in	different	WSs.	

3. Methodology 

3.1 The FGTS in ሾ࢒ࢀ,  ା૚ሿ time interval࢒ࢀ

Take	ሾ ௟ܶ , ௟ܶାଵሿ	time	 interval	 as	 an	example,	 the	 calculation	process	of	 the	FGTS	 is	described	 in	
detail.	Suppose	there	are	݂	accumulative	time	segments	(ATSs,	as	shown	in	reference	[30,	32]	for	
the	ATS	definition)	in	ሾ ௟ܶ , ௟ܶାଵሿ	time	interval	(as	shown	in	Fig.	2.),	three	possible	scenarios	are	as	
follows:	

 ܩଵ	(Starting	time:	( ௟ܶ);	Ending	time	(ݐଵ):	the	first	change	moment	of	billet	number	(loading	
time	or	unloading	time)	in	ሾ ௟ܶ , ௟ܶାଵሿ	time	interval);	

 ܩ௙	(Starting	time	(ݐ௙ିଵ):	the	last	change	moment	of	billet	number	in	ሾ ௟ܶ , ௟ܶାଵሿ	time	interval;	
Ending	time:	 ௟ܶାଵ);	

 ܩ௜	(Starting	 time	 	:(௜ିଵݐ) the	ሺ݅ െ 1ሻ୲୦	change	moment	 of	 billet	 number;	 Ending	 time	 	:(௜ݐ)
the	݅୲୦	change	moment	of	billet	number,	݅ ൌ 2, 3	⋯ 	݂ െ 1).	

3.1.1	The	fuel	gas‐supply	amount	in	the	݅௧௛	ATS	

Correspondingly,	the	calculation	processes	of	fuel	gas‐supply	for	three	scenarios	are	as	follows:	

 ݅ ൌ 1	

ଵܩ ൌ
ଵ,ଵݐ െ ௟ܶ

௦ܶ
∙ ଵ,ଵܧ ∙ ௦ܶ ൅෍ܧଵ,௝ ∙ ௦ܶ

௡భ

௝ୀଵ

൅
ଵݐ െ ଵ,௡భݐ

௦ܶ
∙ ଶ,ଵܧ ∙ ௦ܶ																																					ሺ1ሻ	

	.2	Fig.	in	shown	are	variables	other	The	GJ.	in	ATS	first	the	in	amount	gas‐supply	fuel	the	is	ଵܩ

 ݅ ൌ ݂	

௙ܩ ൌ
௙,ଵݐ െ ௙ିଵݐ

௦ܶ
∙ ௙,ଵܧ ∙ ௦ܶ ൅෍ܧ௙,௝ ∙ ௦ܶ

௡೑

௝ୀଵ

൅ ௟ܶାଵെݐ௙,௫
௦ܶ

∙ ௙,௫ܧ ∙ ௦ܶ																																		ሺ2ሻ	

	.2	Fig.	in	shown	are	variables	other	The	GJ.	in	ATS	݂୲୦	the	in	amount	gas‐supply	fuel	the	is	௙ܩ
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The first ATS

Tl: Starting Time t1,1
Ts

t1,n1t1

Ts

t2,1

Tl+1: Ending Time

t1,2

t1,3

t1-t1,n1

t2,1-t1

t1,1-Tl

Ts

...

The second ATS

E1,1

E1,2

E1,3

E1,n1

E2,1

E2,2t2,2

...

E2,n2t2,n2

t2-t2,n2

t2

...

The f th ATS

tf

tf-1

tf,1-tf-1

tf,1

Tl+1-tf,x

...

 Variable description:

 1.Tl,Tl+1: Starting Time and Ending 

Time;

 2.Ts:Sampling interval of fuel gas 

measuring, min;

 3.ti:The i th ATS time when the number 

of billets  changes in furnace hearth 

(loading or unloading);

 4.ti,j:The j th sampling time in the i th 

ATS time;

 5. f : The number of billets changes in 

furnace hearth in [Tl,Tl+1];

 6.Ei,j:The instantaneous measurement 

value of gas flow in the  j th sampling 

time of the i th ATS time, GJ/min.

...

tf,nf

tf,x

 
Fig.	2	The	calculation	process	of	the	FGTS	in	ሾ ௟ܶ , ௟ܶାଵሿ	time	interval	

 ݅ ് 1	&	݅ ് ݂	

௜ܩ ൌ
௜,ଵݐ െ ௜ିଵݐ

௦ܶ
∙ ௜,ଵܧ ∙ ௦ܶ ൅෍ܧ௜,௝ ∙ ௦ܶ

௡೔

௝ୀଵ

൅
௜ݐ െ ௜,௡೔ݐ

௦ܶ
∙ ௜ାଵ,ଵܧ ∙ ௦ܶ																															ሺ3ሻ	

	.2	Fig.	in	shown	are	variables	other	The	GJ.	in	ATS	݅୲୦	the	in	amount	gas‐supply	fuel	the	is	௜ܩ

3.1.2	The	billets	weight	of	furnace	hearth	in	the	݅௧௛	ATS	(including	݅	=	1	and	݅ ൌ ݂)	

According	to	ATS	definition,	there	is	no	loading	billet	or	unloading	billet	in	ATS.	Therefore,	the	
billets	weight	of	furnace	hearth	in	the	݅୲୦	ATS	can	be	denoted	as:	

௜ܯ ൌ ෍݉௜,௞

ே೔

௞ୀଵ

																																																																												ሺ4ሻ	

	is	௜ܯ the	 billets	weight	 of	 furnace	 hearth	 in	 the	݅୲୦	ATS	 in	 tons,	݉௜,௞	is	 the	݇୲୦	billet	weight	 of	
furnace	hearth	in	the	݅୲୦	ATS	in	tons,	and	 ௜ܰ	is	the	billet	number	of	furnace	hearth	in	the	݅୲୦	ATS.	

3.1.3	The	FGTS	value	in	the	݅௧௛	ATS	

The	FGTS	value	can	be	calculated	in	the	݅୲୦	ATS:	

݁௜ ൌ
௜ܩ
௜ܯ
																																																																																		ሺ5ሻ	

݁௜	is	the	FGTS	value	in	the	݅୲୦	ATS,	݅ ൌ 1⋯݂	in	GJ/tons.	

3.1.4	The	FGTS	value	in	ሾ ௟ܶ , ௟ܶାଵሿ	time	interval	

The	FGTS	value	can	be	calculated	in	ሾ ௟ܶ , ௟ܶାଵሿ	time	interval:	
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݁ሾ்೗,்೗శభሿ ൌ
∑ ݁௜
௙
௜ୀଵ

݂
																																																																									ሺ6ሻ	

݁ሾ்೗,்೗శభሿ	is	the	FGTS	value	in	ሾ ௟ܶ , ௟ܶାଵሿ	time	interval	in	GJ/tons.	

3.2 The FGTS time‐series data set in statistical period 

The	FGTS	value	can	be	calculated	in	ሾ ௟ܶ , ௟ܶାଵሿ	time	interval	through	calculation	method	in	Section	
3.1.	Then,	the	statistical	period	can	be	divided	into	several	equal	time	intervals	(time	intervals:	
	∆ܶ ൌ ௟ܶାଵ െ ௟ܶሻ.	Afterwards,	the	FGTS	time‐series	can	be	achieved.	

Moreover,	the	FGTS	time‐series	data	set	can	be	denoted	in	statistical	period,	as	shown	in	Eq.	7.	

ܴ ൌ ൛݁ሾ்೗,்೗శభሿห݈ ∈ 1	݀݊ܽ	ݎ݁݃݁ݐ݊ܫ ൑ ݈ ൑ ݎ െ 1ൟ																																									ሺ7ሻ	

ܴ	is	the	FGTS	time‐series	data	set,	and	ݎ	is	the	amount	of	time‐intervals	in	statistical	period.	

3.3 The FGTS time‐series data set division according to working schedule 

Reheating	 furnace	 implements	 24‐hour	 continuous	working	 schedule.	Moreover,	 this	working	
schedule	 consists	mainly	 of	 two	 important	 components	 (WGs	 and	WSs).	 Therefore,	 the	 FGTS	
time‐series	data	set	can	be	disaggregated	by	various	WGs	and	WSs.	In	general,	working	schedule	
mainly	includes	‘Four	Shifts	Three	Operation	Production	Mode’	and	‘Three	Shifts	Two	Operation	
Production	Mode’.	

‘Four	 Shifts	 Three	 Operation	 Production	Mode’:	 24	 hours	 in	 one	 day	 are	 divided	 into	 day	
working	shift	(DWS,	from	0	o’clock	to	8	o’clock),	swing	working	shift	(SWS,	from	8	o’clock	to	16	
o’clock),	night	working	shift	(NWS,	from	16	o’clock	to	24	o’clock).	There	are	four	WGs	in	turn.	

‘Three	 Shifts	 Two	Operation	Production	Mode’:	 24	hours	 in	 one	day	 are	 divided	 into	DWS	
(from	8	o’clock	to	20	o’clock),	NWS	(from	20	o’clock	to	8	o’clock	next	day).	There	are	three	WGs	
in	turn.	

Therefore,	the	FGTS	time‐series	data	set	can	be	divided	according	to	working	schedule.	Then,	
the	FGTS	time‐series	data	sets	of	various	WGs	and	WSs	can	be	denoted	as	data	set	according	to	
the	working	schedule,	as	shown	in	Eq.	8.	

௨ܲ,௩ ൌ ൛݁ሾ்೗,்೗శభሿห݈ ∈ 1	&	ݎ݁݃݁ݐ݊ܫ ൑ ݈ ൑ ݎ െ 1	&	ሾ ௟ܶ, ௟ܶାଵሿ ∈ ሾ	&	ܩܹ	௧௛ݑ	݄݁ݐ ௟ܶ, ௟ܶାଵሿ ∈ 	ሺ8ሻ							ܹܵൟ	௧௛ݒ	݄݁ݐ
	

௨ܲ,௩	is	the	FGTS	time‐series	data	set	of	the	ݑ୲୦	WG	in	the	ݒ୲୦	WS,	ݑ ൌ ݒ	,ܷ⋯1 ൌ 1⋯ܸ,	 ௨ܲ,௩ ∈ ܴ.	

3.4 The establishment of the FGO evaluation model 

These	elements	in	FGTS	time‐series	data	sets	are	continuous	data,	which	is	suitable	for	boxplot	
analysis	 [33‐34].	 The	 boxplot	 can	 qualitatively	 describe	 the	 distribution	 differences	 between	
various	data	 sets.	Unfortunately,	 the	quantitative	description	of	 these	differences	 is	 indistinct.	
Therefore,	 on	 the	premise	of	 the	production	process	of	 reheating	 furnace,	 the	FGO	evaluation	
model,	which	 can	quantitatively	 assess	distribution	of	 various	data	 sets,	 can	be	established	 in	
this	paper.	

The	boxplot	parameters	of	 ௨ܲ,௩	data	 set	 can	be	 recorded	as	ܳଶሺ௨,௩ሻ,	ܴܳܫሺ௨,௩ሻ,	ܷ ሺܹ௨,௩ሻ,	ܮ ሺܹ௨,௩ሻ.	
Then,	it	is	should	be	noted	as	follows	before	the	FGO	evaluation	model	establishment.	

 ܳଶሺ௨,௩ሻ,	which	represents	the	overall	fuel	gas	consumption	level	of	various	data	sets,	is	the	
benchmark.	

 ܴܳܫሺ௨,௩ሻ,	which	represents	data	concentration	in	the	25‐75	%	range,	is	the	major	composi‐
tion.	

 ܷ ሺܹ௨,௩ሻ,	which	represents	data	concentration	in	the	75‐100	%	range,	is	the	supplement.	
 ܮ ሺܹ௨,௩ሻ,	which	represents	data	concentration	in	the	0‐25	%	range,	is	also	the	supplement.	

Data	normalization	

Data	normalization,	which	can	eliminate	the	influence	of	magnitude	order	and	dimension,	is	an	
effective	 method.	 Then,	 Min‐Max	 Normalization	 is	 adopted	 in	 this	 paper.	 Take	ܳଶ	(ܳଶ ൌ
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൛ܳଶሺଵ,ଵሻ,⋯ܳଶሺଵ,௏ሻ, ܳଶሺଶ,ଵሻ,⋯ܳଶሺଶ,௏ሻ,⋯ܳଶሺ௎,௏ሻൟ)	data	set	as	an	example,	data	normalization	is	de‐
scribed	in	detail,	as	shown	in	Eq.	9.	

ܳଶሺ௨,௩ሻ
′ ൌ

ܳଶሺ௨,௩ሻ െ ݉݅݊ሺܳଶሻ

ሺܳଶሻݔܽ݉ െ ݉݅݊ሺܳଶሻ
																																																													ሺ9ሻ	

ܳଶሺ௨,௩ሻ
′ 	is	 the	50th	percentile	of	 the	ݑ୲୦	WG	in	 the	ݒ୲୦	WS	after	normalization,	ܳଶሺ௨,௩ሻ	is	 the	50th	

percentile	of	the	ݑ୲୦	WG	in	the	ݒ୲୦	WS	before	normalization.	minሺܳଶሻ	and		maxሺܳଶሻ	are	the	min‐
imum	value	and	maximum	value	in	ܳଶ	data	set,	respectively.	ܴܳܫሺ௨,௩ሻ

′ 	is	the	interquartile	rage	of	

the	ݑ୲୦	WG	in	the	ݒ୲୦	WS	after	normalization,	ܷ ሺܹ௨,௩ሻ
′ 	is	the	upper	whisker	of	the	ݑ୲୦	WG	in	the	

	,normalization	after	WS	୲୦ݒ and	ܮ ሺܹ௨,௩ሻ
′ 	is	 the	 lower	whisker	of	 the	ݑ୲୦	WG	 in	 the	ݒ୲୦	WS	after	

normalization.	

Modelling	

Then,	the	FGO	evaluation	model	of	the	ݑ୲୦	WG	in	the	ݒ୲୦	WS	can	be	defined	as	follow:	

ሺ௨,௩ሻܦܫ ൌ ଵߙ ∙ ܳଶሺ௨,௩ሻ
′ ൅ ଶߙ ∙ ሺ௨,௩ሻܴܳܫ

′ ൅ ଷߙ ∙ ܷ ሺܹ௨,௩ሻ
′ ൅ ସߙ ∙ ܮ ሺܹ௨,௩ሻ

′ 																						ሺ10ሻ	

	is	ሺ௨,௩ሻܦܫ the	 FGO	 evaluation	 value	 of	 the	ݑ୲୦	WG	 in	 the	ݒ୲୦	WS,	 	are	ସߙ	,ଷߙ	,ଶߙ	,ଵߙ	.[0,1] the	

weighting	coefficients	of	ܳଶሺ௨,௩ሻ
′ ሺ௨,௩ሻܴܳܫ	,

′ ,	ܷ ሺܹ௨,௩ሻ
′ ܮ	, ሺܹ௨,௩ሻ

′ ,	respectively.	
According	to	the	weighting	description	hypotheses,	the	importance	of	four	variables	is	shown	

in	descending	order.	
ܳଶሺ௨,௩ሻ
′ ൐ ሺ௨,௩ሻܴܳܫ

′ ൐ ܷ ሺܹ௨,௩ሻ
′ ൌ ܮ ሺܹ௨,௩ሻ

′ 	

Therefore,	ߙଵ ൐ ଶߙ ൐ ଷߙ ൌ 	.model	evaluation	FGO	this	in	turn	in	ସߙ
It	is	worth	noting	that	the	FGO	evaluation	model,	which	is	put	forward	in	this	manuscript,	is	

to	evaluate	the	FGO	of	various	WGs	and	WSs.	In	order	to	ensure	of	the	evaluation	effectiveness,	it	
is	necessary	to	select	the	production	data	of	normal	production.	

4. Case study – Results and discussion 

The	No.	1	reheating	furnace	of	a	rolling	mill	is	considered	as	research	object.	The	main	product	
of	this	reheating	furnace	is	medium‐plate	(length:	8000‐10000mm;	width:	1200‐2000mm;	thick:	
220‐230mm).	The	production	data	are	analyzed	as	the	basic	data	sources	in	June	and	July	2016.	
In	 this	 period,	 the	 production	process	 of	No.	 1	 reheating	 furnace	 is	 relatively	 stable,	which	 is	
convenient	for	FGO	evaluation	analysis.	

4.1 The working schedule of No. 1 reheating furnace 

‘Four	Shifts	Three	Operation	Production	Mode’	has	been	adopted	in	this	No.	1	reheating	furnace.	
The	working	schedule,	which	derives	from	the	production	record,	for	this	reheating	furnace	in	
June	and	July	2016	has	also	been	shown	in	Table	1.	

Table	1	The	working	schedule	of	No.1	reheating	furnace	in	June	and	July	2016	
A	WG	 NWS	 NWS	 OD DWS DWS SWS SWS	 OD
B	WG	 OD	 DWS	 DWS SWS SWS OD NWS	 NWS
C	WG	 DWS	 SWS	 SWS OD NWS NWS OD	 DWS
D	WG	 SWS	 OD	 NWS NWS OD DWS DWS	 SWS
June	   	   	   	 1
  	 2	 3	 4 5 6 7 8	 9
  	 10	 11	 12 13 14 15 16	 17
  	 18	 19	 20 21 22 23 24	 25
  	 26	 27	 28 29 30   	

July	   	   	 1 2	 3
  	 4	 5	 6 7 8 9 10	 11
  	 12	 13	 14 15 16 17 18	 19
  	 20	 21	 22 23 24 25 26	 27
  	 28	 29	 30 31   	

Noted:	Off‐Duty	(OD)	
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As	shown	in	Table	1,	the	working	status	of	various	WGs	is	presented	clearly	in	different	WSs.	
Due	to	24‐hour	continuous	working	mode	of	reheating	furnace,	the	ሾ ௟ܶ , ௟ܶାଵሿ	time	interval	can	be	
defined	as	1	hour	for	convenient	calculation.	Furthermore,	the	FGTS	per	an	hour	(FGTSH)	can	be	
defined.	

4.2 The calculation and discussion of FGTSH 

There	 are	 1464	 FGTSHs	 can	be	 achieved	 through	 calculation	 in	 statistical	 period.	 Then,	 these	
FGTSHs	can	be	classified	according	to	Section	3.3	(as	shown	in	Table	2).	The	FGTSH	boxplot	of	
various	WGs	in	different	WSs	is	shown	in	Fig.	3.	

It	should	be	noted	that	the	outliers	are	not	under	consideration	due	to	their	small	proportion.	
The	results	after	normalization	and	the	FGO	evaluation	value	of	each	WG	in	various	WSs	can	be	
calculated	through	Eqs.	9	and	10	(as	shown	in	Table	3,	ߙଵ ൌ	0.4,	ߙଶ ൌ	0.3,	ߙଷ ൌ	0.15,	ߙସ ൌ	0.15).	

Table	2	The	FGTSHs	division	for	various	WGs	and	WSs	
The	number	of	FGTSH	 A	WG	 B	WG C	WG D	WG	 Total

The	DWS	 122	 132 111 118	 483
The	SWS	 126	 121 119 120	 486
The	NWS	 139	 122 108 126	 495
Total	 387	 375 338 364	 1464

 

	  

				Fig.	3	The	FGTSH	boxplot	of	various	WGs	in	different	WSs														Fig.	4	The	FGO	evaluation	values	distribution	
				Noted:	1:	DWS;	2:	SWS;	3:	N	WS.	

	
Table	3	The	value	of	ܳଶሺ௨,௩ሻ

′ ሺ௨,௩ሻܴܳܫ	,
′ ,	ܷ ሺܹ௨,௩ሻ

′ ܮ	, ሺܹ௨,௩ሻ
′ 	and	the	FGO	evaluation	value	for	WGs	in	various	WSs	

Type	
(Normalization)	

A	WG	 B	WG	 C	WG	 D	WG	
DWS	 SWS	 NWS	 DWS	 SWS	 NWS DWS	 SWS	 NWS DWS	 SWS	 NWS

ܳଶሺ௨,௩ሻ
ᇱ 	 0.241	 0	 0.086	 0.448	 0.017	 0.897 0.103	 0.603	 0.483 0.207	 1	 0.931

ሺ௨,௩ሻܴܳܫ
ᇱ 	 0.097	 0.092 0.082	 0.697	 0.461	 0.82 1	 0.539	 0.382 0.551	 0	 0.258

ܷ ሺܹ௨,௩ሻ
ᇱ 	 0.349	 0.689 0.415	 0.896	 0.519	 0.594 1	 0.858	 0.274 0.302	 0	 0.623

ܮ ሺܹ௨,௩ሻ
ᇱ 	 0.802	 0.965 0.453	 0.57	 0.93	 0.756 0	 0.57	 0.465 0.826	 0.395	 1	

The	FGO	
evaluation	value	

0.384	 0.346 0.229	 0.608	 0.362	 0.807 0.491	 0.617	 0.419 0.417	 0.459	 0.693

4.2.1	The	FGO	evaluation	model	validation	

The	FGO	evaluation	values	of	various	WGs	in	different	WSs	are	accorded	with	normal	distribu‐
tion	due	to	P‐Value	(0.51)	>	0.05	(as	shown	in	Fig.	4,	this	data	analysis	has	been	done	in	Minitab	
17.0).	That	is,	the	FGO	evaluation	values	mainly	concentrate	on	[0.2,	0.8]	range	(account	for	91.7	
%	of	total	number),	especially	for	[0.2,	0.6]	range	(account	for	66.67	%	of	total	number).	There‐
fore,	the	FGO	evaluation	model	is	reasonable.	It	is	worth	mentioning	that	there	are	no	FGO	eval‐
uation	values	less	than	0.2.	Thus,	there	is	still	room	for	improvement	in	the	FGO	of	various	WGs	
in	different	WSs.	Additionally,	 the	FGO	evaluation	values,	which	are	higher	than	0.8,	should	be	
emphasized	due	to	the	higher	fuel	gas	consumption,	such	as	the	NWS	of	B	WG.	
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4.2.2	The	FGO	evaluation	results	analysis	

The	following	analysis	results	can	be	achieved.	

 The	FGO	evaluation	values	analysis	of	each	WG	in	various	WSs	

A	WG:	The	FGO	of	A	WG	in	all	WSs	is	very	well	due	to	its	lower	FGO	evaluation	values.	Neverthe‐
less,	there	is	still	room	for	improvement	in	the	FGO	for	A	WG.	Because	the	ܳଶ	value	is	lower	than	
others,	the	FGO	evaluation	value	is	relatively	small.	Unfortunately,	the	ܴܳܫ	and	whisker	are	not	
optimal.	 Therefore,	 the	 enhancement	 of	 fuel	 gas	 consumption	 centralization	 is	 an	 effective	
method	to	improve	the	FGO	of	A	WG.	

B	WG:	the	FGO	of	B	WG	varies	greatly	in	three	WSs.	Comparing	with	A	WG,	the	performance	of	
SWS,	which	is	better	than	the	other	WSs,	still	has	a	certain	gap.	Because	of	the	high	value	of	ܳଶ,	
	whisker	and	ܴܳܫ in	DWS	and	NWS,	 the	FGO	evaluation	value	has	deteriorated	 further.	There‐
fore,	the	DWS	and	NWS	should	be	given	more	attention,	especially	for	NWS.	

C	WG	and	D	WG:	the	FGO	evaluation	value	is	mainly	distributed	in	[0.4,	0.7]	for	C	WG	and	D	WG	
in	three	WSs.	This	distribution	is	determined	by	the	following	three	conditions:	i)	The	higher	ܳଶ	
value,	 the	 lower	ܴܳܫ	and	whisker	value,	 such	as	 the	 SWS	of	D	WG;	 ii)	The	 lower	ܳଶ	value,	 the	
higher	ܴܳܫ	and	whisker	value,	such	as	DWS	of	C	WG	and	DWS	of	D	WG;	iii)	The	medium	of	ܳଶ,	
	appropriate	Therefore,	WG.	D	and	WG	C	of	WSs	other	the	as	such	value,	whisker	and	value	ܴܳܫ
energy	saving	measures	should	be	adopted	according	to	different	conditions.	

 The	FGO	evaluation	values	analysis	of	each	WS	in	various	WGs	

DWS:	The	FGO	evaluation	values	of	various	WGs	are	0.384	(A	WG),	0.608	(B	WG),	0.491	(C	WG),	
0.417	(D	WG),	respectively.	The	performance	of	A	WG	is	optimal	due	to	the	 lower	ܳଶ,	ܴܳܫ	and	
whisker.	The	ܳଶ	value	of	D	WG	is	slightly	lower	than	that	of	A	WG,	yet	the	ܴܳܫ	of	D	WG	is	larger	
than	that	of	A	WG.	Therefore,	the	FGO	of	D	WG	is	still	lower	than	that	of	A	WG.	There	is	not	much	
difference	between	C	WG	and	D	WG.	Because	the	ܳଶ	value	of	B	WG	is	more	 larger	than	that	of	
others,	the	performance	of	B	WG	is	the	worst.	

SWS:	The	FGO	evaluation	values	of	different	WGs	are	0.346	(A	WG),	0.362	(B	WG),	0.617	(C	WG),	
0.459	 (D	WG),	 respectively.	The	FGO	of	A	WG	and	B	WG	performs	better	 than	 the	other	WGs.	
Although	the	ܴܳܫ	value	of	D	WG	is	lower	than	other	WGs,	the	ܳଶ	value	of	D	WG	is	much	larger	
than	that	of	 the	other	WGs.	Therefore,	 the	performance	of	D	WG	is	either	mediocre.	Then,	 the	
FGO	of	C	WG	is	the	lowest	due	to	the	higher	ܳଶ	value	and	ܴܳܫ	value.		

NWS:	 The	 FGO	 evaluation	 values	 of	 different	WGs	 are	 0.229	 (A	WG),	 0.807	 (B	WG),	 0.419	 (C	
WG),	0.693	(D	WG),	respectively.	Obviously,	the	performance	of	A	WG	is	much	higher	than	that	
of	other	WGs,	followed	by	C	WG	and	D	WG	due	to	the	medium	ܳଶ	value	and	ܴܳܫ	value.	It	is	worth	
mentioning	that	the	FGO	of	B	WG	is	worst	because	its	ܳଶ	value	and	ܴܳܫ	value	are	much	higher	
than	that	of	the	other	WGs.	

4.3 Main findings 

4.3.1	The	primary	reasons	of	FGO	evaluation	values’	difference	

Actually,	the	FGO	of	various	WGs	in	different	WSs	can	be	evaluated	through	two	indicators,	that	
is,	the	average	value	and	the	standard	deviation	value	of	individual	FGTSH	data	set.	On	one	hand,	
the	 average	 values	 of	 various	 FGTSH	 data	 sets	 indicate	 fuel	 gas	 consumption	 level	 of	 various	
WGs	in	different	WSs.	On	the	other	hand,	the	standard	deviation	values	of	various	FGTSH	data	
sets	represent	gas	consumption	fluctuation	of	various	WGs	in	different	WSs.	Unfortunately,	it	is	
inconvenient	 for	 these	 two	 indicators	 to	 evaluate	 the	 FGO	 due	 to	 dimensional	 difference	 and	
their	uncertain	influence	degree	on	the	FGO.	Therefore,	the	FGO	evaluation	model	based	on	box‐
plot	is	proposed	in	this	paper.	The	ranking	results	of	the	FGO	evaluation	values	are	as	follows	in	
ascending	 order	 (as	 shown	 in	 Table	 3):	 NWS(A	 WG:0.229),	 SWS(A	 WG:0.346),	 SWS(B	
WG:0.362),	DWS(A	WG:0.384),	DWS(D	WG:0.417),	NWS(C	WG:0.419),	SWS(D	WG:0.459),	DWS(C	
WG:0.491),	DWS(B	WG:0.608),	SWS(C	WG:0.617),	NWS(D	WG:0.693),	NWS(B	WG:0.807).	Then,	
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the	ranking	results	of	the	FGO	evaluation	values,	the	average	values	and	the	standard	deviation	
values	of	individual	FGTSH	data	sets	are	all	shown	in	Fig.	5.	

There	are	 three	possible	scenarios	between	the	FGO	evaluation	values	and	two	 indicators	
(as	shown	in	Fig.	5).	

 The	FGO	evaluation	value	is	relatively	lower	because	of	the	smaller	the	average	value	and	the	
standard	deviation	value	of	FGTSH	data	sets,	such	as	NWS	(A	WG);	

 The	FGO	evaluation	value	is	relatively	higher	because	of	the	larger	the	average	value	and	the	
standard	deviation	value	of	FGTSH	data	sets,	such	as	NWS	(B	WG);	

 The	FGO	evaluation	value	 is	undetermined	due	 to	 the	uncertainty	of	 the	average	value	and	
the	standard	deviation	value	of	FGTSH	data	sets.	For	example,	although	the	average	value	of	
SWS	(B	WG)	FGTSH	data	set	is	higher	than	that	of	DWS	(A	WG)	FGTSH	data	set,	the	FGO	eval‐
uation	 value	 of	 SWS	 (B	WG)	 is	 superior	 to	 that	 of	 DWS	 (A	WG)	 because	 of	 the	 lower	 the	
standard	 deviation	 value	 of	 SWS	 (B	WG)	 FGTSH	 data	 set.	 Similarly,	 this	 phenomenon	 also	
happens	between	SWS	(D	WG)	and	DWS	(C	WG)	etc.	

The	FGO	evaluation	values	can	reflect	these	two	indicators	synthetically.	Then,	the	FGO	evalua‐
tion	values	can	represent	the	FGO	of	various	WGs	in	different	WSs.	Meanwhile,	the	validation	of	
the	FGO	evaluation	model	has	also	been	further	verified.	

	
Fig.	5	The	FGO	evaluation	values,	the	average	value	and	the	standard	deviation	of	individual	FGTSH	data	set	

4.3.2	The	establishment	of	the	reward	and	punishment	system	

For	improving	employees’	awareness	of	energy	conservation,	the	reward	and	punishment	sys‐
tem	should	be	established.		

Firstly,	 the	 FGO	 evaluation	 grade	 should	 be	 formulated.	 For	 example,	 the	 FGO	 evaluation	
grade	can	be	divided	into	five	levels	according	to	FGO	evaluation	value.	That	is,	[0,	0.2):	Excellent	
grade;	[0.2,	0.4):	Good	grade;	[0.4,	0.6):	Mean	grade;	[0.6,	0.8):	Poor	grade;	[0.8,	1]:	Failed	grade	
(as	shown	in	Fig.	6). 
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Fig.	6	The	FGO	evaluation	grade	of	various	WGs	in	different	WSs	
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As	shown	in	Fig.	6,	there	are	four	FGTSH	data	sets	in	Good	grade,	DWS	(A	WG),	SWS	(A	WG),	
NWS	(A	WG),	SWS	(B	WG),	respectively;	four	FGTSH	data	sets	in	Mean	grade,	DWS	(C	WG),	NWS	
(C	WG),	DWS	(D	WG)	and	SWS	(D	WG),	respectively;	three	FGTSH	data	sets	in	Poor	grade,	DWS	
(B	WG),	SWS	(C	WG),	NWS	(D	WG),	 respectively;	one	FGTSH	data	set	 in	Failed	grade,	NWS	(B	
WG).	Moreover,	two	points	should	be	concerned	about:	

 The	FGO	evaluation	grade	difference	of	B	WG	is	obvious	in	various	WSs,	DWS	(B	WG):	Poor	
grade;	SWS	(B	WG):	Good	grade;	NWS	(B	WG):	Failed	grade.	Therefore,	the	B	WG	should	
be	focused	on.	

 There	 is	 no	 FGCSH	 data	 set	 can	 reach	 Excellent	 grade.	 Thus,	 this	 reheating	 furnace	 has	
great	energy	saving	potential	in	terms	of	operation.	

Secondly,	 the	 reward	 and	 punishment	 system	 should	 be	 established	 in	 accordance	 to	 FGO	
evaluation	grade.	

1)	The	determination	of	FGO	evaluation	period	

Generally,	wage	settlement	cycle	can	be	regarded	as	FGO	evaluation	period	for	payment	con‐
venience,	such	as	one	month	(especially	for	Chinese	enterprises).	

2)	The	establishment	of	reward	and	punishment	rules	

i)	Evaluation	benchmark	
Mean	grade	can	be	used	as	evaluation	benchmark.	That	is,	neither	reward	nor	punishment	
will	be	given	when	the	FGO	evaluation	grade	is	Mean	grade.	

ii)	The	principle	of	cascade	reward	and	punishment	
The	 principle	 of	 cascade	 reward	 and	 punishment	mainly	 entails	 a	 certain	 proportion	 of	
rewards	should	be	given	when	FGO	evaluation	grade	is	higher	one	level	than	Mean	grade,	
such	as	Good	grade:	20	%	rewards.	A	higher	proportion	of	rewards	should	be	given	when	
FGO	evaluation	grade	 is	 higher	one	 level	 than	before,	 such	 as	Excellent	 grade:	 50	%	re‐
wards,	and	vice	versa.	In	order	to	pursue	more	profits,	employees	actively	enhance	their	
skills	and	improve	their	FGO.	Then,	the	operation	energy	saving	of	reheating	furnace	can	
be	achieved.	

4.3.3	The	FGO	improvement	measures	

Essentially,	 the	FGO	evaluation	grades	of	various	FGTSH	data	sets	are	determined	by	 their	re‐
spective	 FGO	 evaluation	 values.	 Therefore,	 the	 FGO	 evaluation	 values	 should	 be	 further	 im‐
proved.	Generally,	there	are	three	ways	to	improve	the	FGO	evaluation	values	according	to	the	
analysis	results	of	Section	4.2.	

 ܳଶ	value	

The	lower	ܳଶ	value	is	the	major	way	to	improve	FGO	evaluation	value	because	of	the	domi‐
nant	function	in	FGO	evaluation	model.	ܳଶ	values,	which	are	the	median	in	various	FGTSH	da‐
ta	sets,	represent	overall	FGO.	Moreover,	working	skills,	which	is	the	main	way	to	reduce	ܳଶ	
values,	should	be	strengthened	for	every	employee.	

 ܴܳܫ	value	

	,is	That	set.	data	FGTSH	every	in	elements	%	25‐75	of	concentration	the	represents	value	ܴܳܫ
the	smaller	the	ܴܳܫ	value,	the	higher	25‐75	%	elements	centralization	degree,	the	higher	the	
FGO,	and	vice	versa.	Besides	working	skills,	working	responsibility,	which	determines	wheth‐
er	employees	are	willing	to	do	their	jobs	better,	is	also	very	important.	If	yes,	ܴܳܫ	value	will	
be	improved,	and	vice	versa.	

 Whisker	value	

The	lower	whisker	value	and	the	upper	whisker	value	represent	the	concentration	of	0‐25	%	
elements	and	75‐100	%	elements	in	every	FGTSH	data	set,	respectively.	The	smaller	the	whisker	



Fuel gas operation management practices for reheating furnace in iron and steel industry
 

Advances in Production Engineering & Management 15(2) 2020  189
 

value,	the	higher	the	FGO,	and	vice	versa.	However,	the	lower	whisker	value	and	upper	whisker	
value	only	represent	25	%	elements	in	every	FGTSH	data	set,	respectively.	Their	influence	on	the	
FGO	 evaluation	 value	 is	 relatively	 limited.	 Furthermore,	working	passion	 determines	whether	
employees	want	to	improve	their	work	better	or	not.	If	yes,	whisker	value	will	be	improved,	and	
vice	versa.	Therefore,	3W	(Working	passion,	Working	responsibility,	Working	skills)	determines	
the	FGO	evaluation	grade	of	each	FGTSH	data	set	together.	That	is,	the	energy	saving	of	reheating	
furnace	in	the	respect	of	operation	can	be	achieved	through	the	3W	improvement.	How	to	im‐
prove	3W	should	be	paid	more	attention.	Generally,	the	skills	training	and	the	reward	and	pun‐
ishment	 system	are	 the	 important	 improvement	measures	on	3W.	The	 relationship	of	 the	 im‐
provement	measures,	the	influence	object,	the	influence	result	is	shown	in	Fig.	7.	

	

Working responsibility

Working skills

Working passion

Energy saving effect
Determine

Skills training 

The reward and 
punishment system

Determine

Determine

The improvement 
measures 

The influence object The influence result

 
Fig.	7	The	relationship	between	the	improvement	measures,	the	influence	object	and	the	influence	result	

5. Conclusion 

A	new	time‐series	FGO	evaluation	model,	which	can	evaluate	the	FGO	of	various	WGs	in	different	
WSs,	has	been	established	in	this	paper.	This	time‐series	FGO	evaluation	model	mainly	includes:	
i)	The	FGTS	in	ሾ ௟ܶ , ௟ܶାଵሿ	time	interval;	ii)	The	FGTS	time‐series	data	set	in	statistical	period;	iii)	
The	FGTS	time‐series	data	set	division	according	to	working	schedule;	iv)	The	establishment	of	
the	FGO	evaluation	model.	Then,	this	FGO	evaluation	model	has	been	successfully	applied	to	the	
FGO	evaluation	for	various	WGs	in	different	WSs	in	a	reheating	furnace.	

The	main	conclusions	are	as	follows:	

1)	A	novelty	time‐series	FGO	evaluation	model	has	been	put	forward	in	this	paper.	This	mod‐
el	can	resolve	 the	problem	that	FGO	of	various	WGs	 in	different	WSs	can’t	be	effectively	
evaluated.	

2)	Case	study	shows	that	the	ranking	results	of	 the	FGO	evaluation	values	are	as	 follows	in	
ascending	 order	 in	 statistical	 period:	 NWS	 (A	 WG:0.229),	 SWS	 (A	 WG:0.346),	 SWS	 (B	
WG:0.362),	 DWS	 (A	 WG:0.384),	 DWS	 (D	 WG:0.417),	 NWS	 (C	 WG:0.419),	 SWS	 (D	
WG:0.459),	 DWS	 (C	 WG:0.491),	 DWS	 (B	 WG:0.608),	 SWS	 (C	 WG:0.617),	 NWS	 (D	
WG:0.693),	NWS	(B	WG:0.807).	The	evaluation	result	shows	that:	

 For	various	WGs,	the	A	WG	performs	best,	 followed	by	C	WG	and	D	WG.	And	the	per‐
formance	of	B	WG	is	the	worst	due	to	its	violent	fluctuation	of	FGO	evaluation	values	in	
three	WSs;	

 For	different	WSs,	the	DWS	and	SWS	performs	well.	Unfortunately,	the	performance	of	
NWS	is	unsatisfactory.	

3)	The	discussion	results	show	that:	

 The	reward	and	punishment	system	should	be	established	according	to	FGO	evaluation	
grade	results;	

 3W	can	be	enhanced	 through	skills	 training	and	 the	 reward	and	punishment	 system.	
The	energy	saving	effect	in	terms	of	operation	for	reheating	furnace	can	be	achieved.	
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Appendix 
The following abbreviations are used in the paper: 

FGO Fuel gas operation 
FGTS Fuel gas per ton steel 
ATS Accumulative time segment 
FGTSH FGTS per an hour 
Mtce Million ton coal equivalent 
CFD Computational fluid dynamics 
WG Working group 
A WG A working group 
B WG B working group 
C WG C working group 
D WG D working group 
WS Working shift 
DWS Day working shift 
SWS Swing working shift 
NWS Night working shift 
OD Off-Duty 
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A B S T R A C T	   A R T I C L E   I N F O	

As	more	and	more	people	use	 e‐commerce	 for	 shopping,	manufacturers	are	
willing	 to	 open	 online	 sales	 channels	 in	 order	 to	 obtain	 more	 profits.	 This	
paper	 discusses	 a	 dual‐channel	 supply	 chain	 (DCSC)	 composed	 of	 a	 retailer	
with	 a	 traditional	 channel	 and	 a	manufacturer	with	 a	 direct	 channel.	 In	 the	
external	 environment	 of	 uncertain	 market	 demand	 and	 defective	 products	
produced	 by	manufacturers,	manufacturers	make	 efforts	 to	 promote	 online	
products,	 and	 consumers	 have	 free	 rider	 behaviour.	 Therefore,	 three	 game	
models	 under	 the	 leadership	 of	 manufacturers	 are	 established:	 (a)	 non‐
cooperative	 game	 model;	 (b)	 coordination	 model	 under	 revenue‐sharing	
contract;	 (c)	 coordination	 model	 under	 profit‐sharing	 contract.	 The	 results	
indicate	that	the	product	defect	rate	has	a	certain	influence	on	channel	pricing	
and	 sale	 efforts.	 The	 competition	 between	 the	 actors	 of	 the	 dual‐channel	 is	
beneficial	 to	 the	 consumers	 who	 pursue	 the	 price.	 Considering	 the	 overall	
profit	of	the	DCSC,	the	cooperation	between	the	manufacturer	and	retailer	is	
more	profitable	 than	 the	 channel	 competition,	 and	 they	 are	more	willing	 to
make	 product	 sale	 efforts.	 The	 retailer's	 expected	 profit	 under	 revenue‐
sharing	contract	 is	 less	 than	that	under	profit‐sharing	contract,	but	 the	total	
profit	of	coordination	model	is	more	than	the	latter.	
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1. Introduction 

With	the	increasing	willingness	of	consumers	to	shop	online,	more	and	more	manufacturers	are	
turning	to	online	sales,	and	the	DCSC	with	both	offline	and	online	sales	channels	will	become	a	
long‐term	 market	 pattern.	 In	 2018,	 there	 are	 about	 1.8	 billion	 customers	 electing	 shopping	
online,	and	the	global	e‐retail	sales	reached	$2.8	trillion,	which	is	grown	to	$4.2	trillion	by	2020	
(https://www.statista.com/topics/871/online‐shopping/).	 Some	manufacturers	 use	 independ‐
ent	online	retailers	(e.g.	amazon	and	taobao	mall)	to	sell	their	products,	while	some	brand‐name	
manufacturers	 (e.g.	Apple	and	Lenovo)	build	direct	online	channels	 to	sell	 their	products.	The	
popularity	of	IT	and	market	demand	force	manufacturers	to	choose	dual‐channel	sales	products.	
Compared	with	the	centralized	e‐market	platform,	the	agent‐based	platform	is	distributed	and	
dynamic,	which	is	closer	to	the	natural	state	of	the	supply	chain	[1].	Online	trading	is	more	effi‐
cient	than	traditional	trading,	and	products	sell	to	market	quickly	[2].	Dual‐channel	supply	chain	
not	only	brings	 convenient,	 comfortable	and	diversified	experience	 to	 consumers,	but	also	 re‐
duces	market	risk	through	profit	sharing	between	the	manufacturer	and	retailer.	What's	more,	
the	indirect	cost	of	online	sales	is	low,	and	may	make	the	product	globally	influential.	The	manu‐
facturer	establishes	direct	sales	channel	to	improve	the	performance	of	the	DCSC,	and	the	ability	
of	the	DCSC	actors	to	deal	with	risks	can	be	enhanced	[3].	
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It	is	impossible	for	manufacturers	to	produce	high‐quality	products	up	to	100%.	Therefore,	in	
order	to	maintain	market	competitiveness,	it	is	necessary	for	manufacturers	to	screen	out	defec‐
tive	quality	products.	The	products	are	produced	by	the	supplier.	If	there	are	defective	products,	
they	 cannot	 be	 replaced	 by	 qualified	 products	 quickly	 [4].	Modak	 [5]	 believes	 that	 if	 the	 sold	
price	 of	 defective	 products	 is	 less	 than	 the	 production	 cost,	 the	 channel	members'	 profit	 and	
manufacturer's	 wholesale	 price	 will	 decrease	 with	 the	 defect	 rate.	 When	 the	 uncertainty	 of	
product	quality	 increases,	 the	buyer	will	reduce	the	purchase	 intention	[6].	Li	 [7]	studied	how	
the	manufacturer	and	retailer	sell	products	of	different	quality	 levels,	among	which	the	manu‐
facturer	sell	products	of	low	quality.	When	the	retailer	implements	personalized	pricing	strategy,	
direct	channel	is	beneficial	to	the	manufacturer,	but	it	often	makes	the	retailer	in	trouble.	Hu	et	
al.	[8]	established	a	mathematical	model	for	the	detection,	tracking	and	recall	of	defective	prod‐
ucts,	and	concluded	that	the	avoidance	of	manufacturer's	product	quality	inspection	has	serious‐
ly	harmed	 the	profits	of	 retailer,	 and	 is	not	conducive	 to	 the	 long‐term	stable	cooperation	be‐
tween	the	manufacturer	and	retailer.	

In	the	actual	production	and	operation,	retailers	and	manufacturers	actively	carry	out	various	
promotional	 activities	 to	 attract	 consumers,	 and	 the	 continuous	 promotion	 has	 an	 important	
long‐term	impact	on	the	image	and	market	positioning	of	enterprises.	Tsao	[9]	believes	that	the	
promotion	cost	sharing	policy	encourages	the	manufacturer	to	increase	their	promotion	efforts,	
so	that	the	retailer	can	order	more	products.	Giovanni	[10]	believes	that	only	when	the	contribu‐
tion	of	advertising	to	goodwill	 is	very	 large,	advertising	will	be	better	 than	the	strategy	of	 im‐
proving	product	quality.	Pu	[11]	compared	the	decentralized	system	with	the	centralized	system,	
and	found	that	the	sales	effort	level	of	retailer	and	the	profit	of	DCSC	under	the	centralized	sys‐
tem	were	both	higher,	and	both	increased	with	direct	channel	demand	sales	effort	elasticity	co‐
efficient.	 Li	 et	al.	 [12]	 studied	 the	 advertising	 cooperation	 strategies	 of	 the	manufacturer	 and	
retailer	 in	 DCSC,	 and	 Chen	 [13]	 believed	 that	 appropriate	 product	 sales	 efforts	 can	 promote	
DCSC	 coordination	 and	have	win‐win	 results.	Ranjan	 [14]	 found	 that	 centralized	 supply	 chain	
management	model	can	always	bring	the	best	supply	chain	profit,	and	the	demand	of	different	
channels	and	 the	profit	of	SC	can	be	 improved	 through	surplus	value	sharing	mechanism.	The	
incentive	for	promotion	of	retailer	will	reduce	if	the	cost	coefficient	of	sales	efforts	increases	[15].	

Supply	chain	management	mainly	emphasizes	learning	ability,	and	it	is	difficult	to	imitate	and	
has	creative	value	[16].	Considering	the	overall	profit	of	DCSC,	decentralized	system	is	less	than	
centralized	 system	 [17].	 The	 contradiction	 among	 the	 actors	 of	 the	 DCSC	 can	 be	 adjusted	 by	
some	contracts,	and	then	the	long‐term	cooperation	among	members	can	be	promoted;	for	ex‐
ample,	price	discounts	 [18],	 two‐part	 tariff	 [19],	 cost‐sharing	contract	 [20].	Liu	 [21]	 finds	 that	
the	retailer	almost	always	hates	manufacturer	to	establish	dual	channels,	and	there	is	no	motiva‐
tion	to	share	the	information	proved	to	be	valuable	to	the	manufacturer,	and	enterprises	should	
carefully	adopt	quality	differentiation	as	a	strategy	to	alleviate	channel	conflict	 [22].	 Jabarzare	
[23]	thinks	that	the	coordination	effect	of	profits‐sharing	contract	is	better,	and	the	competition	
among	 channel	 members	 is	 more	 favourable	 to	 consumers.	 Jafari	 [24]	 analyzed	 three	 game	
models:	Bertrand,	collusion,	and	Stackelberg,	and	concluded	that	the	retail	price	is	highest	under	
cooperative	game.	Due	to	information	asymmetry,	the	DCSC	actors	should	set	online	and	offline	
channel	prices	according	to	various	factors	such	as	demand	uncertainty,	market	size	and	elastic‐
ity	of	demand	to	price	[25].	

This	 paper	 builds	 3	 kinds	 of	 game	 scenarios:	 non‐cooperative	 game	 model,	 coordination	
model	 under	 revenue‐sharing	 contract,	 and	 coordination	model	under	profit‐sharing	 contract,	
and	derives	the	equilibrium	result	of	the	decision‐making	model	by	using	Stackelberg	game	the‐
ory.	The	purposes	of	this	research	include:	(a)	to	show	the	impact	of	defect	rate	on	the	optimal	
decision;	 (b)	 to	 analyze	 the	 relationship	between	manufacturer's	 sales	 efforts	and	consumers'	
free	riding;	(c)	to	verify	whether	the	revenue‐sharing	contract	and	profits‐sharing	contract	co‐
ordinate	the	DCSC.	
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2. Description of the problem 

This	paper	studies	a	DCSC	system,	which	consists	of	a	retailer	and	a	manufacturer	which	has	a	
direct	channel	to	sell	product,	and	the	DCSC	structure	is	shown	in	Fig.	1.	Considering	the	market	
environment	of	uncertain	market	demand	and	defective	products	produced	by	the	manufacturer,	
it	makes	efforts	to	promote	online	products,	and	consumers	have	free	riding	behavior.	This	pa‐
per	mainly	considers	the	game	model	of	DCSC	led	by	the	manufacturer,	and	then	uses	the	meth‐
od	of	backward	 induction	method	 to	 solve	 the	optimal	 action	combination.	The	products	pro‐
duced	by	the	manufacturer	include	the	defective	products	with	random	ratio,	but	the	defective	
products	and	the	qualified	products	will	be	classified	by	inspection.	The	qualified	products	will	
flow	to	the	market	through	online	and	offline	channels,	and	the	defective	products	will	be	sold	to	
the	secondary	market	in	the	form	of	low	price.	Market	demand	of	different	channel	is	termed	as	
linear	function	in	this	paper,	and	it	is	respect	to	the	manufacturer's	sales	effort	and	the	price	of	
each	channel.	The	online	sales	price	and	sales	effort	level	are	determined	by	the	manufacturer,	
while	the	retailer	determines	the	retail	price	of	the	product.	The	notation	and	description	used	
in	this	research	is	shown	in	Table	1.	
	

Table1	Model	parameters	notation	and	description	
notation	 description	
ρ	 The	tendency	of	customers	to	buy	through	offline	channels
α	 Basic	market	demand
	ݐ Probability	of	defective	product,	random	variable
݂ሺݐሻ	 The	probability	density	function	of	the	random	variable	ݐ
	ሻݐሺܧ The	expected	probability	density	of	defective	products
	ݓ Wholesale	prices	offered	by	the	manufacturer
݃	 Product	sale	efforts	level	(Manufacturer's	decision)
	௠݌ Online	selling	price	(Manufacturer's	decision)
	௥݌ Offline	selling	price	(Retailer's	decision)
߬	 Direct	channel	demand	sales	effort	elasticity	coefficient
ܾ	 Cross	price	elasticity	coefficient	between	direct	channel	and	traditional	channel	
	௟݌ Low	selling	price	of	unit	defective	products
ܿ	 Manufacturer's	unit	production	cost
݇	 Cost	coefficient	of	unit	sales	effort	level
	௥ߨ Retailer’s	profit	function
	௠ߨ Manufacturer’s	profit	function

manufacturer retailer

market

perfect product

w

perfect 
product

prdirect
channel

traditional
channelg,	pm

	
Fig.	1	DCSC	structure	

Research	basic	hypothesis:	

 The	DCSC	actors	are	risk	neutral,	and	both	of	them	want	to	maximize	their	respective	prof‐
its,	similar	to	the	RN	model	proposed	by	Jian	[26].	

 The	wholesale	price	provided	by	the	manufacturer	 is	an	exogenous	variable,	and	the	of‐
fline	channel	sales	price	is	higher	than	that	of	the	direct	sales	price.	To	make	DCSC	mem‐
bers	profitable,	we	have	݌௥ ൐ ௠݌ ൐ ݓ ൐ c.	

 ܿ ൐ 	price	sale	the	of	that	than	greater	is	cost	production	manufacturer's	that	Supposing	௟.݌
of	imperfect	product.	
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 ܿሺ݃ሻ ൌ ଵ

ଶ
݇݃ଶ,	ܿሺ0ሻ ൌ 0.The	manufacturer's	sales	efforts	cost	function	is	convex,	and	when	

the	manufacturer	has	no	sales	effort,	its	cost	is	0.	
 The	cross‐price	elasticity	of	demand,	ܾ,	 is	 less	than	the	self‐price	elasticity.	 In	this	paper,	

self‐price	elasticity	is	assumed	to	be	1,	0 ൑ ܾ ൑ 1.	
 It	is	assumed	that	the	product	demand	of	the	manufacturer	and	retailer	is	a	linear	function	

of	price	and	sales	effort.	The	manufacturer	makes	decision	first	to	determine	the	price	of	
direct	channel	and	the	level	of	product	promotion	effort.	The	retailer	act	as	a	follower	and	
then	decides	the	product	price	of	the	offline	channel.	Similar	to	Ranjan	[14],	their	demand	
functions	 are: ,௥݌௠ሺܦ	 ,௠݌ ݃ሻ ൌ ሺ1 െ ρሻα െ ௠݌ ൅ ௥݌ܾ ൅ ߬݃ ， ,௥݌௥ሺܦ ,௠݌ ݃ሻ ൌ ρα െ ௥݌ ൅
௠݌ܾ ൅ ሺ1 െ ߬ሻ݃.	

3. Models for different game scenarios 

This	section	mainly	analyzes	the	profit	function	of	DCSC	members	consisting	a	manufacturer	and	
a	 retailer	 in	 three	 scenarios:	 (a)	 non‐cooperative	 game	model;	 (b)	 coordination	model	 under	
revenue‐sharing	contract;	(c)	coordination	model	under	profit‐sharing	contract.	In	order	to	gain	
some	management	insight,	we	analyze	and	discuss	the	optimal	decision.	

3.1 Non‐cooperative game model 

A	non‐cooperative	game	is	played	between	the	DCSC	actors,	and	the	manufacturer	is	the	leader	
in	 this	 case.	 The	 manufacturer	 will	 produce	 defective	 products	 with	 a	 random	 ratio	 of	
ሺ0ݐ ൑ ݐ ൑ 1ሻ,	 but	 it	 will	 sell	 imperfect	 products	 at	 a	 lower	 price	݌௟	to	 reduce	 product	 quality	
losses	 in	 the	secondary	market.	Some	qualified	products	are	sold	directly	 to	consumers	at	 the	
price	of	݌௠,	while	others	are	sold	to	the	retailer	at	the	wholesale	price	of	ݓ,	and	finally	flow	to	
consumers	at	the	retail	price	of	݌௥.	This	paper	used	reverse	induction	so	as	to	achieve	Stackel‐
berg	equilibrium.	To	do	this,	we	must	first	solve	the	problem	of	the	follower,	and	then	solve	the	
problem	of	 the	manufacturer.	 The	manufacturer	 and	 retailer	maximize	 their	 profits	 by	 deter‐
mining	channel	prices	and	sales	effort	for	their	products,	so	the	profit	equation	of	DCSC	actors	is	
as	follows:	

௥ߨ	 ൌ ሺ݌௥ െ  (1)																																																																				௥ܦሻݓ

௠ߨ ൌ ௥ܦݓ ൅ ௠ܦ௠݌ ൅ ቀ݌௟ܧሺݐሻ െ ܿ൫1 ൅ ሻ൯ቁݐሺܧ ሺܦ௥ ൅ ௠ሻܦ െ
ଵ

ଶ
݇݃ଶ																							(2) 

Taking	the	second‐order	partial	derivative	about	offline	selling	price	݌௥	for	retailer's	profit	ߨ௥,	

we	have	
ௗమగೝ
ௗ௣ೝ

మ ൌ െ2 ൏ 0.	The	Hessian	matrix	of	ߨ௠	is	obtained	by	calculation	as	shown	below:	

൮
െ݇ ܾ ൬െ

1
2
߬ ൅

1
2
൰ ൅ ߬

ܾ ൬െ
1
2
߬ ൅

1
2
൰ ൅ ߬ ܾଶ െ 2

൲	

If	0 ൏ െ݇ሺܾଶ െ 2ሻ െ ቀܾ ቀെ
ଵ

ଶ
߬ ൅

ଵ

ଶ
ቁ ൅ ߬ቁ

ଶ
,	 there	 is	 a	maximum	profit	 in	 the	 negative	 definite	

Hessian	matrix,	and	ߨ௠	is	concave	with	respect	to	݌௠	and	݃.	

Proposition	1:	In	scenario	1,	ߨ௥	is	concave	with	respect	to	݌௥,	and	ߨ௠	respect	to	݌௠	and	݃.	

Theorem	1:	Because	 the	profit	 of	 each	DCSC	actor	has	 a	maximum	value,	 the	optimal	 channel	
pricing	and	sales	efforts	under	non‐cooperative	game	model	are	as	follows:	

݃௦௚ ൌ
ሺିସାሺିସ௕ାସሻఛሻ௪ା஻భ

஺భ
																																																																	(3)	

௠݌
௦௚ ൌ

ቀሺି௕ାଶሻఛమାሺଶ௕ିଶሻఛାሺିସ௞ିଵሻ௕ቁ௪ା஻మ

஺భ
																																																		(4)	
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௥݌
௦௚ ൌ

ሺ௕ఛమାሺି௕ାସሻఛିସ௞ିଶሻ௪ା஻య
஺భ

																																																													(5)		

3.2 Coordination model under revenue‐sharing contract 

Similar	to	scenario	1,	but	the	retailer	seek	to	work	with	manufacturer	to	provide	long‐term	cus‐
tomer	demand	and	pay	part	of	their	revenue	to	manufacturer.	By	means	of	revenue‐sharing	con‐
tract	 to	coordinate	DCSC,	 the	manufacturer	receives	a	proportion	of	 the	retailer's	 revenues,	߶.	
First,	 the	offline	selling	price	of	optimal	value	is	given	by	the	retailer	to	maximize	its	expected	
profit.	 Then,	 considering	 the	 response	 of	 the	 retailer,	 the	manufacturer,	 as	 the	 leader,	 deter‐
mines	 the	 optimal	 direct	 selling	 price	 and	 the	 level	 of	 product	 sales	 effort	 to	 get	 its	maximal	
profit.	In	model	2,	we	have	the	expected	profit	equation	of	DCSC	actors	as	shown	below:	

௥ߨ ൌ ൫ሺ1 െ ߶ሻ݌௥ െ 	(6)																																																						௥ܦ൯ݓ

௠ߨ ൌ ௥ܦݓ ൅ ௠ܦ௠݌ ൅ ቀ݌௟ܧሺݐሻ െ ܿ൫1 ൅ ሻ൯ቁݎሺܧ ሺܦ௥ ൅ ௠ሻܦ ൅ ௥ܦ௥݌߶ െ
ଵ

ଶ
݇݃ଶ						(7)	

Taking	the	second‐order	partial	derivative	about	offline	selling	price	݌௥	for	retailer's	profit	ߨ௥,	

we	have	
ௗమగೝ
ௗ௣ೝ

మ ൌ െሺ1 െ ߶ሻ ൏ 0	.	Through	the	above	analysis,	we	get	the	Hessian	matrix	of	ߨ௠	un‐

der	scenario	2:	

൮

1
2
ሺ߬ െ 1ሻଶ߶ െ ݇ െ

1
2
ሺ߶ ൅ 1ሻሺ߬ െ 1ሻܾ ൅ ߬

െ
1
2
ሺ߶ ൅ 1ሻሺ߬ െ 1ሻܾ ൅ ߬ െ2 ൅

1
2
ሺ߶ ൅ 2ሻܾଶ

൲	

If	ቀ
ଵ

ଶ
ሺ߬ െ 1ሻଶ߶ െ ݇ቁ ቀെ2 ൅

ଵ

ଶ
ሺ߶ ൅ 2ሻܾଶቁ െ ቀെ

ଵ

ଶ
ሺ߶ ൅ 1ሻሺ߬ െ 1ሻܾ ൅ ߬ቁ

ଶ
൐ 0,	 the	second	princi‐

pal	minor	is	greater	than	zero,	but	the	first	principal	minor	is	less	than	zero,	so	ߨ௠	has	a	maxi‐
mum	value.	

Proposition	2:	The	retailer’s	profit	of	under	the	revenue‐sharing	contract	is	concave	with	respect	
to	݌௥,	and	ߨ௠	respect	to	݌௠	and	݃.	
Theorem	2:	 It	 can	be	 found	 from	Proposition	 2	 that	 the	 optimal	 values	 of	݃,	݌௠,	 and	݌௥	under	
model	2	are	obtained	as	follows:	
	

						݃௥ ൌ
ቀ൫ሺെ2ܾଶ െ 2ܾ ൅ 4ሻ߬ ൅ 2ܾଶ െ 4൯߶ ൅ 4 ൅ ሺ4ܾ െ 4ሻ߬ቁݓ ൅ ସܤ

ଶܣ
	 (8)

	

௠௥௦݌ ൌ

൭൫ሺെ2߶ ൅ 1ሻܾ ൅ 2߶ െ 2൯߬ଶ ൅ ൫ሺ4߶ െ 2ሻܾ െ 2߮ ൅ 2൯߬ െ 2ቆሺ݇ ൅ 1ሻ߶ െ 2݇ െ
1
2ቇܾ൱ݓ ൅ ହܤ

ଶܣ
									

(9)

	

௥௥௦݌ ൌ
ቀ൫ሺସ௕ିସሻథି௕൯ఛమା൫ሺିସ௕ା଼ሻథା௕ିସ൯ఛିଶ௕మ௞థାସ௞ିସథାଶቁ௪ା஻ల

஺మ
																				(10)		

3.3 Coordination model under profit sharing contract 

In	this	scenario,	the	manufacturer	and	retailer	realize	the	coordination	of	DCSC	through	profit‐
sharing	contract,	so	as	to	alleviate	the	cost	of	 the	manufacturer's	product	sales	efforts	and	the	
loss	of	product	quality.	The	 retailer	pay	manufacturer	 a	percentage	of	 their	profits	ߠ	for	 long‐
term	cooperation.	As	in	the	previous	two	cases,	Stackelberg	game	is	played	between	DCSC	par‐
ticipants,	with	the	retailer	being	the	follower	and	the	manufacturer	its	leader.	First,	the	retailer	
gives	 the	 optimal	 offline	 selling	 price	݌௥,	 and	 then	 the	 manufacturer	 combines	 the	 decision‐
making	 actions	 of	 the	 retail	 to	 get	 the	 sales	 effort	݃	and	 the	 online	 selling	 price	݌௠.	 Different	
channel	expected	profit	under	the	profit‐sharing	contract	is	respectively:	
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௥ߨ ൌ ሺ1 െ ௥݌ሻሺߠ െ 	(11)																																																														௥ܦሻݓ

௠ߨ ൌ ௥ܦݓ ൅ ௠ܦ௠݌ ൅ ቀ݌௟ܧሺݐሻ െ ܿ൫1 ൅ ሻ൯ቁݐሺܧ ሺܦ௥ ൅ ௠ሻܦ ൅ ௥݌ሺߠ െ ௥ܦሻݓ െ
ଵ

ଶ
݇݃ଶ													(12)	

Similar	to	Proposition	1	and	2,	both	the	ߨ௥	and	ߨ௠	are	concave	function	of	its	decision	varia‐

bles.	 If	0 ൏ ቀଵ
ଶ
ଶ߬ߠ െ ߬ߠ ൅

ଵ

ଶ
ߠ െ ݇ቁ ቀെ

ଵ

ଶ
ଶܾߠ ൅ ሺܾߠ ൅ ܾሻܾ െ 2ቁ െ ൬ሺܾߠ ൅ ܾሻ ቀെ

ଵ

ଶ
߬ ൅

ଵ

ଶ
ቁ ൅ ߬൰

ଶ
,	 ac‐

cording	to	the	Hessian	matrix,	the	maximum	value	of	the	manufacturer	can	be	obtained.	

Theorem	3:	In	view	of	the	above	discussion,	the	optimal	values	of	݃,	݌௠,	and	݌௥	under	the	scenar‐
io	3	are	obtained	as	follows:	

݃௣௦ ൌ
൬ቀሺଶ௕మାଶ௕ିସሻఛିଶ௕మାସቁఏିସାሺିସ௕ାସሻఛ൰௪ା஻ళ

஺య
																																											(13)	

௠݌
௣௦ ൌ

ቀ൫ሺଶఏିଵሻ௕ିଶఏାଶ൯ఛమା൫ሺିସఏାଶሻ௕ାଶఏିଶ൯ఛାଶ௕൫ሺ௞ାଵሻఏିଶ௞ିଵ/ଶ൯ቁ௪ା஻ఴ

஺య
																(14)	

௥݌
௣௦ ൌ

ቀሺି௕మାହ௕ିସሻఛమାሺଶ௕మିହ௕ାସሻఛାሺିସ௞ିଵሻ௕మାସ௞ା஺యିଶቁ௪ା஻వ

஺య
																								(15)	

The	values	of	ܣ௜	and	ܤ௜	are	shown	in	the	Appendix.	

4. Parameter analysis 

4.1 Imperfect product probability 

In	general,	it	is	common	for	defective	quality	products	to	sell	for	less	than	their	cost	of	produc‐
tion	in	marketing,	so	we	assume	ܿ ൐ 	defect	of	distribution	the	that	assumed	is	it	paper,	this	In	௟.݌
rate	 of	 products	ݐ	is	 uniformed,	 that	 is,	ݐ~ ∪ ሺ0.02,0.2ሻ.	 Next,	 we	 analyze	 the	 effect	 of	 the	 ex‐
pected	probability	density	of	defective	products	on	the	optimal	decision	in	three	game	situations.	

ௗ௣೘
೛ೞ

ௗாሺ௧ሻ
ൌ

ଶቀ
భ
మ
ሺ௕ିଵሻሺ௕ିଶఏିଶሻఛమାሺି௕మାሺఏାଵሻ௕ିଶఏାଵሻఛାቀ௞ା

భ
మ
ቁ௕ିଶ௞ାఏቁሺ௖ି௣೗ሻ

஺య
								(16)	

Proposition	3:	If		
ିሺ௕ିଵሻሺ௕ିଶఏିଶሻఛమା൫ଶ௕మାሺିଶఏିଶሻ௕ାସఏିଶ൯ఛି௕మି௕ିଶఏ

ଶ௕మାଶ௕ିସ
൏ ݇,	then	

ௗ௣೘
೛ೞ

ௗாሺ௧ሻ
൐ 0,	so	the	prob‐

ability	of	defective	products	has	a	positive	effect	on	the	direct	selling	price.	

		
ௗ௣ೝ

ೞ೒

ௗாሺ௧ሻ
ൌ

ሺ௖ି௣೗ሻሺሺ௕యା௕మିଶ௕ሻ௞ାሺିఛమାఛሻ௕మାሺఛమାଵሻ௕ିଶఛାଶሻ

஺భ
																																				(17)	

Proposition	4:	If	݇ ൏
௕మఛమି௕మఛି௕ఛమି௕ାଶఛିଶ

௕ሺ௕మା௕ିଶሻ
,	then	

ௗ௣ೝ
ೞ೒

ௗாሺ௧ሻ
൏ 0,	so	imperfect	product	probability	has	a	

negative	effect	on	retail	price.	
 

     
																																							(a)																																																																								(b)																																																																					(c)	
Fig.	2	The	influence	of	defect	rate	on	the	optimal	decision	of	(a)	product	sales	effort	level,	(b)	online	selling	prices	and	
(c)	offline	selling	prices	
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Obviously,	as	the	expected	probability	density	of	defective	products	ܧሺݐሻ	increases,	in	order	to	
offset	the	cost	of	quality	loss	and	maximize	their	own	profits,	the	manufacturer	will	reduce	their	
sales	efforts	to	products,	Fig.	2(a),	and	increase	the	direct	selling	price	of	qualified	products	Fig.	
2(b).	However,	in	order	to	expand	offline	demand,	the	retailer	will	reduce	retail	prices,	Fig.	2(c).	

4.2 Consumer preference coefficient 

The	higher	of	the	consumer's	channel	preference	coefficient	ߩ,	the	more	consumers	are	willing	
to	 experience	 or	 purchase	 products	 offline,	 so	 the	 demand	 of	 retail	 channel	 is	more.	 Eq.	 (18)	
shows	the	first	order	derivative	of	the	market	demand	of	the	offline	channel	in	scenario	2,	ܦ௥௥௦,	
with	respect	to	consumer’s	preference	coefficient,	ߩ.	

ௗ஽ೝೝೞ

ௗఘ
ൌ

ሺథିଵሻሺ௕మ௞ାሺଶ௞ିఛାଵሻ௕ିସ௞ାଶఛሻఈ

஺మ
																																															(18)	

Proposition	5:	If	τ ൏
௞௕మାଶ௞௕ିସ௞ା௕

௕ିଶ
,	then	

ௗ஽ೝ
ೝೞ

ௗఘ
൐ 0,	so	consumers'	preference	of	offline	channel	has	

a	positive	effect	on	retailers'	demand.	
It	can	be	concluded	that	the	retailer	increasing	offline	attraction	to	consumers,	such	as	prod‐

uct	experience,	can	increase	the	market	demand	for	offline	products	and	thus	improve	their	ex‐
pected	profits.	

4.3 The wholesale price 

This	 sub‐section	 analyzes	 the	 impact	 of	 manufacturer's	 wholesale	 prices	 on	 retailer's	 offline	
sales	prices.	Eq.	(19)	gives	the	first	order	derivative	of	offline	selling	prices	under	model	2,	݌௥௥௦,	
with	respect	to	the	wholesale	price,	ݓ.	

ௗ௣ೝೝೞ

ௗ௪
ൌ

൫ሺସథିଵሻ௕ିସథ൯ఛమା൫ሺିସథାଵሻ௕ା଼థିସ൯ఛିଶ௞௕మథାସ௞ିସథାଶ

஺మ
																				(19)	

Proposition	 6:	 If	
ସఛమ௕థିఛమ௕ିସఛమథିସఛ௕థାఛ௕ା଼ఛథିସఛିସథାଶ

ଶሺ௕మఝିଶሻ
൏ ݇,	 then	

ௗ௣ೝ
ೝೞ

ௗ௪
൐ 0,	 so	 the	 increase	 in	

wholesale	prices	has	a	positive	impact	on	offline	retail	prices.	
The	 increase	of	wholesale	price	proposed	by	 the	manufacturer	will	promote	an	 increase	 in	

the	offline	selling	price,	and	consumers	will	ultimately	bear	this	part	of	the	cost	because	of	the	
retailer	maximizing	its	profit.	

5. Numerical simulation – Result and discussion 

In	this	section,	we	will	study	the	proposed	3	game	model	through	numerical	simulation	and	dis‐
cuss	the	impact	of	key	parameters.	The	parameter	data	is	below	in	Table	2.	

The	sensitivity	is	mainly	used	to	analyze	the	influence	of	direct	channel	demand	sale	efforts	
elasticity	coefficient	߬	and	sharing	ratio	ሺ߶, 	paper	the	time,	same	the	At	values.	optimal	the	on	ሻߠ
analyzes	the	influence	of	sale	efforts	cost	coefficient	݇	on	the	profit	of	DCSC.	
	

Table	2	Data	of	parameters	
Parameter	 ρ	 α 	ሻݐሺܧ ߬ ܾ ௟݌ ܿ ݇ ߶	 	ߠ ݓ
Value	 0.6	 200	 0.11	 0.54 0.52 5 25 2 0.25	 0.25	 60

5.1 Direct channel demand sale efforts elasticity coefficient ࣎ 

To	study	the	effects	of	sale	efforts	elasticity	coefficient	ሺ߬ሻ,	we	donate	߶ ൌ ߠ，0.25 ൌ 0.25.	For	
the	given	value	of	parameters,	set	the	interval	of	τ	to	[0,1].	
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																																																																								(a)																																																																																																				(b)	

          
																																																																								(c)																																																																																																					(d)	

Fig.	3	The	influence	of	sale	efforts	elasticity	coefficient	on	the	optimal	decision	of	(a)	sales	effort	level,	(b)	online	and	
offline	selling	prices,	(c)	supply	chain	actors’	demand,	and	(d)	supply	chain	actors’	profits	

In	Fig.	3(a),	from	the	demand	function	of	each	channel,	the	sales	effort	level	݃	increased	with	
the	sale	efforts	elasticity	coefficient	߬,	but	the	cooperation	model	under	scenario	2	had	the	high‐
est	level	of	sales	effort.	Because	the	larger	߬	value	means	the	less	possibility	of	free	rider	behav‐
ior,	the	more	demand	for	direct	sales	channels,	and	the	demand	for	traditional	retail	channels	is	
decreasing,	as	shown	in	Fig.	3(c).	As	shown	in	Fig.	3(d),	the	retailer's	profit	is	the	lowest	under	
scenario	2,	but	the	overall	profit	of	 the	DCSC	can	significantly	 improve.	 In	Fig.	3(b),	 the	online	
selling	price	 increases	with	߬,	but	 the	offline	selling	price	decreases	with	߬,	and	 the	 traditional	
channel	price	is	greater	than	the	direct	selling	price.	

5.2 Impact of the sharing ratio ሺࣘ,  ሻࣂ

The	 sharing	 ratio	ሺ߶, 	is	ሻߠ also	 an	 important	 parameter	 influencing	 the	 optimal	 decision	 and	
demand	in	this	study.	Therefore,	the	manufacturer's	sales	effort	elasticity	coefficient	ሺ߬ሻ	is	fixed	
at	0.54. In	order	to	make	the	online	sales	price	less	than	the	offline	sales	price	and	the	profit	of	
DCSC	members	is	positive,	we	set	ሺ߶, ,ሾ0.05	interval	to	belong	ሻߠ 0.45ሿ.	

In	Fig.	4(a),	the	sales	effort	level	݃	increases	with	the	sharing	ratio	ሺ߶, 	effort	sales	the	but	ሻ,ߠ
under	the	model	2	is	greater	than	the	other	two	scenarios.	The	manufacturer	gets	the	most	prof‐
it	 under	 the	 revenue‐sharing	 contract,	 but	 the	 corresponding	 retailer's	 profit	 is	 the	 lowest,	 as	
shown	in	Fig.	4(d).	Understandably,	an	increase	in	the	sharing	ratio	ሺ߶, 	to	retailer	the	forces	ሻߠ
increase	offline	selling	prices,	which	in	turn	increases	direct‐sales	prices,	as	shown	in	Fig.	4	(b).	
In	 Fig.	 4(c),	 the	 increase	 in	 the	 proportion	 of	manufacturer’s	 revenue	 sharing	will	 reduce	 the	
demand	for	retail	channels	and	the	demand	for	direct	sales	channels;	However,	the	increase	in	
the	proportion	of	manufacturer's	profit‐sharing	will	increase	the	demand	for	retail	channels	and	
the	demand	for	direct	sales	channels.	Relatively	speaking,	the	manufacturer	is	willing	to	use	rev‐
enue	sharing	contracts,	while	the	retailer	prefers	profit‐sharing	contracts.	
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(a)																																																																																																			(b)	

				  
																																																												(c)																																																																																																				(d)	

Fig.	4	The	influence	of	sharing	ratio	on	the	optimal	decision	of	(a)sales	effort	level,	(b)	online	and	offline	sale	prices,	(c)	
supply	chain	actors’	demand,	and	(d)	supply	chain	actors’	profits	

5.3 Influence of ࢑ on the DCSC profit 

Generally	speaking,	as	the	cost	coefficient	of	sales	effort	݇	increases,	manufacturer's	motivation	
for	promotion	will	be	weakened.	

					 	
																																																															(a)																																																																																																			(b)	

Fig.	5	The	influence	of	cost	coefficient	of	sales	effort	on	profit	of	(a)	channel	actors,	and	(b)	DCSC	
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As shown in Fig. 5, in the three game models, the profit of channel members will decrease 
with 𝑘𝑘, but the total profit of DCSC under scenario 2 is higher than other two models. If 𝑘𝑘 in-
creases, the level of manufacturer's sales effort will decrease, which brings about reducing the 
demand of direct sales channels. In order to mitigate the adverse impact of sales effort level on 
direct channel demand, the manufacturer reduces the online selling price(𝑝𝑝𝑚𝑚). In addition, the 
demand in the offline channel will decline, prompting the retailer to reduce offline selling prices 
for expanding demand. 

6. Conclusion 
This paper discusses the pricing strategies and sales efforts with qualified product in a DCSC, 
which consists of a manufacturer and a retailer, and compared 3 game model. In addition, it con-
siders that defective products are flow to the secondary market at a low price. The level of sale 
efforts and online selling price are the decision variables of the manufacturer, while the decision 
variable of retailer is offline selling price. We studied a competition and two coordination situa-
tions between DCSC members, determined their optimal strategies, and analyzed the model 
through numerical examples. The results showed that the product defect rate has considerable 
impact on pricing and sales efforts. For consumers who are pursuing price, competition between 
the DCSC actors is advantageous. In the light of DCSC profits, cooperation between the manufac-
turer and retailer is more profitable than channel competition, and they are more willing to 
make product sales efforts. In order to maximize profits, the manufacturer is more inclined to 
choose revenue-sharing contracts. 

Although the model proposed in this paper is more in line with enterprise production man-
agement practices, there are still some shortcomings. This article only assumes that the product 
defect rate follows a uniform distribution, and does not consider more complicated situations, 
such as following the positive distribution. In addition, the flow of defective products to the sec-
ondary market may also have a certain impact on the demand for qualified products, which we 
have not taken into account. This paper only considers that the manufacturer set up online 
channels, which is just a form of DCSC, and does not study retailer building online channels. 

Acknowledgement 
This work is supported by National Natural Science Foundation of China (No. 71704151), Research funding of Hebei 
Key Research Institute of Humanities and Social Sciences at Universities (JJ1907). 

References 
[1] Milić, B., Rosi, B., Gumzej, R. (2019). An approach to E-marketplace automation, Tehnički Vjesnik – Technical 

Gazette, Vol. 26, No. 3, 639-649, doi: 10.17559/tv-20171201150248. 
[2] Burinskiene, A. (2018). New challenges for supply chain: Electronic invoicing and its use perspective, Journal of 

Logistics, Informatics and Service Science, Vol. 5, No. 1, 31-42. 
[3] Chen, J., Liang, L., Yao, D.-Q., Sun, S. (2017). Price and quality decisions in dual-channel supply chains, European 

Journal of Operational Research, Vol. 259, No. 3, 935-948, doi: 10.1016/j.ejor.2016.11.016. 
[4] Taleizadeh, A.A., Khanbaglo, M.P.S., Cárdenas-Barrón, L.E. (2016). An EOQ inventory model with partial backor-

dering and reparation of imperfect products, International Journal of Production Economics, Vol. 182, 418-434, 
doi: 10.1016/j.ijpe.2016.09.013. 

[5] Modak, N.M., Panda, S., Sana, S.S. (2016). Three-echelon supply chain coordination considering duopolistic retai-
lers with perfect quality products, International Journal of Production Economics, Vol. 182, 564-578, doi: 
10.1016/j.ijpe.2015.05.021. 

[6] Rad, M.A., Khoshalhan, F., Glock, C.H. (2018). Optimal production and distribution policies for a two-stage supply 
chain with imperfect items and price-and advertisement-sensitive demand: A note, Applied Mathematical Model-
ling, Vol. 57, 625-632, doi: 10.1016/j.apm.2016.11.003. 

[7] Li, W., Chen, J., Liang, G., Chen, B. (2018). Money-back guarantee and personalized pricing in a Stackelberg manu-
facturer’s dual-channel supply chain, International Journal of Production Economics, Vol. 197, 84-98, doi: 10.1016 
/j.ijpe.2017.12.027. 

Advances in Production Engineering & Management 15(2) 2020 201 
 

https://doi.org/10.17559/tv-20171201150248
https://doi.org/10.1016/j.ejor.2016.11.016
https://doi.org/10.1016/j.ijpe.2016.09.013
https://doi.org/10.1016/j.ijpe.2015.05.021
https://doi.org/10.1016/j.ijpe.2015.05.021
https://doi.org/10.1016/j.apm.2016.11.003
https://doi.org/10.1016/j.ijpe.2017.12.027
https://doi.org/10.1016/j.ijpe.2017.12.027


Hu, Wu, Han, Zhang 
 

[8] Hu, H., Wu, Q., Zhang, Z., Han, S. (2019). Effect of the manufacturer quality inspection policy on the supply chain 
decision-making and profits, Advances in Production Engineering & Management, Vol. 14, No. 4, 472-482, doi: 
10.14743/apem2019.4.342. 

[9] Tsao, Y.-C. (2015). Cooperative promotion under demand uncertainty, International Journal of Production Eco-
nomics, Vol. 167, 45-49, doi: 10.1016/j.ijpe.2015.05.023. 

[10] De Giovanni, P. (2011). Quality improvement vs. advertising support: Which strategy works better for a manu-
facturer?, European Journal of Operational Research, Vol. 208, No. 2, 119-130, doi: 10.1016/j.ejor.2010.08.003. 

[11] Pu, X., Gong, L., Han, X. (2017). Consumer free riding: Coordinating sales effort in a dual-channel supply chain, 
Electronic Commerce Research and Applications, Vol. 22, 1-12, doi: 10.1016/j.elerap.2016.11.002. 

[12] Li, B., Hou, P.-W., Li, Q.-H. (2015). Cooperative advertising in a dual-channel supply chain with a fairness concern 
of the manufacturer, IMA Journal of Management Mathematics, Vol. 28, No. 2, 259-277, doi: 10.1093/imaman/ 
dpv025. 

[13] Chen, X., Zhang, W., Gu, W. (2019). Coordination of two-echelon pharmaceutical supply chain with dual-channel 
considering promotion behavior and consumer preference, Industrial Engineering & Management, Vol. 24, No. 
139, 24-33. 

[14] Ranjan, A., Jha, J.K. (2019). Pricing and coordination strategies of a dual-channel supply chain considering green 
quality and sales effort, Journal of Cleaner Production, Vol. 218, 409-424, doi: 10.1016/j.jclepro.2019.01.297. 

[15] Wang, L., Song, Q. (2020). Pricing policies for dual-channel supply chain with green investment and sales effort 
under uncertain demand, Mathematics and Computers in Simulation, Vol. 171, 79-93, doi: 10.1016/j.matcom. 
2019.08.010. 

[16] Nazifa, T.H., Ramachandran, K.K. (2019). Information sharing in supply chain management: A case study 
between the cooperative partners in manufacturing industry, Journal of System and Management Sciences, Vol. 9, 
No. 1, 19-47. 

[17] Zhu, X.D., Li, B.Y., Wang, Z. (2017). A study on the manufacturing decision-making and optimization of hybrid-
channel supply chain for original equipment manufacturer, Advances in Production Engineering & Management, 
Vol. 12, No. 2, 185-195, doi: 10.14743/apem2017.2.250. 

[18] Cai, G., Zhang, Z.G., Zhang, M. (2009). Game theoretical perspectives on dual-channel supply chain competition 
with price discounts and pricing schemes, International Journal of Production Economics, Vol. 117, No. 1, 80-96, 
doi: 10.1016/j.ijpe.2008.08.053. 

[19] Chen, J., Zhang, H., Sun, Y. (2012). Implementing coordination contracts in a manufacturer Stackelberg dual-
channel supply chain, Omega, Vol. 40, No. 5, 571-583, doi: 10.1016/j.omega.2011.11.005. 

[20] He, L., Zhang, X., Wang, Q.P., Hu, C.L. (2018). Game theoretic analysis of supply chain based on mean-variance 
approach under cap-and-trade policy, Advances in Production Engineering & Management, Vol. 13, No. 3, 333-
344, doi: 10.14743/apem2018.3.294. 

[21] Liu, H., Sun, S., Lei, M., Leong, G.K., Deng, H. (2016). Research on cost information sharing and channel choice in a 
dual-channel supply chain, Mathematical Problems in Engineering, Vol. 2016, Article ID 4368326, doi: 10.1155/ 
2016/4368326. 

[22] Ha, A., Long, X., Nasiry, J. (2016). Quality in supply chain encroachment, Manufacturing & Service Operations 
Management, Vol. 18, No. 2, 280-298, doi: 10.1287/msom.2015.0562. 

[23] Jabarzare, N., Rasti-Barzoki, M. (2020). A game theoretic approach for pricing and determining quality level 
through coordination contracts in a dual-channel supply chain including manufacturer and packaging company, 
International Journal of Production Economics, Vol. 221, Article ID 107480, doi: 10.1016/j.ijpe.2019.09.001. 

[24] Jafari, H., Hejazi, S.R., Rasti-Barzoki, M. (2016). Pricing decisions in dual-channel supply chain including monopo-
listic manufacturer and duopolistic retailers: A game-theoretic approach, Journal of Industry, Competition and 
Trade, Vol. 16, No. 3, 323-343, doi: 10.1007/s10842-016-0224-1. 

[25] Zhou, J., Zhao, R., Wang, W. (2019). Pricing decision of a manufacturer in a dual-channel supply chain with 
asymmetric information, European Journal of Operational Research, Vol. 278, No. 3, 809-820, doi: 10.1016/j.ejor. 
2019.05.006. 

[26] Jian, M., Wang, Y.L. (2018). Decision-making strategies in supply chain management with a waste-averse and 
stockout-averse manufacturer, Advances in Production Engineering & Management, Vol. 13, No. 3, 345-357, doi: 
10.14743/apem2018.3.295. 

Appendix 
For the convenience of calculation, we let 𝑋𝑋 = E(𝑟𝑟)𝑝𝑝𝑙𝑙 − �1 + 𝐸𝐸(𝑟𝑟)�𝑐𝑐. Since the price of the defective product is usually 
lower than the production cost, we have 𝑋𝑋 < 0. Similarly, 𝐴𝐴𝑖𝑖  represents the denominator of the optimal decision in the 
three scenarios, and 𝐵𝐵𝑖𝑖  is obtained by numerator merging of similar items. 

𝑋𝑋 = E(𝑟𝑟)𝑝𝑝𝑙𝑙 − �1 + 𝐸𝐸(𝑟𝑟)�𝑐𝑐               (A1) 

𝐴𝐴1 = (𝜏𝜏2 + 4𝑘𝑘 − 2𝜏𝜏 + 1)𝑏𝑏2 + (−4𝜏𝜏2 + 4𝜏𝜏)𝑏𝑏 + 4𝜏𝜏2 − 8𝑘𝑘           (A2) 

𝐵𝐵1 = �(𝑏𝑏 − 2)𝜏𝜏 − 𝑏𝑏�(𝑏𝑏𝜌𝜌 − 2𝜌𝜌 + 2)𝛼𝛼 − 4𝑤𝑤(1 + (𝑏𝑏 − 1)𝜏𝜏)           (A3) 

𝐵𝐵2 = �(−𝜏𝜏2 − 2𝑘𝑘 + 2𝜏𝜏 − 1)𝑏𝑏2 + (3𝜏𝜏2 − 2𝑘𝑘 − 2𝜏𝜏 − 1)𝑏𝑏 − 2𝜏𝜏2 + 4𝑘𝑘 − 2𝜏𝜏�𝑋𝑋 − 2𝑘𝑘𝛼𝛼(𝑏𝑏𝜌𝜌 − 2𝜌𝜌 + 2)       (A4) 
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𝐵𝐵3 = −𝑘𝑘𝑋𝑋𝑏𝑏3 + �𝛼𝛼𝑘𝑘𝜌𝜌 − 𝑋𝑋(−𝜏𝜏2 + 𝑘𝑘 + 𝜏𝜏)�𝑏𝑏2 + �(−𝜏𝜏2 + (−𝜌𝜌 + 2)𝜏𝜏 + (2𝜌𝜌 − 2)𝑘𝑘 + 𝜌𝜌 − 1)𝛼𝛼 − 𝑋𝑋𝜏𝜏2 + 𝑋𝑋(2𝑘𝑘 − 1)�𝑏𝑏 +
(2𝜏𝜏2 + (2𝜌𝜌 − 2)𝜏𝜏 − 4𝜌𝜌𝑘𝑘)𝛼𝛼 + 2𝑋𝑋(𝜏𝜏 − 1)             (A5) 

𝐴𝐴2 = 2 ��1
2
𝑏𝑏2 + (−2𝜙𝜙 − 2)𝑏𝑏 + 2𝜙𝜙 + 2� 𝜏𝜏2 − (𝑏𝑏 − 2)(𝑏𝑏 − 2𝜙𝜙)𝜏𝜏 + �𝑘𝑘𝜙𝜙 + 2𝑘𝑘 + 1

2
� 𝑏𝑏2 − 4𝑘𝑘 + 2𝜙𝜙� (𝜙𝜙 − 1)      (A6) 

𝐵𝐵4 = −(𝜙𝜙 − 1)�𝑋𝑋(𝜏𝜏 − 1)𝑏𝑏3 + (−𝜌𝜌(𝜏𝜏 − 1)𝛼𝛼 + (−2𝑋𝑋𝜙𝜙 − 𝑋𝑋)𝜏𝜏 − 𝑋𝑋)𝑏𝑏2 + �4(𝜏𝜏 + 1) ��𝜌𝜌 − 1
2
� 𝜏𝜏 − 1

2
𝜌𝜌 + 1

2
� 𝛼𝛼 +

2𝑋𝑋(𝜏𝜏𝜙𝜙 − 𝜙𝜙 + 1)�𝑏𝑏 + �(−4𝜌𝜌𝜙𝜙 − 4𝜌𝜌 + 4)𝜏𝜏 + 4𝜌𝜌𝜙𝜙�𝛼𝛼 + 4𝑋𝑋�           (A7) 

𝐵𝐵5 = −2 ��1
2

(𝑏𝑏 − 1)(𝑏𝑏 − 2𝜑𝜑 − 2)𝜏𝜏2 + �(𝑏𝑏 − 2)𝜙𝜙 − 𝑏𝑏2 + 𝑏𝑏 + 1�𝜏𝜏 + 𝜙𝜙 + �1
2

+ 𝑘𝑘� 𝑏𝑏2 + �1
2

+ 𝑘𝑘� 𝑏𝑏 − 2𝑘𝑘�𝑋𝑋 + �−𝜏𝜏2𝜙𝜙 −
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A B S T R A C T	   A R T I C L E   I N F O	

In	this	paper,	a	robust	schedule	has	been	proposed	to	deal	with	uncertainities	
for	m‐machines	permutation	flow	shop	problems.	A	robust	schedule	ensures	
that	 the	 expected	 finish	 time	 is	 always	 less	 than	 the	makespan.	 To	 use	 the	
global	search	ability	of	the	evolution	strategy	(ES)	and	local	search	ability	of	
Tabu	Search	(TS),	a	hybrid	evolution	strategy	(HES)	is	proposed	by	combining	
Improved	ES	with	TS	to	generate	the	robust	schedules.	The	robust	schedule	is	
first	generated	using	ES	and	then	the	solution	is	optimized	using	TS	for	maxi‐
mum	exploitation	and	exploration	of	the	solution	space.	For	maximum	exploi‐
tation	in	ES,	(1+9)	reproduction	operator	and	double	swap	mutation	is	used.	
Also	 variable	mutation	 rate	 is	 used	 for	 fine	 tuning	 of	 the	 results.	 In	 TS,	 the	
length	 of	Tabu	 list	 is	 fixed,	 also	 lower	bound	 is	 used	 to	 save	 computational	
time.	The	hybrid	algorithm	is	tested	on	Carlier	and	Reeves	benchmark	prob‐
lems	 taken	 from	 the	 OR‐library.	 Achieved	 results	 are	 compared	 with	 other	
famous	techniques	available	 in	 the	 literature,	and	the	results	show	that	HES	
performs	better	 than	other	 techniques	and	provides	an	affirmative	percent‐
age	 increase	 in	 the	probability	 that	 the	expected	 finish	 time	 is	 less	 than	 the	
makespan.		
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1. Introduction 

Scheduling	in	services	and	manufacturing	sectors	refers	to	the	allocation	of	tasks	or	activities	to	
resources	in	a	determined	process	for	minimization	of	costs	and	optimizing	operational	efficien‐
cy	[1].	Based	on	the	structure	of	the	environment,	scheduling	has	many	types.	Flow	shop	sched‐
uling	has	practical	implementation	in	automobile,	pharmaceutical,	pump,	chemical,	steel	indus‐
try	and	is	addressed	in	this	paper	[2].	Permutation	flow	shop	scheduling	problems	(PFSSP)	has	
been	the	focus	for	most	researchers	in	the	recent	past,	however	they	have	mostly	focused	on	a	
deterministic	environment.	Study	of	deterministic	PFSSP	 is	relatively	easier	as	all	 the	parame‐
ters	are	known	in	advance	[3].	

However	uncertain	events	arrive	 in	real‐life	situations	and	the	uncertainties	are	 induced	 in	
processing	 times,	which	will	 affect	 the	makespan	of	 schedule	 [4].	Thus	 there	are	 chances	 that	
some	jobs	will	not	be	completed	in	the	expected	finish	time	and	hence	the	production	gets	de‐
layed.	Hence	more	focus	should	be	paid	to	uncertainties	in	PFSSP	[5,	6].	

In	stochastic	scheduling,	processing	times	of	jobs	are	random	and	till	their	finish	they	are	un‐
known.	 Hence	 in	 scheduling,	 real‐life	 situations	 should	 be	 able	 to	 deal	 with	 these	 stochastic	
events.	A	good	scheduling	environment	should	cope	with	these	uncertain	situations	and	produce	
a	 robust	 schedule.	 If	 the	behavior	of	 a	 schedule	does	not	degrade	significantly	 in	 the	 face	of	a	
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disruption	it	is	termed	as	a	robust	schedule.	Hence	a	robust	schedule	is	insensitive	to	the	occur‐
rence	of	uncertain	events.	Robust	 scheduling	 is	 currently	being	used	 in	various	 real‐life	 situa‐
tions	 to,	 i.e.	manufacturing	 industry,	 airline	 crew	 scheduling,	 project	 scheduling,	 and	 process	
industry.	The	present	research	is	focused	on	robust	scheduling	for	the	manufacturing	industry.	

The	two	common	approaches	presently	used	in	robust	scheduling	are	reactive	and	proactive	
scheduling	[7].	In	proactive	scheduling,	future	disruptions	are	taken	into	account	while	generat‐
ing	the	initial	schedule.	However	reactive	scheduling	does	not	take	future	disruptions	in	account	
while	generating	the	 initial	schedule,	and	the	schedule	 is	revised	after	the	occurrence	of	a	dis‐
ruption.	In	this	paper,	a	proactive	approach	is	used	for	robust	scheduling.		

Since	the	deterministic	PFSSP	is	classified	as	an	NP‐hard	problem	[8],	therefore	the	stochastic	
PFSSP	is	also	an	NP‐hard	problem.	Hence	exact	methods	cannot	be	used	to	solve	the	large	size	
problem,	therefore	approximation	methods	should	be	used	for	their	solutions	[9].	Under	uncer‐
tainties,	González‐Neira	et	al.	[6]	carried	out	a	detailed	literature	review	of	flow	shop	problems.	
He	defined	role	of	scheduling	and	guided	further	areas	of	research.	He	surveyed	100	papers	and	
in	most	of	the	papers	makespan	was	the	main	objective,	while	very	limited	papers	were	focused	
on	multi	objectives.		

The	remainder	of	the	paper	is	organized	as	follows.	A	detailed	literature	review	is	provided	in	
Section	2.	Section	3	explains	the	problem	statement	while	methodology	is	presented	in	Section	
4.	 The	 robust	 schedule	 is	 explained	 in	 Section	 5	while	 computational	 results	 are	 explained	 in	
Section	6.	Finally,	conclusions	and	recommendations	are	suggested	in	Section	7.	

2. Literature review 

Robustness	of	a	schedule	can	be	defined	using	different	measures	[10].	Mostly	researchers	have	
minimized	the	variation	of	a	performance	indicator	[11‐13].	However,	the	robust	schedules	do	
not	guarantee	 that	 the	performance	 indicator	will	not	exceed	 limits	as	uncertainty	occurs.	 Ini‐
tially,	Daniels	and	Carrillo	[14]	proposed	a	robust	solution	to	address	the	uncertainties	of	pro‐
cessing	times	in	a	single	machine	environment	using	a	Branch	and	Bound	(B	&	B)	method	and	a	
heuristic	approach.	They	discovered	the	risk	of	the	inferior	system,	by	considering	the	variance	
and	mean	performance	in	appraising	alternative	schedules.	An	exact	dynamic	program	was	used	
by	Yang	and	Yu	[11]	to	find	a	robust	schedule	for	a	single	machine	environment	with	three	per‐
formance	measures.	Kuo	and	Lin	[15]	Studied	robustness	for	a	single	machine	environment	with	
total	flow	time	as	the	objective	function.	The	authors	used	a	fractional	programming	framework	
to	find	robust	schedules.	Using	an	algorithm	they	suggested	worst	case	scenario	and	worst	case	
relative	deviation,	then	a	parametric	programming	algorithm	was	used	to	find	robust	schedule.		

A	robust	multi‐objective	problem	was	studied	by	Jia	and	Ierapetritou	[16]	incorporating	ro‐
bustness,	economic	expectation	and	expected	unsatisfied	demand.	Based	on	a	Tabu	Search	(TS)	
algorithm,	 a	 robust	 and	 stable	 schedule	was	 proposed	 by	 Goren	 and	 Sabuncuoglu	 [13].	 For	 a	
single	machine	scheduling	problem,	the	proposed	algorithm‐generated	robust	and	stable	sched‐
ules	 for	 three	performance	parameters,	 i.e.	 total	 flow	 time,	makespan	and	 total	 tardiness.	The	
algorithm	 constitutes	 two	 parts,	 i.e.	 sequence	 generator	 and	 sequence	 evaluator.	 In	 order	 to	
cope	with	uncertain	situations	in	a	single	machine	environment,	a	robust	schedule	was	proposed	
by	Wu	et	al.	[17]	using	dominance	rules.	The	objective	was	to	minimize	the	risk	that	makespan	
will	not	exceed	the	maximum	threshold.	He	proposed	three	models,	i.e.	combined,	primal	and	a	
dual	model	to	solve	the	problem,	however,	the	combined	method	was	the	most	efficient	one.	

Mostly	the	research	has	been	focused	on	a	single	machine	and	it	doesn’t	represent	actual	cas‐
es	of	PFSSP.	By	increasing	the	number	of	machines,	the	effect	of	uncertainty	in	scheduling	envi‐
ronment	 increases.	A	robust	schedule	 for	m‐machines	PFSSP	was	 first	studied	by	Liu	et	al.	 [7]	
using	an	improved	genetic	algorithm	(IGA).	The	IGA	used	a	new	generation	scheme	to	preserve	
the	 good	 characteristics	 of	 parents.	 The	 IGA	was	 tested	 on	 Carlier	 and	 Reeves	 problems,	 and	
compared	with	the	results	of	NEH	heuristic.	Results	showed	that	IGA	performed	better	than	NEH	
and	also	produced	an	affirmative	percentage	that	the	expected	finish	time	is	always	less	than	the	
makespan.		
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For	machine	breakdown	uncertainty,	Fazayeli	et	al.	[18]	proposed	a	Hybrid	Meta	heuristic	for	
maximizing	β‐robustness	of	makespan,	he	hybridized	genetic	algorithm	with	simulated	anneal‐
ing	and	outperformed	six	other	heuristics.	For	uncertain	setup	and	processing	times,	Gholami‐
Zanjani	et	al.	[19]	suggested	a	Robust	optimization	and	a	Fuzzy	Optimization	approaches	to	min‐
imize	the	weighted	mean	completion	time.	For	two	machine	problem,	Rahmani	[20]	used	surro‐
gate	measures	 for	 uncertain	 processing	 times	 and	machine	 failures.	 The	 algorithm	worked	 in	
two	step	structure,	 initially	a	schedule	was	generated	for	processing	times	and	then	a	reactive	
schedule	was	generated	after	machine	failure.	In	view	of	the	robust	starting	times,	Cui	et	al.	[21]	
Proposed	a	Weibull	distribution	considering	machine	failures	to	minimize	makespan.	The	algo‐
rithm	proceeded	 in	 two	 loop,	 first	 local	 serach	 is	 initialized	using	NEH	and	 then	genetic	 algo‐
rithm	is	used	in	second	loop.	

For	 the	 uncertainties	 of	 processing	 times	 in	m‐machines,	Ma	 et	al.	 [22]	 proposed	 a	 robust	
schedule	based	on	an	artificial	bee	colony	algorithm	(ABC).	To	enhance	the	exploitation	and	ex‐
ploration	of	ABC,	an	 improved	 local	search	scheme	was	 introduced	in	ABC.	The	algorithm	was	
tested	on	famous	Carlier	and	Reeves	problems	and	compared	with	the	results	of	IGA	and	NEH.	
Results	show	that	ABC	finds	a	better	robust	schedule	as	compared	to	IGA	and	NEH.	For	stochas‐
tic	processing	times,	González‐Neira	et	al.	[23]	proposed	a	simheuristic	approach	to	solve	multi	
objective	PFSSP.	The	objectives	are	minimization	of	expected	deviation	of	 tardiness	and	 tardi‐
ness.	Tabu	Search	is	hybridized	with	a	Monte	Carlo	simulation	and	a	Pareto	archived	evolution	
strategy	 in	 the	 simheuristic	 approach	 and	 tested	 on	 540	 benchmark	 instances.	 In	 addition	he	
applied	the	simheuristic	approach	on	an	optical	laboratory	case	and	found	better	results	for	ex‐
pected	and	standard	deviation	as	compared	to	the	sequences	used	by	the	laboratory.	

Recently	 various	meta‐heuristics	 have	 been	 used	 by	 numerous	 researchers	 for	 PFSSP	 and	
other	related	problems,	e.g.	GA,	ABC,	TS,	ES	[24‐31].	Although	GA	is	fast,	however,	their	searcha‐
bility	is	reduced	due	to	their	lack	of	local	search	adaptability.	ABC	algorithms	are	simple	howev‐
er	they	often	get	trapped	in	local	optimum	[22].	TS	is	a	local	search	technique	and	is	widely	used	
for	 the	 discrete	 optimization	problem,	 however,	 it	 becomes	 slow	 for	 large‐sized	problems.	 ES	
was	developed	by	Rechenberg	in	1970	for	parameter	optimization	problems,	however	recently	
they	have	been	applied	to	discrete	problems.	ES	performs	better	for	global	search	and	contains	
information	of	the	previous	solutions,	however	sometime	it	gets	trapped	in	a	local	minima	after	
certain	iterations,	in	this	condition	the	ES	jumps	out	of	the	local	minima	by	using	large	mutation	
rate.	

The	two	key	parameters	for	the	performance	of	any	algorithm	are:	i)	Exploiting	the	best	solu‐
tions	and	 ii)	Exploring	 the	 search	 space.	Hence	 the	global	 search	ability	 of	ES	 should	be	 com‐
bined	with	local	search	ability	of	TS	for	better	performance.	Hence	in	this	paper,	a	hybrid	evolu‐
tion	 strategy	 (HES)	 is	 proposed	 by	 combining	 an	 ES	with	 TS	 to	 find	 robust	 schedules	 for	m‐
machines	PFSSP.	 The	 ES	 is	 improved	 by	using,	 (1+9)	 reproduction	 operator	 and	double	 swap	
mutation	operator,	also	variable	mutation	rate	is	used	for	fine	tuning	of	the	results.	To	save	the	
computation	time	of	TS,	the	length	of	Tabu	list	is	fixed	and	lower	bound	is	used.	With	all	these	
improvements,	the	HES	finds	optimal	solution	in	minimum	computational	time.	

3. Problem statement 

In	 a	 PFSSP,	 n‐jobs	 are	 processed	 in	 fixed	 order	 on	m‐machines.	 At	 time	 zero	 all	 the	 jobs	 are	
available	 and	 they	are	 independent.	The	 first	machine	has	no	 idle	 time	and	each	machine	can	
simultaneously	process	one	 job.	The	processing	time	of	 the	 job	 includes	setup	and	transporta‐
tion	times.	Each	job	has	M	operations	and	they	are	performed	on	different	machines.	The	pro‐
cessing	order	of	the	job	is	the	same	on	every	machine.	All	machines	are	continuously	available	
and	preemption	is	not	allowed.	The	due	date	for	all	jobs	is	the	same	and	there	is	unlimited	buffer	
space.	Processing	time	of	 job	I	on	machine	 j	 is	represented	at	Pij	and	the	Corresponding	finish	
time	 is	represented	at	CiJ.	The	 finish	time	 for	 the	 last	 job	 is	 termed	as	makespan	and	 is	repre‐
sented	at	Cmax.	Mathematically	PFSSP	can	be	represented	as	below:	

ଵଵܥ ൌ ଵܲଵ																																																																																				ሺ1ሻ	
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ଵ݅ܥ ൌ ෍ ௥ܲభ																		where	݅ ൌ 1,2, … , ܰ
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																																																											ሺ2ሻ	
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௝
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																																																										ሺ3ሻ	

௠௔௫ܥ ൌ maxሼܥ௜ሺ݆ െ 1ሻ, ሺ݅ܥ െ 1ሻሽ ൅ ௜ܲ௝ 																																																									ሺ4ሻ	

݁ݒ݅ݐ݆ܾܱܿ݁ ൌ ௠௔௫ܥሺݕݐ݈ܾܾ݅݅ܽ݋ݎሼܲݔܽ݉ ൑ 	ሺ5ሻ													ሻሽ݁݉݅ܶ	݄ݏ݅݊݅ܨ	݀݁ݐܿ݁݌ݔܧ

4. Robust schedule 

When	 the	 processing	 times	 for	 jobs	 are	 uncertain,	 then	 for	m‐machines	 PFSSP	 and	 n‐jobs,	 a	
schedule	which	ensures	maximum	probability	that	the	expected	finish	time	is	less	that	the	make‐
span	is	termed	as	robust	schedule.	Mathematically,	for	a	robust	schedule	the	probability	(Cmax	≤	X)	
is	maximum.	

The	 processing	 time	 uncertainty	 in	 a	 robust	 schedule	 can	 be	 presented	 by	 fuzzy	 logic	 or	
probabilistic	technique.	The	probabilistic	technique	is	normally	used	for	processing	time	uncer‐
tainty,	where	 the	 distribution	 describes	 the	 processing	 time	 uncertainty.	 Actual	 data	 is	 taken	
from	 the	 jobs	 processing	 time,	 and	 then	 it	 is	 analyzed	 to	 know	 the	 distribution	 of	 processing	
time.	Ample	processing	time	data	through	repeat	production	 is	required	to	know	the	distribu‐
tion	of	processing	time.	The	processing	time	uncertainty	is	an	independent	random	variable	and	
according	 to	 the	 central	 limit	 theorem,	 its	distribution	 formed	 is	 a	normal	distribution.	Hence	
job	processing	 time	 follows	normal	distribution	according	 to	 the	 central	 limit	 theorem.	 If	 two	
numbers	A	and	B	follow	normal	distribution	then	their	sum	A	+	B	also	follows	a	normal	distribu‐
tion.	Hence	makespan	computed	 from	normally	distributed	processing	 times	 follows	a	normal	
distribution	as	depicted	in	Fig.	1.	

For	normally	distributed	makespan,	the	probability	that	the	expected	finish	time	is	less	than	
makespan	is	calculated	using	Eq.	4.	

	
Fig.	1	Normal	distribution	curve	for	makespan	

Probability	ሺݔܽ݉ܥ ൑ ܺሻ ൌ
1
2
൅ ߮ሺݖሻ																																																																			ሺ6ሻ	

				where				ݖ ൒ 0		and		ݖ ൌ 	
ܺ െ ݉݊ܥߤ
бݔܯ݊ܥ

																																																																				ሺ7ሻ	

and								߮ሺݖሻ ൌ
1

݌2√
	න ݁ିሺ௧ଶ/ଶሻ

௭

ି∝
	ሺ8ሻ																																																																				ݐ݀

∅ሺݖሻ ൎ ߮ሺݖሻ ൌ ቐ
ሺ4.4ݖ0.1 െ ሺ0															ሻݖ ൑ ݖ ൑ 2.2ሻ
0.49																												ሺ2.2	 ൑ 	ݖ ൑ 2.6ሻ
0.50																																								ሺݖ ൒ 2.6ሻ

																																			ሺ9ሻ	

It	is	difficult	to	find	the	value	of	z	through	the	exact	method.	However,	Hayter	[32]	proposed	a	
mathematical	equation	to	find	its	approximate	value	as	shown	in	Eq.	9.		



Khurshid, Maqsood, Omair, Nawaz, Akhtar 
 

208  Advances in Production Engineering & Management 15(2) 2020

 

5. Methodology 

5.1 Evolution strategy  

Evolution	 strategy	 (ES)	 is	 a	 subclass	 of	 an	 evolutionary	 algorithm	 and	 was	 developed	 was	
Rechenberg	[33].	ES	is	based	on	the	Darwinian	Paradigm	of	evolution	and	its	performance	de‐
pends	on	 the	 strength	of	 its	various	genetic	operators,	 i.e.	 selection,	 reproduction,	 recombina‐
tion,	evaluation.	ES	operates	with	a	population	of	size	(µ	+	λ),	where	µ	represents	individual	par‐
ent	and	λ	represents	the	offspring.	ES	is	an	iterative	process	developed	for	the	numerical	optimi‐
zation	process	and	the	solution	space	is	searched	through	the	population	of	individual	solutions.	
The	mutation	operator	is	the	main	genetic	operator	in	ES	[34].	In	Literature	different	reproduc‐
tion	operators	have	been	used	for	ES,	i.e.	(1+1),	(1+4),	(1+9),	(1+16)	([35,	36]).	

Two	selection	operators	are	normally	used	in	ES,	i.e.	(µ+λ)‐ES	and	(µ,	λ)‐ES.	In	(µ+λ)‐ES,	both	
the	parents	and	offspring’s	take	part	in	the	selection	process	and	it	is	recommended	for	combi‐
natorial	optimization	problems.	While	in	(µ,	λ)‐ES	only	the	offspring’s	take	part	in	the	selection	
process	and	it	is	recommended	for	real	value	parameter	optimization	problems.		

The	performance	of	ES	is	heavily	dependent	on	the	strength	of	its	mutation	operator	and	is	
the	main	 source	of	 genetic	 variation	 in	ES.	 The	mutation	operator	 is	 problem‐dependent,	 and	
their	appropriate	selection	is	an	art.	Various	mutation	operators	can	be	used	for	PFSSP,	howev‐
er,	swap	operators	are	best	for	PFSSP	[37].		

5.2 Improved evolution strategy (IES) 

In	order	 to	maximize	 the	exploration	and	exploitation	of	 the	 solution	 space,	 the	 following	 im‐
provements	have	been	made	(procedure	for	the	IES	is	in	Fig.	2):	
	
Pseudocode	for	the	IES		
Input	Parameters:		
Total	Number	of	generations	
Mutation	rate	
Population	size	
Number	of	off	springs	to	be	produced	from	parent(λ=9)	
	
Record	Parameters:	Total	number	of	generations	and	best	makespan
1:	 Parent	population	randomly	generated,	Pp
2:	 for	gen	=1:	k		
3:		 Evaluate	parent	population	
4:		 If	number	of	generations	(k)	is	not	achieved	go	to	step	7	
5:	 	 else	
6:	 end	
7:		 	 for	v=	2:	μ	
8:		 Produce	offsprings	and	apply	mutation	operator	(double	swap	mutation	operator)		
9:	 	 Update	population,	Pi	
10:	 	 Evaluate	all	offsprings		
11:		 	 end	for	
12:		 Evaluate	Pi	and	fittest	individual	should	be	termed	as	parent	for	new	iteration		
13:									If	an	offspring	has	minimum	makespan	it	is	termed	as	candidate	(OS1‐OS9=C)	
14:		 	 else	
15:		 	 Parent	is	termed	as	candidate	(P=C)		
16:	 	 end	
17:		 Until	number	of	iterations	are	achieved	go	to	step	2		
18:	 Record	Total	number	of	generations	and	best	makespan

Fig.	2	Pseudocode	for	IES	
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 For	 maximum	 exploitation	 of	 the	 solution	 space,	 (1+9)	 reproduction	 operator	 is	 used.	
From	1	parent	9	offspring’s	are	generated.	

 The	selection	scheme	used	is	(1+9)	instead	of	(1,	9),	hence	the	selection	pool	consists	of	10	
entities,	 and	 the	 best	 offspring	 is	 selected	 from	 the	 pool,	 so	 the	 parent	 can	 survive	 for	
many	 generations.	 In	 (1,	 9)	 parents	 die	 out	 of	 the	 selection	 pool	 and	 only	 children	 are	
available	for	selection.	

 In	order	to	increase	the	genetic	variation,	the	large	mutation	rate	is	used	initially	and	then	
it	is	reduced	for	fine‐tuning	of	global	minima.	

 To	save	computational	time	and	for	maximum	exploitation	of	search	space,	double	swap	
mutation	operator	is	used.	

5.3 Tabu search (TS) 

TS	is	a	local	search	technique	where	the	neighborhood	is	deterministically	selected.	For	combi‐
natorial	optimization	problems,	TS	is	one	of	the	most	effective	local	search	techniques	for	find‐
ing	near‐optimal	solutions	[38].	The	local	search	technique	starts	with	a	solution	and	then	find	
the	best	solution	in	the	neighborhood.	TS	is	good	to	avoid	local	minima	and	improving	the	solu‐
tion	through	iterations.	TS	helps	in	exploring	the	solution	beyond	local	optimality.	TS	starts	from	
a	basic	schedule	and	by	searching	its	neighborhood,	moves	generate	a	set	of	iterations	with	the	
lowest	makespan.	The	exploration	is	then	started	from	the	previous	best	iteration	as	a	new	iter‐
ation	and	the	search	process	continues.	

The	 key	 steps	 of	 the	 TS	 algorithm	 are	 an	 initial	 solution,	 evaluation,	 move,	 neighborhood	
search,	memory,	searching	strategy	and	termination	criteria.		

To	avoid	duplication	of	 job	swaps,	a	record	of	moves	is	kept	in	the	list	termed	as	Tabu	List.	
The	key	benefit	of	TS	is	the	use	of	Tabu	List	to	avoid	duplication	and	overcoming	local	optima	
and	guiding	the	solution	to	the	region	which	have	not	been	explored.	The	infinite	length	of	the	
tabu	list	is	not	recommended	as	it	slows	down	the	algorithm.	For	finite	Tabu	List,	FIFO	strategy	
is	used,	so	as	new	attributes	are	inserted	the	old	attributes	are	removed.	The	algorithm	is	termi‐
nated	if	the	number	of	iterations	have	reached,	or	the	computational	time	has	reached,	or	there	
is	no	improvement	in	makespan	after	significant	iterations,	or	the	neighborhood	is	empty.	The	
performance	and	speed	of	convergence	for	any	TS	algorithm	is	based	on	the	accurate	design	of	
its	components.	

Following	improvements	have	been	made	in	the	basic	TS	algorithm:		

 To	 save	 the	 computational	 time	 of	 our	 TS	 algorithm,	we	 have	 used	 lower	 bound	 and	 a	
number	of	iterations	instead	of	explicitly	finding	the	best	makespan.	

 To	avoid	local	minima,	Tabu	List	having	fixed	length	is	used.	
 Since	the	TS	improves	the	solution	found	by	IES,	hence	global	search	ability	of	ES	is	united	

with	local	search	ability	of	TS	to	find	the	best	results.	

Move	and	neighborhood	

Every	solution	in	our	algorithm	is	represented	by	iteration.	Using	a	set	of	moves,	the	neighbor‐
hood	of	a	solution	is	generated.	Then,	using	the	Move	function,	the	solution	is	transformed	into	
another	solution.	The	subset	of	moves	associated	with	a	given	solution	produces	a	set	of	solu‐
tions	known	as	neighborhood.	At	each	iteration,	the	neighborhood	is	searched	to	find	the	best	in	
the	neighborhood.	Again	move	is	performed,	and	a	solution	is	generated	from	the	previous	best	
solution	and	becomes	the	current	solution	and	the	iteration	continues.	

The	two	main	types	of	moves	for	TS	are	i)	E‐move,	Exchange	Jobs	at	the	ath	and	bth	position.	ii)	
L‐move,	Remove	a	job	at	ath	position	and	put	it	at	bth	position.	Although	E‐move	is	complex	how‐
ever	it	provides	a	better	result	and	has	been	used	in	this	paper.	Since	ample	computational	time	
is	required	for	the	large	neighborhood,	hence	to	save	computation	time	lower	bounds	are	used	
instead	of	calculating	makespan	explicitly.	
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Tabu	list	

The	primary	purpose	of	Tabu	list	is	used	to	prevent	cycling	during	the	search.	In	literature	vari‐
ous	methods	are	available	for	implementation	of	Tabu	list:	i)	Pairs	of	executed	iterations,	ii)	Job	
and	its	position,	iii)	Makespan	of	executed	iterations,	iv)	Pair	of	jobs	along	with	their	positions.	
The	design	of	the	appropriate	Tabu	list	is	a	major	factor	for	the	performance	and	convergence	of	
the	TS	algorithm.		

Based	on	problem	type	 the	 length	of	Tabu	List	can	be	 fixed	or	dynamic.	 In	 this	paper	 fixed	
length	has	been	used.	Let	TL=	(TL1,…,	TLt)	be	a	fixed	Tabu	List	with	length	t,	and	Tj=(g,	h)	is	a	pair	
of	jobs.	Initially,	the	Tabu	List	is	started	with	zero	elements	Tj=	(0,	0),	where	j=1,..,	t.	Let	υ=	(a,	b)	
a	move	performed	 from	an	 iteration	π,	 after	 this	move	 the	Tabu	 List	will	 be	 updated	Tj=Tj+1	
where	j=1,..,	t‐1.	Then	set	Tt=	(π	(a),	π	(a+1))	if	a<b	and	Tt=	(π	(a‐1),	π	(a))	if	a>b.	An	iteration	β	
cannot	be	performed	from	a	move	υ=	(a,	b)	if	minimum	one	pair	(β	(j),	β	(a)),	j=a+1,…,	b	is	in	T	if	
a<b	and	minimum	one	pair	(β	(a),	β	(j)),	j=b,..a‐1	is	in	T.	

Procedure	for	the	TS	is	in	Fig.	3:		
	

Fig.	3	Pseudocode	for	TS	

6. Computational results and discussion 
To	 evaluate	 the	 robustness	 of	 HES,	 results	 are	 compared	 with	 other	 well‐known	 techniques	
available	in	the	literature.	Probability	(Cmax	≤	X)	of	HES	is	compared	with	the	probability	(Cmax	≤	
X)	 of	 other	 known	 techniques.	 Robust	 schedule	 dealt	 is	 the	 paper	was	 first	 presented	 by	 Liu,	
Ullah	[7]	for	m‐machines	PFSSP,	he	used	IGA	to	find	a	robust	schedule	and	compared	his	results	
with	the	robust	schedule	generated	by	NEH	heuristic	[39].	The	IGA	performed	better	than	NEH	
based	on	the	objective	of	probability	(Cmax	≤	X).	An	ABC	algorithm	was	suggested	by	Ma,	Wang	
[22]	for	m‐machines	PFSSP	and	found	better	results	than	IGA	and	NEH.	Hence	in	order	to	vali‐
date	HES	for	robust	schedules	it	results	will	be	compared	with	IGA,	NEH,	and	ABC.	Results	of	IGA	
and	ABC	are	 taken	 from	 their	 original	 papers.	Results	 of	HES	 cannot	be	 compared	with	other	
technqiues	as	robust	schedules	for	benchmark	problems	of	Carlier	[40]	and	Reeves	[41]	are	only	
generated	by	IGA,	NEH	and	ABC.	

Pseudocode	for	the	TS	

Input:		
Number	of		iterations,	k	
Size	of	move	list	((a1,b1),	(ai+1,bi+1)	where	i=…n	
Total	generations,	k		

1:	 Use	the	final	sequence	from	ES	as	a	starting	sequence(So)	for	TS	
																										So=	(J1,	J2,..	Jn)	where	n=number	of	jobs	
2:	 for	gen	=1:	k		
3:		 Evaluate	sequence,	G(So)	
4:		 Interchange	 adjacent	wise	 pairs	 of	 So	 to	 generate	 new	 sequence(Sc)	 (Exchange	 Jobs	 at	 the	 ath	 and	 bth				

position)	
5:	 Evaluate	candidate	sequence	G(Sc)	 	
6:	 IF		
7:		 	 G(Sc)˂G(So)	
																											Then																So=Sc	
8:		 		 	 Update	move	in	Tabu	List(a1≠a1+1≠b1≠b1+1)		
9:	 	 end	
10:							IF						
11:																													Cmax=LB	
12:																													Go	to	step	16	
13:																													Else	Continue	
14:																													End	
15:		 repeat	until	loop	(Go	to	step	2)		
16:	 Output	Cmax	and	Total	generations	
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The	expected	finish	time	is	required	to	compare	the	probability	(Cmax	≤	X).	Hence	in	order	to	
compare	the	probability	(Cmax	≤	X)	of	HES,	IGA,	NEH	and	ABC,	some	assumptions	are	made.	The	
probability	value	for	NEH	schedule	is	assumed	and	the	analogous	z‐value	is	computed	using	Eqs.	
6	and	9.	Using	the	z‐value	the	expected	finish	time	is	calculated	using	Eq.	7.	Then	the	expected	
finish	time	is	used	to	compute	the	probability	(Cmax	≤	X)	of	HES.	Finally,	the	probability	of	HES,	
ABC,	and	IGA	are	compared	with	the	probability	of	NEH.		

The	technique	has	been	evaluated	on	famous	benchmark	problems	of	Carlier	[40]	and	Reeves	
[41]	and	their	data	set	has	been	taken	from	OR‐Library.	The	processing	times	in	the	data	set	are	
deterministic,	hence	the	deterministic	 times	are	assumed	as	 the	mean	processing	times.	While	
the	variance	of	processing	times	 is	calculated	 from	an	assumed	 interval	[1,	μij/9],	where	μij	 is	
the	 mean	 processing	 time.	 The	 mean	 and	 variance	 of	 processing	 times	 for	 Car01	 and	 Rec01	
problems	are	shown	in	Tables	1	and	2.	

The	hybrid	ES	was	coded	in	MATLAB	and	tested	on	Laptop	with	2.1	GHz	processor	and	4	GB	
Ram.	While	the	IGA,	ABC,	and	NEH	were	all	coded	in	Visual	C.	Three	probabilities	of	0.80,	0.85	
and	0.90	were	assumed	for	NEH	Heuristic,	hence	for	each	problem	three	instances	are	used.	The	
z‐value	for	each	instance	is	calculated	using	Eqs.	6	and	9.	Each	instance	is	first	solved	using	NEH	
to	 find	 mean	 and	 variance	 and	 then	 expected	 makespan	 as	 shown	 in	 Tables	 3	 and	 4.	
The	expected	finish	time	calculated	using	NEH	is	assumed	to	be	the	same	for	the	HES,	IGA	and	
ABC.	The	mean	and	variance	makespan	is	then	calculated	using	HES.	Then	the	z‐values	are	calcu‐
lated	using	Eq.	9.	Finally,	probability	(Cmax	≤	X)	is	calculated	using	Eq.	9	for	each	instance.	

Table	1	Processing	times	(mean	and	variance)	for	Car	1	(11×5)	instance	
Car	1	Problem	
Jobs	 Mean	processing	times Variance	processing	times	
	 M1	 M2 M3	 M4 M5 M1 M2 M3 M4	 M5
1		 375		 12	 142		 245	 412	 11 1 11 3	 6
2		 632		 452	 758		 278	 398	 15 4 1 9	 8
3		 12		 876	 124		 534	 765	 1 1 7 16	 2
4		 460		 542	 523		 120	 499	 2 10 6 7	 2
5		 528		 101	 789		 124	 999	 11 8 2 2	 8
6		 796		 245	 632		 375	 123	 4 6 12 10	 12
7		 532		 230	 543		 896	 452	 11 10 2 9	 5
8		 14		 124	 214		 543	 785	 1 9 3 16	 17
9		 257		 527	 753		 210	 463	 19 10 3 2	 1
10		 896		 896	 214		 258	 259	 1 4 3 8	 13
11		 532		 302	 501		 765	 988	 8 2 13 1	 13

Table	2	Processing	times	(mean	and	variance)	for	Rec	1	(20×5)	problem	
Rec	1	Problem	(20×5)	
Jobs	 Mean	Processing	Times Variance	Processing	Times	
	 M1	 M2 M3	 M4 M5 M1 M2 M3 M4	 M5
1		 5	 76	 74	 99 26 1 8 8 11	 2
2		 74	 21	 83	 52 90 8 2 9 5	 10
3		 67	 48	 6	 66 38 7 5 1 7	 4
4		 97	 36	 71	 68 81 10 4 7 7	 9
5		 87	 86	 64	 11 31 9 9 7 1	 3
6		 1	 42	 20	 90 23 1 4 2 10	 2
7		 69	 32	 99	 26 57 7 3 11 2	 6
8		 69	 12	 54	 80 16 7 1 6 8	 1
9		 11	 63	 24	 16 89 1 7 2 1	 9
10		 87	 52	 43	 10 26 9 5 4 1	 2
11		 25	 59	 88	 87 40 2 6 9 9	 4
12	 50	 42	 72	 77 29 5 4 8 8	 3
13	 58	 76	 71	 82 94 6 8 7 9	 10
14	 79	 48	 20	 63 97 8 5 2 7	 10
15	 35	 57	 78	 99 80 3 6 8 11	 8
16	 70	 76	 53	 2 19 7 8 5 1	 2
17	 79	 22	 77	 74 95 8 2 8 8	 10
18	 34	 99	 49	 3 61 3 11 5 1	 6
19	 37	 24	 32	 25 4 4 2 3 3	 1
20	 50	 88	 46	 63 76 5 9 5 7	 8
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In	Eq.	10,	The	proportion	 increase	 in	probability	 (Cmax	≤	X)	 for	 each	 instance	 is	 introduced	
while	using	Eq.	11	the	proportion	decline	in	risk	can	be	calculated.	Both	these	parameters	will	
be	used	to	compare	the	proposed	HES,	IGA	and	ABC.	

%௜௡௖௥௘௔௦௘	ܲݕݐ݈ܾܾ݅݅ܽ݋ݎ ൌ
߮ሺݖሻாௌ െ ߮ሺݖሻோு

߮ሺݖሻோு
																																																		ሺ10ሻ	

%௜௡௖௥௘௔௦௘	ܴ݅݇ݏ ൌ
ሺ1 െ ߮ሺݖሻோுሻ െ ሺ1 െ ߮ሺݖሻாௌሻ

ሺ1 െ ߮ሺݖሻாௌሻ
	ሺ11ሻ																													100	ݔ	

6.1 Carlier problems 

From	Table	3	it	is	evident	that	HES	finds	better	robust	schedules	than	NEH,	IGA	and	ABC	for	Car‐
lier	Problems.	HES	finds	minimum	makespan	for	all	instances	as	compared	to	NEH	and	IGA.	Ex‐
cept	Car‐03	instance,	makepan	values	found	by	HES	for	all	other	instances	is	minimum	as	com‐
pared	to	ABC.	The	probability	found	by	HES	is	higher	than	the	probabilities	of	HES	and	IGA.	For	
instance	Car‐03,	probability	of	ABC	is	better,	while	for	all	other		instances	probability	of	HES	is	
higher	than	ABC.	Probability	is	almost	100	%	that	the	makespan	is	less	than	the	expected	finish	
time.	 Almost	 100	%	 probability	 is	 attained	 due	 to	 the	 assumptions	 used	 for	 computing	ϕ(z).	
With	HES,	the	minimum	percent	increase	in	the	probability	of	15	%	and	13.09	%	decrease	in	risk	
for	Car‐01	problem.	While	the	maximum	increase	in	the	probability	of	66.67	%	is	obtained	for	
Car‐02,	 Car‐04	 and	 Car‐08	 problems.	 A	maximum	percent	 decrease	 in	 risk	 of	 ‐42.88	%	 is	 ob‐
tained	for	Car‐02	problem.	

From	Figs.	4	and	5	it	is	evident	that	for	schedules	generated	using	HES,	there	is	the	maximum	
probability	 that	 the	makespan	 is	 less	 than	 the	 expected	 finish	 time	 and	 also	 ensures	 that	 the	
decrease	the	risk	of	exceeding	makespan	from	a	large	gap.	

Table	3	Carlier	problem	results	
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Fig.	4	Comparison	of	Prob.	on	Carlier	problems	 												Fig.	5	Comparison	of	risk	on	Carlier	problems 

	

6.2 Reeves problems 

The	results	of	HES	for	Reeves's	problems	are	shown	in	Table	4.	Results	of	the	HES	are	better	as	
compared	to	NEH,	IGA	and	ABC.	HES	finds	minimum	makespan	for	all	instances	as	compared	to	
NEH,	IGA	and	ABC.	Also	the	probability	found	by	HES	is	higher	than	the	probabilities	of	HES,		IGA	
and	ABC.	Using	HES,	the	probability	(Cmax	≤	X)	for	all	Rec	problems	is	100	%.	Minimum	increase	
in	the	probability	of	25	%	and	a	decrease	in	risk	of	20	%	is	observed	for	Rec‐01	problem.	While	
maximum	probability	of	66.67	%	is	observed	for	Rec‐01,	Rec‐03,	Rec‐05,	Rec‐07,	Rec‐09,	Rec‐11,	
Rec‐13,	 Rec‐15	 and	Rec‐17	 problems	 and	maximum	decrease	 in	 risk	 of	 40	%	 is	 observed	 for	
Problem	1,	3,	5,	7,	9,	11,	13,	15	and	17	respectively.	

From	Figs.	6	and	7	it	is	evident	that	for	schedules	generated	using	HES,	there	is	a	maximum	
probability	 that	 the	makespan	 is	 less	 than	 the	 expected	 finish	 time	 and	 also	 ensures	 that	 the	
decrease	the	risk	of	exceeding	makespan	from	a	large	gap	for	Reeves	problems.	

Table	4	Reeves	problem	results	
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					Fig.	6	Comparison	of	probabilities	on	Reeves	problems																				Fig.	7	Comparison	of	risk	on	Reeves	problems	

6.3 Overall results   

Fig.	8	demonstrates	the	average	rise	in	probability	and	average	percentge	decline	in	risk	for	all	Car‐
lier	and	Reeves	problems.	It	is	evident	that	for	all	Carlier	and	Reeves	problems,	HES	provides	better	
probability	that	the	expected	finish	time	is	less	than	the	makespan	for	Carlier	and	Reeves	instances	
(more	than	38	%	and	42	%	respectively).	Also	HES	ensures	a	decline	in	risk	that	expected	finish	time	
will	not	exceed	the	makespan	for	Carlier	and	Reeves	instances	(more	than	22	%	and	29	%	respec‐
tively).	The	overall	results	show	that	HES	outperforms	IGA,	NEH	and	ABC	and	ensures	that	the	ro‐
bust	schedules	generated	by	HES	gives	higher	probability	that	they	will	not	exceed	the	expected	fin‐
ish	time	for	Carlier	and	reeves	problem.	Also	robust	schedules	generated	using	HES	ensures	the	de‐
cline	in	risk	that	the	makespan	will	exceed	the	expected	finish	time	for	Carlier	and	Reeves	instances.		

 

   
Fig.	8	Avg.	percentage	increase	in	Prob.	and	Avg.	percentage	decrease	in	risk	by	HES	

7. Conclusion and recommendations 

Robust	schedules	are	generated	for	m‐machines	PFSSP	to	address	the	uncertainty	of	processing	
times.	The	objective	is	to	ensure	that	the	expected	finish	time	is	less	than	the	makespan.	As	per	
the	central	limit	theorem,	processing	time	for	uncertain	jobs	is	normally	distributed.	A	hybrid	ES	
has	been	proposed	and	evaluated	on	famous	benchmark	problems	of	Carlier	and	Reeves.	First	
ES	 is	 executed	 for	30,0000	 iterations	and	 then	 the	 solution	 is	optimized	using	TS.	The	hybrid	
algorithm	 ensures	 maximum	 exploration	 as	 well	 as	 maximum	 exploitation	 of	 solution	 space.	
Results	are	compared	with	the	NEH,	IGA	and	ABC	algorithms,	and	HES	has	outperformed	all	of	
them	for	all	the	Carlier	and	Reeves	instances.	The	present	research	is	focused	on	robust	schedul‐
ing	for	the	manufacturing	industry,	and	it	ensures	that	the	expected	finish	time	of	jobs	will	not	
exceed	the	deadline	as	there	are	fluctuations	in	processing	times	of	jobs	in	manufacturing	indus‐
try.	Hence	the	research	is	applicable	to	other	industrial	cases,	i.e.	process	and	chemical	industry,	
pharmaceutical	 industry,	steel	 industry	etc.	as	the	processing	times	 in	these	 industries	are	un‐
certain.	

For	simplicity	it	is	assumed	that	finish	time	is	same	for	all	jobs,	however,	in	actual	flow	shop,	
the	 finish	 times	 are	 different.	 Hence	 future	 research	 should	 be	 focused	 on	 PFSSP	with	 all	 job	
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have different expected finish times. Also, the research can be extended to flow shop with other 
objectives, i.e. tardiness, and flowtime. So far robust schedules were generated for small size 
flow shop problems. Hence in the future, robust schedules should be generated for large size 
problems of Reeves, Taillard, and Valllada benchmark instances. Also robust schedules for job 
shop problems are also still pendent. In addition robust schedules can be generated for other 
performance measures, i.e. tardiness, flowtime etc.  
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A B S T R A C T	   A R T I C L E   I N F O	

Early	project	risk	 identification	and	assessment	 is	a	complex	 issue	based	on	
decision‐making	methods	that	are	methodically	suitable	for	successful	project	
delivery.	 Nevertheless,	 although	 there	 are	 several	 risk	management	 assess‐
ment	 tools,	 in	 practice,	 this	 issue	 is	 still	 not	 taken	 seriously	 enough	 in	 the	
project	 initiation	phase.	Literature	research	reveals	a	need	 for	an	applicable	
systematic	 risk	 model	 approach,	 systematic	 sensitivity	 of	 mitigation	 action	
plans,	considering	the	need	for	early	systematic	project	risk	awareness.	This	
paper	not	only	explains	the	evidence	that	a	risk	systematic	model	tool	 is	es‐
sential	 in	 the	project	 initiation	phase	but	also	narrows	the	gaps	through	the	
systematic	 sensitivity	 approach	 with	 the	 accent	 on	 the	 integrated	 risk	 sys‐
tematic	model.	The	sensitivity	approach	is	taken	in	the	project	early	prepara‐
tion	phase,	where	 evaluation,	 the	 establishment	 of	 limits	 to	which	 risks	 are	
controllable,	is	based	on	the	stage‐gate	model.	The	stage‐gate	model	evaluates	
which	 risks	 are	 specific	 to	 a	 certain	 analysis	 in	 the	 early	 project	 definition	
phase,	 leads	 to	 the	 conclusion	 that	 excluding	 any	 mitigation	 elements	 or	
probability	of	risk	occurrence	reflects	on	the	outcomes,	and	presents	an	unre‐
alistic	picture	of	the	given	project	targets.	This	research	represents	a	reliable	
risk	 tool	 with	 improvements	 in	 resolving	 systematic	 risk	 system	 faults,	
'stakeholders'	subjective	decision	gaps,	constricting	project	contingency,	and	
shortening	project	schedule	deviation.	The	research	is	based	on	two	complex	
industry	(case	studies)	projects	within	the	energy	industry.	
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1. Introduction  

Various	authors	emphasize	that	a	crucial	part	of	risk	management	is	a	reaction	plan,	which	en‐
sures	proactive	problem	solving	[1,	2,	3].	Numerous	studies,	including	authors	such	as	Ward	or	
Chapman,	have	shown	a	need	for	project	risk	management	(PRM),	including	its	benefits	[4].	Var‐
ious	 authors	 have	 found	 that	 the	 quality	 of	 stake	 estimates,	 assessment	 method	 tools,	 and	
scheduling	 are	 essential	 for	 proactivity	 in	 project	management	 [5,	 6].	 In	 the	 last	 decade,	 risk	
project	solving	has	significantly	improved	within	the	risk	management	tools,	where	a	more	reli‐
able	risk	allocation	is	being	facilitated	[7].	Thus,	gaps	still	exist,	and	improvements	in	risk	man‐
agement	are	necessary.	These	should	include	a	more	detailed	or	quantified	approach,	early	re‐
duction	 of	 risk	 and	 risk	 avoidance,	 and	 prompt	 systematic	 action	 of	 suitable	 integrated	 tech‐
niques	 to	 improve	risk	management	practices	 [8,	9,	10].	Over	 the	 last	years,	 risk	management	
(RM)	has	attracted	 the	attention	of	both	scientists	and	practitioners.	The	Project	Management	
Institute	 (PMI)	 included	 risk	management	 as	 one	 of	 the	 ten	 knowledge	 areas	 in	 project	man‐
agement	 (PM)	 [11].	 Considering	 the	 previously	 stated,	 this	 study	 aims	 to	 identify	 the	 major	
needs	for	a	systematic	risk	model	response	within	the	energy	industry,	taking	into	account	the	
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preparation	projects	phase	and	its	 impact	on	(time	constraints)	schedule	with	an	emphasis	on	
model	sensitivity	[12].	The	results	of	different	authors	suggest	that	in	the	engineering	industry,	
project	risk	management	still	having	some	ineffectiveness.	Mainly	it	is	related	to	the	'stakehold‐
ers'	lack	of	involvement	in	the	risk	management	appraisal,	as	well	as	the	failure	of	projects	with	
some	 specific	 elements	 of	 the	 outcome	presented	 through	 the	 study	 of	 various	 risk	 tools	 and	
their	technological	doubts	[4,	13,	14].	One	of	the	uncertainties	was	the	inadequate	participation	
of	all	stakeholders	from	the	initiation	until	project	closure	[4].	Dale,	Stephen,	Geoffrey,	and	Phil	
highlight	that	risk	should	be	considered	at	the	earliest	stages	of	project	planning	to	avoid	correc‐
tion	later	on	in	the	execution	phase.	The	authors	mention	that	risk	management	activities	should	
be	continued	 throughout	a	project	 lifetime	 [13,	15].	 It	 is	also	suggested	 that	 risk	management	
focuses	on	identifying	and	assessing	risks	to	a	project	and	managing	those	risks	to	minimize	the	
impact	 on	 project	 objectives.	 Therefore,	 the	 presented	model	 takes	 into	 account	 all	 the	men‐
tioned	gaps	and	collectively	and	systematically	resolves	 the	 issue	 from	the	definition	or	 initia‐
tion	project	phase.		
	 Authors	Zwikael	and	Ahn,	considering	the	lack	of	provided	solutions	on	the	market,	empha‐
size	 the	need	 for	 tools	 that	are	easy	 to	use	and	 lead	 to	better	outcomes	 [16].	As	proactivity	 is	
needed	in	the	engineering	industry,	risk	management	tools	have	to	overcome	and	actively	solve	
potential	problems	in	the	early	initiation,	definition,	and	implementation	phase	of	a	project	[10,	
12,	17].	Systematic	process	model	steps	and	criteria	will	allow	risk‐handling	stage‐gate	strategy	
by	selective	elimination	based	on	relevant	available	mitigation	criteria	(considering	the	contin‐
gency),	including	the	objective	probability	of	the	desired	successful	project	results.	The	desired	
successful	project	results	are	given	through	a	detailed	stage‐gate	systematic	approach	of	estab‐
lishing	all	risks	according	to	the	predefined	and	locked	model	criteria.	The	approaches	and	the	
final	objective	show	that	the	new	systematic	process	model	will	generate	less	deviation	and	im‐
prove	the	implementation	of	projects	[18].	

The	objective	of	the	early	risk	initiation	phase	is	to	prepare	a	plan	of	risk	mitigation	by	identi‐
fying	potential	 gaps,	 narrowing	down	 all	 known	 and	unknown	 risks	 before	 proceeding	 to	 the	
next	stage	[8,	10].	If	we	are	looking	from	the	qualitative	standpoint	of	resolving	these	issues	by	
using	 the	 existing	 software,	 the	 project	 definition	 does	 not	 differ	 from	 project	 planning	with	
minimum	information	 [19].	The	degree	of	 risk	 information	varies	with	project	complexity,	 the	
scope	of	work,	timeframe,	approved	funds,	and	project	location	[15].	A	few	studies	present	risk	
management	 frameworks	 from	 the	 'developers'	perspective,	 integrating	 the	 software	develop‐
ment	cycle,	and	involving	the	concerned	stakeholders	[15,	19].	The	main	message	from	the	find‐
ings	is	that	successful	projects	resolving	possible	problems	before	they	arise.	That	should	be	the	
most	crucial	task	of	project	risk	management,	and	the	aim	of	the	current	presented	study,	with	
the	 focus	 on	 the	 given	 sensitivity	 systematic	 matrix	 tree	 [12,	 20].	 Even	 the	 overview	 of	 risk	
standards	calls	for	further	process	improvements.	Based	on	the	David	H.	comparison	of	the	risk	
standards	 limitation,	 it	 is	 apparent	 that	 risk	 standards	have	a	 great	deal	 in	 common,	 and	 that	
with	a	universal	consensus	of	risk	management,	gaps	should	be	covered	[21].	On	the	other	hand,	
there	are	some,	substantial	gaps	and	material	differences	between	them:	

 The	first	is	the	general	observation	that	none	of	the	included	risk	standards	covers	all	the	
fields	 regarding	 the	 ''stakeholders'	 involvement,	 communication,	 and	 collaboration	 into	
organization	structured	adoption	of	risk	implementation.	

 The	second	is	that	specific	standards	cover	only	the	risk	management	process	but	not	the	
establishment	of	organizational	infrastructure	to	apply	such	processes.	

 The	third	is	the	differentiation	of	the	risk	definition,	an	approach	to	risk	both	as	a	threat	
and	an	opportunity,	as	opposed	to	the	approach	that	risk	is	only	a	threat.	

	 What	follows	from	all	the	above	is	that	there	is	a	broad	consensus	regarding	the	main	steps	
and	activities	of	the	generic	risk	management	process,	but	there	is	still	room	for	a	comprehen‐
sive	approach	that	will	cover	the	gaps.	The	contribution	of	the	research	is	the	effective	and	con‐
tinuous	involvement	of	stakeholders.	The	effectiveness	is	visible	throughout	the	entire	risk	pro‐
cess.	 Predefined,	 concrete	 steps	 resolve	 possible	 systematic	 risk	 system	 faults	 with	 precision	
and	functionality.	The	results	show	a	leaner	project	contingency	approach	and	shorten	the	pro‐
ject	schedule	deviations.	
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Risk	model	methodology	approach	

The	objective	of	the	research	is	proposed	with	a	systematic	risk	management	model	that	uses	a	
quantitative	 technique	with	 the	 active	 involvement	of	 stakeholders	 throughout	 the	entire	 risk	
management	process	 (identification,	 analyses,	 and	 response	 to	 risks)	 [14,	 22].	 The	 systematic	
risk	management	model	 is	 an	 integration	 of	 the	 existing	 tools	 such	 as	 Risk	Work	Breakdown	
Structure	(RWBS),	Risk	Registers	(RR),	Probability	and	Impact	(PI),	Analytic	Hierarchy	Process	
(AHP),	 Fault	 Tree	 Analysis	 (FTA)	 [23].	 Two	 significant	 areas	must	 be	 introduced	 through	 the	
model	tree:	early	systematic	risk	assessment	and	the	project	stakeholders	understanding	what	
and	how	those	steps	may	impact	the	project	beyond	its	objectives	[9,	10].	The	entire	method	is	
based	on	the	approach	with	one	step	ahead	of	any	project	definition	and	 implementation.	The	
risk	 model	 provides	 details,	 breakdown	 into	 actions	 that	 will	 support	 the	 research	 from	 the	
moment	of	decision‐making,	emphasizing	the	quantitative	approach	to	risk	evaluation	with	the	
effectiveness	in	bridging	the	gaps	mentioned	above.	

The	presented	model	involves	advanced	strategic	steps	for	risk	management.	The	advanced	
strategic	steps	practice	corrections	or	mitigations	of	risks	utilizing	knowledge	of	the	managerial	
resources,	 as	 well	 as	 the	 given	 model	 benchmarks	 [24].	 With	 this	 quantitative	 methodology,	
considering	quantitative	risk	elements	and	risk	management	integration,	the	risk	model	process	
will	be	developed	 through	stage‐gate.	 Such	an	approach	contains	 steps	 that	will	 enable	better	
implementation	of	project	risk	management.	A	systematic	approach	to	risk	management	is	the	
most	common	problem	in	the	pre‐definition	phase	of	the	project	management	industry	[12].	
	 	There	is	a	concern	with	the	policy	prescription	to	remedy	the	problem	to	provide	a	deeper	
understanding	 of	what	 constitutes	 systematic	 risk	management	 and	 how	 it	 impacts	 on	 incen‐
tives	and	welfare	measures.	The	purpose	of	the	paper	and	the	presented	model	in	risk	analysis	is	
a	 data‐level	 specification	 of	 a	 ''more	 systematic	 risk	 'treatment'	 including	 objectives	 of	 stake‐
holders.	It	is	clarified	through	the	matrix	tree	how	the	definition	criteria	differ	from	the	existing	
definitions	of	 systematic	 risk.	The	definition	 is	 applied	 to	all	 steps	 in	 the	model	 and	 the	 stage	
gates	where	 criteria	 are	well‐coded	 to	 ensure	 the	 given	 option	 over	 random	 choice	 sets.	 The	
definition	is	also	innovative,	as	opposed	to	the	consideration	of	the	existing	random	choice	sets.	
In	 circumstances	where	 a	 stakeholder	 has	 the	 option	 to	 discard	 risk	 identification	 for	 a	well‐
defined	reason,	it	is	clear	that	risk	treatment	should	be	much	more	systematic	[4,	14].	
	 The	systematic	decision	model	tree	represents	the	level	of	involvement	and	the	level	of	pre‐
dictability	of	risks,	including	the	external	and	internal	factors	with	the	focus	on	all	risk	elements	
known,	unknowns,	known	unknowns,	and	unknown	unknowns.	The	weighted	probability	of	risk	
categorization	and	mitigation	is	included	in	all	stage	gates	following	risk	assessment	according	
to	 all	 established	 criteria.	 The	main	 aim	 of	 the	 research	 is	 to	 evaluate	 and	 establish	 limits	 to	
which	level	risks	are	manageable	and	the	extent	to	which	risks	are	specific	to	a	certain	analysis	
in	the	early	project	initiation	stages	[10,	13].	The	study	is	focused	on	improving	schedule	devia‐
tion	through	the	systematic	process	model	approach	for	future	preparation	and	implementation	
of	projects.	The	most	important	motivation	for	the	paper	comes	from	the	research	gaps	where	
risk	management	and	risk	assessment	in	the	early	stage	is	not	thoroughly	considered	[8,	10,	17].	
	 The	paper	addresses	the	problem	of	risk	management	in	the	field	of	energy	industry	projects	
using	a	knowledge‐based	approach.	 It	proposes	 a	 systematic	methodology	based	on	 five	main	
segment	 criteria:	 systematic	process	matrix	 tree,	 risk	 registration,	 control	 flow	plan,	 risk	 sup‐
port	documents,	 and	data	with	 applicable	 criteria.	The	expected	mitigation	and	 the	presented	
risk	 response	 stage‐gate	 strategy	are	 there	 to	 eliminate	uncertainty	 factors	of	 the,	 anticipated	
new	unwanted	 risks	 and	 their	post	 evaluation.	The	 first	 challenge	 is	 the	modelling	of	 the	 risk	
management	 function	 area	managers	 (FAMs),	 criteria	 of	 its	 evaluation,	 and	 the	 possibility	 of	
integrating	best	practices	into	the	model.	
	 Therefore,	the	systematic	process	model	tree	and	stage‐gate	criteria	include	risk	events,	risk	
reduction	or	elimination	actions	and	their	effects,	interactions	between	the	stage	gates	concern‐
ing	risks	and	risk	decision,	and	mitigation	efforts	[18].	The	systematic	process	model	stage‐gate	
criteria	 allow	 the	 risk‐handling	 stage‐gate	 strategy	 by	 selective	 elimination	 based	 on	 relevant	
available	mitigation	criteria,	including	the	objective	probability	of	the	desired	successful	project	
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results.	The	desired	successful	project,	results	are	given	through	the	detailed	stage‐gate	system‐
atic	approach	of	establishing	all	risks	in	the	model	predefined	criteria.	The	approaches	and	the	
final	objective	show	that	the	new	systematic	process	model	generates	 less	deviation	show	dif‐
ferent	 levels	 of	 sensitivity	 results	 and	 improves	 the	 implementation	 of	 projects	 [20].	 Further	
expectations	are	that	the	application	of	the	proposed	approach	will	allow	functional	area	man‐
agers	 (FAMs)	 and	 end‐users	 to	 develop	 project	 risk	management	 functionality	 based	 on	 best	
practices	and	to	improve	the	performance	of	the	awareness.	
	 The	fundamental	changes	that	are	taking	place	today	in	the	field	of	risk	project	management	
applications	originate	precisely	in	the	area	of	the	earlier	risk	identification	work	[25].	They	are,	
on	the	one	hand,	positive	and	successful	possibilities	in	project	risk	management,	where	such	an	
approach	can	result	in	significant	flexibility	in	operation	(time	savings)	and	cost	reduction.	The	
use	of	the	earlier	risk	identification	can	be	considered	in	terms	of	improving	competencies	based	
on	 which	 a	 company's	 primary	 strategy	 then	 develops	 and	 achieves	 a	 competitive	 edge	 and	
brings	 added	 value	 to	 the	 project	management	 decision‐makers.	 Risk	management	 should	 be	
incorporated	in	the	initial	start‐up	phases	of	projects	and	continued	throughout	the	project	du‐
ration	[26,	27].	
	 Since	risk	can	occur	in	three	phases	or	levels,	the	initiation	phase,	the	project	risk	definition	
phase	and	the	day	to	day	project	operation	phase,	it	is	crucial,	based	on	the	conclusions	of	rec‐
ognized	authors,	that	risk	should	be	considered	at	the	earliest	stages	of	project	planning	to	avoid	
correction	later	in	the	execution	phase	[8‐10,	12].	Project	risk	is	always	in	the	future,	but	if	the	
risk	is	managed	systematically	and	thoroughly	in	the	early	phase,	project	implementation	should	
not	have	a	vast	deviation	or	corrections.		
	 Scientific	proofs	illustrate	that	although	there	are	well‐developed,	designed	and	implemented	
processes	of	project	Risk	Management	(RM)	such	as	risk	management	planning,	risk	identifica‐
tion,	risk	assessment,	risk	analysis,	and	risk	response	planning,	in	the	construction	project	expe‐
rience	 failure	 is	 always	ascribed	 to	 a	 risk	event	 [8,	28,	29].	Risk	management	 is	 crucial	 in	 the	
planning	stage	of	a	project,	and	its	scope	and	depth	increase	as	the	project	moves	towards	the	
execution	phase,	while	they	decrease	in	the	conclusion	phase	[30].	
	 Section	1	presents	an	overview	of	the	key	research	and	objective	glitches	 in	a	risk	manage‐
ment	society,	based	on	 the	current	 technologies	and	 the	basic	challenges	of	new	tools	as	well.	
Summary	of	the	methodology	description,	research,	and	data	collection.		
	 Section	 2	 presents	 the	 concept	 and	 assessment	 of	 the	model.	 The	 particular	 emphasis	 has	
been	put	on	the	development,	usage,	and	impact	of	applying	the	model	to	the	existing	risk	man‐
agement	 tools.	 The	 systematic	 and	 sensitivity	 approach,	 has	 been	 elaborated.	 Provides	 more	
insight	into	the	model	structure	and	implications.	Also,	discuss	the	model	individual	connections	
and	model	pattern	demonstration.	
	 Section	3	provides	an	overview	of	the	two	complex	industry	projects	(case	studies)	as	a	key	
structure	in	any	type	of	project	management.	Section	4	provides	an	overview	of	the	given	sensi‐
tivity	results	and	comparison	of	the	two	complex	industry	projects	(case	studies),	regarding	the	
sensitivity	capability	RIO	model	itself.	Section	5	presents	the	conclusions	and	discussion	of	the	
results	obtained	by	research.	The	practical	 implications	and	limitations	of	the	research	are	de‐
scribed	 and	 summarize	 the	 scientific	 contribution	of	 the	paper.	Also,	 the	 directions	 for	 future	
researches	are	indicated.	In	the	end,	it	shows	the	scientific	literature	that	has	been	used	during	
the	research,	also	indicates	the	excellent	structure	of	the	due	diligence	path	towards	the	findings. 

2. Systematic risk model, risk identification oversight (RIO)  

In	the	engineering	industry,	there	is	a	wide	range	of	risk	management	tools	and	techniques,	all	of	
which	can	add	value	to	the	performance	in	achieving	project	objectives	[32].	The	collected	exist‐
ing	risk	history	data,	together	with	the	newly	added	risks,	went	through	the	checked	Strengths,	
Weaknesses,	Opportunities,	and	Threats	(SWOT)	analysis.	SWOT	analysis	was	used	for	identifi‐
cation,	structuration,	and	comparison	of	the	already	existing	data,	their	strong	and	weak	sides	so	
that	 it	would	be	 following	the	current	project	objectives.	 In	 this	paper,	 the	emphasis	 is	not	on	
computer	 model	 outcomes	 but	 rather	 on	 the	 interactions	 of	 the	 presented	 risk	 management	
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tools,	 their	 participants,	who	 in	 this	 case	 are	 the	 functional	 area	managers,	 and	 the	 effects	 of	
systematic	interactions	according	to	the	model	given	criteria	with	the	main	impact	on	the	pro‐
ject	timeline	outcomes.	The	model,	RIO	matrix	diagram,	graphically	shows	various	combinations	
and	 conditions	 that	may	 fix	 failures,	 such	 as	 decision	making,	 analysis,	 information	 data,	 and	
possible	gaps	 [10].	Potential	gaps	are	overcome	 in	 the	model	matrix	 tree	according	 to	 the	de‐
fined	and	constructed	logical	connections	including	the	return	possibility	If	Yes,	"then	proceed	to	
the	next	step	or	stage‐gate,	and	If	Not,	"return	to	the	designated	step	of	the	gate.	The	risk	identi‐
fication	oversight	model	RIO	includes	a	detailed	evaluation	of	the	possibilities	of	various	failure	
events	at	each	stage‐gate	step	before	proceeding	to	the	task.	Such	gaps	are	filled	with	the	preci‐
sion	of	a	well‐defined	support	document;	and	based	on	one	of	the	equations	used	in	excel,	 the	
model	can	format	and	recheck	the	status	of	documents	each	time	before	it	proceeds	to	the	next	
step:	

IF(OR(OR(෍ Cn

∞

n=1

="X");OR(෍Dn

∞

n=1

="X");OR(෍ En

∞

n=1
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n=1

="X");OR(෍Dn
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="X");OR(෍ En

∞

n=1

="X");	

OR(෍ Fn
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="X");OR(෍Gn

∞

n=1

="X");OR(෍Hn

∞

n=1

="X");	

);"Check	data!";"Document	OK	✔") (1)

	 The	RIO	model	matrix	 tree	 follows	 a	 systematic	 logic	 technique,	which	 attempts	 to	 see	 all	
possible	outcomes	of	the	possible	gaps	and	all	faults	and	to	take	the	initiative	[10].	The	challeng‐
ing	part	of	the	matrix	is	to	foresee	the	impact	of	various	potential	events	due	to	the	complexity	
and	uniqueness	of	most	project	targets	where	structured	risk	key	owners	enforce	quality	control	
correction	 before	 the	 document	 is	 applied	 to	 the	 model.	 The	 owner's	 possibility	 is	 to	
acknowledge	the	final	document	and	to	present	the	following	outcomes	through	the	model.	The	
presented	results	or	mitigation	criteria	are	given	to	functional	area	managers	(FAMs)	or	stake‐
holders	for	the	final	review	and	approval	before	any	further	steps	are	taken.	Therefore,	a	possi‐
ble	fault	is	automatically	mitigated	since	there	are	a	few	steps	of	quality	control	before	the	doc‐
ument	 is	 applied	 to	 the	model.	 From	 the	 other	 point	 of	 view,	 the	 fault	 is	mitigated	by	 the	 in‐
volvement	of	functional	area	managers	and	their	contribution	to	the	mitigation	selection	and	the	
possibility	of	decisions	of	where	and	when	some	of	the	steps	need	to	be	repeated	to	achieve	real‐
istic	or	correct	results.	

The	main	model	breakdown	of	 the	risk	management	assessment	and	how	the	risks	may	be	
measured	is	given	in	[13]:	

 In	costs	(budgetary	risks)	
 In	time	(delay	risks	for	time	management)	
 Or	quality	(usually	affecting	contracts	through	the	budgetary	cost	of	improvement)	

	 The	focus	of	the	paper	is	the	time	per	given	tasks	and	the	delays.	The	model	allows	a	(stage‐
gate)	 strategy	 for	managing	 risk	 by	 selective	 elimination	 based	 on	 relevant	 available	 criteria	
(considering	unforeseen	events),	considering	objective	probability.		
	 This	integrated	approach	and	the	final	results	show	that	the	model	generates	systematic	risk	
treatment	as	smoothly	as	possible,	improves,	and	clearly	indicates	the	sensitivity	transformation	
parameters	 of	 the	 project	 time	 impacts.	 The	paper	 does	 not	 deal	with	 the	 impact	 of	 software	
solutions	qualitatively	in	relation	to	quantitative,	but	only	the	quantitative	approach	is	applied	
[19].	The	expected	results	of	the	proposed	approach	will	enable	functional	managers	and	clients	
to	develop	a	project	risk‐based	management	function	built	on	good	practice,	raising	awareness	
of	early	risk	detection	[8].	
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	 The	structure	of	the	risk	model	matrix	tree	is	explained	and	defined	based	on	two	main	ele‐
ments:	

1. Methodological	evaluation	of	factors	that	include	a	set	of	criteria	for	each	step	
2. The	level	of	evaluation	for	each	factor	and	its	dimensions.	

The	presented	model	tree	will	have	three	main	corrective	groups:	

 First	group	*:	Systematic	process	map	with	stage	gates	one	(1)	through	five	(5)	
 Second	group	**:	Risk	registration	and	control	flow	plan	
 Third	group	***:	Risk	documents	and	data	with	 the	applicable	risk	management	existing	

tools		

	 Each	 group	 of	 risk	 data	 files	 (***)	must	 pass	 through	 the	 (**)	 risk	 registration	 and	 control	
flow	plan	before	moving	to	the	next	step.	The	systematic	process	map	(*)	is	developed	in	detail	
(each	step	has	a	note/task	of	explanations)	to	create	more	criteria	 for	the	decision	of	 the	 flow	
plan	(**)	and	supported	by	the	risk	data	and	the	applied	methods	(***).	At	every	step,	risk	doc‐
uments	will	go	through	different	risk	data	criteria	sets.	These	documents	aim	to	reduce	the	ex‐
pansion	of	documentation	and	to	make	the	existing	documentation	as	simple	and	useful	as	pos‐
sible.	The	advantage	of	the	RIO	model	is	that	the	tree	is	not	significant	and	complicated,	and	it	
helps	 in	visualizing	the	analysis,	considering	combinations	of	 corrections,	and	determining	oc‐
currence	 probability	 for	 complex	 corrections.	 In	 the	 RIO,	 risk	 assessment	 is	 performed	 using	
quantitative	methods,	but	also	some	aspects	of	qualitative	methods,	too.		
	 Fig.	1	shows	 the	stage‐gate	No.	1	and	 the	 first	step	 in	 the	risk	management	model	process,	
where	 all	 stakeholders	 are	 involved	 from	 the	 beginning	 [14].	 At	 this	 stage,	 all	 related	 project	
risks	(known	and	unknown)	are	listed.	Also,	the	historical	documents	of	a	previous	project	rele‐
vant	to	the	scope	it’s	 included,	as	well.	 In	stage‐gate	No.	1,	risks	are	grouped	by	category,	pre‐
senting	the	details	of	risks,	the	strategy	of	mitigation,	the	probability	of	occurrence,	responsible	
individuals	with	 their	roles	and	responsibilities.	Further	down	through	 the	decision	tree,	risks	
are	given	a	rating	scale	from	the	high‐high	to	the	low‐low	and	categorized	from	the	knowns,	un‐
knowns,	and	new	risks.	Costs	are	associated	with	each	of	the	identified	risks.	At	the	end	of	the	
stage‐gate	No.	1,	all	risks	are	acknowledged	by	the	stakeholders,	with	all	the	needed	criteria	that	
include	 the	 initial	RWBS	and	schedule.	Before	any	 further	 step	 is	 taken,	 the	owner	of	 the	 risk	
assessment	team	confirms	authorization	towards	the	next	stage	gate.		
	 Fig.	2	is	the	stage‐gate	No.	2,	a	step	where	only	the	unknown	risks	are	treated.	The	stage‐gate	
is	 developed	 based	 on	 certain	 flow	 steps	 with	 the	 possibility	 of	 checkpoints	 and	 corrections	
(workshops,	decision	tree	analysis	with	an	integrated	approach,	including	brainstorming,	check‐
list,	probability	impact	matrices,	objective	judgment).	A	set	of	documents	such	as	RWBS,	RR,	PI,	
AHP,	FTA	 is	prepared	and	 implemented	 through	 the	process	 [23].	The	outcomes	of	 the	 stage‐
gate	No.	2	are:	all	identified	risks	at	the	end	of	the	stage‐gate	are	established	as	unknowns,	in‐
cluding	new	risks	 that	are	selected	as	unknown	and	all	applicable	history	unknown	risks.	The	
stage‐gate	provides	the	first	summary	of	the	unknowns	results	with	the	first	estimated	cost.	At	
this	stage‐gate,	all	project	unknowns	are	acknowledged.	

Fig.	3	shows	stage‐gate	No.	3,	a	step	where	only	known	risk	is	treated.	The	stage‐gate	is	de‐
veloped	based	on	the	firm	flow	steps	with	the	possibility	of	checkpoints	and	corrections.	A	set	of	
documents	is	introduced	through	a	process	that	is	almost	identical	to	the	stage‐gate	No.	2.	The	
stage‐gate	outcome	is:	all	new	risks	are	selected	as	known,	including	all	applicable	history	data	
of	known	risk	[23].	At	this	stage‐gate,	all	project	knowns	are	acknowledged.	



Systematic mitigation of model sensitivity in the initiation phase of energy projects
 

Advances in Production Engineering & Management 15(2) 2020  223
 

	
Fig.	1	Stage‐gate	matrix	No.	1	

	

Fig.	2	Stage‐gate	matrix	No.	2	
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Fig.	3	Stage‐gate	matrix	No.	3	

	 Fig.	4	shows	stage‐gate	No.	4,	where	all	initial	reports	are	obtained,	and	deeper	systematization	
and	synthesis	of	risk	are	acquired,	the	result	of	which	is	greater	knowledge	about	the	project.	The	
proposed	analysis	of	risk	mitigation	is	focused	on	the	initial	WBS	and	the	proposed	schedule	time‐
lines.	All	possible	deviation,	 exceptions,	 and	 impacts	 are	explained.	The	 link	between	any	docu‐
ments,	but	with	 the	emphasis	on	documents	related	to	scheduling,	 is	achieved	using	the	built‐in	
excel	functionality	that	automatically	searches	for	the	source	of	data	needed	and	used	in	the	cur‐
rent	stage	gate.	Each	time	the	document	is	currently	in	use,	its	opening	will	require	an	update.	This	
is	achieved	using	formulas	"Formulas>	Edit	 links."	All	major	risk	impacts	reflecting	the	schedule	
are	updated,	and	the	first	mitigation	on	all	knowns	and	unknows	is	applied.	
	 The	formula	for	the	validation	of	risks:	

IF	(AND(^="✔"),	AND(NOT(^=""),NOT(^=""))),"OK","")	

IF	(AND(^="✔"),	AND(NOT(^=""),NOT(^=""))),"OK","") (2)
where	the	^	is	the	excel	file	cell	location.	
Risk	exposure	factor	using	unified	formulas	[33]:		

ܧ ൌ ܲ ∙ 	ܫ (3)

where	E	is	risk	exposure,	P	risk	probability,	and	I	risk	impact.	
Risk	exposure	factor	and	the	risk	mitigation	cost	using	unified	formulas	[34,	35]:		

ܧ ൌ ܲ ∙ ܫ ൬
ܴܸ

/ܨܵܲ 8
൰ ∙ 	ܥܫ (4)

where	RV	is	risk	weight,	IC	initial	cost,	and	PSF	proportional	scale	factor.	



Systematic mitigation of model sensitivity in the initiation phase of energy projects
 

Advances in Production Engineering & Management 15(2) 2020  225
 

	
Fig.	4	Stage‐gate	matrix	No.	4	

	

		 	
Fig.	5	Stage‐gate	matrix	No.	5	

	 Fig.	5	is	stage‐gate	No.	5,	where	all	data	is	obtained.	The	first	set	of	results	and	reports	is	ex‐
amined.	The	acknowledgment	of	 risk	mitigation	 is	derived	 from	 the	 stakeholders,	 and	 further	
actions	and	analyses	are	proposed.	

All	known	and	unknown	risk	 final	 impacts	are	highlighted	 through	the	continued	workshops	
[32].	At	this	stage,	the	focus	is	on	the	high‐risk	mitigation/probability	corrections	and	the	effects	
on	the	schedule‐timeline	built	from	the	initial	work	breakdown	structure	and	schedule.	All	possi‐
ble	deviations	are	presented	and	explained.	The	selected	risk	volumes	are	moved	from	the	work	
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breakdown	into	schedule	tool	reports.	At	this	stage,	the	results	for	the	critical	risks	are	confirmed	
with	the	data	presented	in	Table	1	&	Table	2	‐	Major	risks	for	Project	No.	1	&	No.	2.	
	 Fig.	 6	 shows	 stage‐gate	No.	 6,	where	 the	 results	 are	 combined,	 and	 all	 project‐related	 risk	
results	locked.	At	this	stage,	numerous	reports	are	prepared,	and	data	are	archived	and	stored	
on	the	shared	drive.	

	
Fig.	6	Stage	Gate	Matrix	No.	6	

3. Case studies  

3.1 Case study No. 1  

Case	study	No.	1	is	an	industry	project	of	a	drilling	platform	reconstruction.	The	project	consists	
of	one	hundred	six	scopes	of	work	with	the	major	reconstruction	considering	all	relevant	engi‐
neering	disciplines.	Project	risk	identification	and	assessment	were	performed	through	a	set	of	
documents	such	as	RWBS,	RR,	PI,	AHP,	FTA,	and	 integrated	 through	 the	systematic	process	of	
the	presented	model	[23,	31].	Starting	with	the	initial	three	hundred	two	(302)	identified	risks,	
through	data	analyses,	with	the	comparison	of	data	which	have	been	extracted	from	the	existing	
history	data	file	and	processed	through	the	matrix	iterations	and	mitigation	of	changes,	the	final	
result	was	fifty‐one	(51)	major	selected	risks.	Fifty‐one	selected	risks	use	the	form	of	scheduling	
connection	and	the	initial	work	breakdown	structure	(WBS),	following	the	logic.	All	data	is	ana‐
lyzed	only	concerning	the	schedule‐timeline	impacts.	The	presented	changes	use	the	embedded	
excel	formula	and	pivot	analysis	of	data	on	certain	tasks	in	which	changes	occurred.	Such	a	con‐
nection	drives	 the	preceding	data	 to	obtain	 the	 final	excel	 table	and	graph	views.	As	 it	 can	be	
seen	in	the	column	differences,	going	through	the	systematic	model	in	the	early	project	initiation	
phase,	significant	gaps	regarding	time	durations	can	be	observed.		
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Table	1	Major	risks	for	the	case	study	No.	1	

Task	
ID	No.	

Description	 Duration	per	tasks	
Task Baseline	duration Estimated	duration		 Difference	in	days

1	 Painting	specialist	consulting	 216 271 55	
2	 Painting	specialist	consulting	WBS	–	

Phase	1	
62 57 ‐5	

3	 Painting	specialist	consulting	WBS	–
Phase	2	

62 50 ‐12	

4	 Painting	specialist	consulting	WBS	–
Phase	3	

62 56 ‐6	

5	 Procurement	LLI	 272 394 122	
6	 Procurement	Other	 142 432 290	
7	 Project	team	–	mobilization	 13 15 2	
8	 Legs	scopes	of	work	 171 201 30	
9	 Leg	#3	 171 202 31	
10	 Leg	#2	 144 159 15	
11	 Leg	#1	 144 142 ‐2	
12	 Main	deck	‐	steel	renewal	 129 208 79	
13	 Removal	of	areas	&	welding	of	new	

steel	
89 80 ‐9	

14	 Removal	of	areas	&	welding	of	new	
steel	Phase	1	

27 15 ‐12	

15	 Removal	of	areas	&	welding	of	new	
steel	Phase	2	

29 21 ‐8	

16	 Removal	of	areas	&	welding	of	new	
steel	Phase	3	

31 22 ‐9	

17	 Preload	tanks	 98 143 45	
18	 Bow	 70 86 16	
19	 Tank	#1	 54 82 28	
20	 Tank	#2	 58 83 25	
21	 Tank	#3	 64 86 22	
22	 STDB	 71 90 19	
23	 Tank	#13	 64 86 22	
24	 Tank	#17	 69 93 24	
25	 Tank	#12	 72 72 0	
26	 Tank	#14	 74 63 ‐11	
27	 Cable	trays	&	supports	–	renewal	 93 85 ‐8	
28	 Refurbishment	of	cable	trays	and	

supports	–	phase	2	
32 24 ‐8	

29	 Refurbishment	of	cable	trays	and	
supports	–	phase	3	

23 15 ‐8	

30	 Helideck	installation 77 36 ‐41	
31	 Marine	equipment	&	systems	 123 218 95	
32	 Jacking	system	 14 20 6	
33	 Preload	system	–	piping	&	dump	

valves	repair/replacement	
98 139 41	

34	 Preload	system	–	Phase	1	 48 94 46	
35	 Preload	system	–	Phase	2	 49 40 ‐9	
36	 Drilling	equipment	&	systems	 114 151 37	
37	 Top	drive	–	overhaul 85 72 ‐13	
38	 Top	drive	Trolley	Beams	 55 44 ‐11	
39	 Well	testing	lines	–	repair	/	replace‐

ment	
18 11 ‐7	

40	 Mud	pumps	–	overhaul	 60 40 ‐20	
41	 Safety	equipment	&	systems	 124 137 13	
42	 Fast	rescue	boat	–	refurbishment	 35 28 ‐7	
43	 Installation	of	new	davits,	lifeboat	

stations	3	&	4	
50 35 ‐15	

44	 Fire	alarm	system	upgrade	 55 45 ‐10	
45	 Deck	cranes	 125 65 ‐60	
46	 STBD	crane	 41 31 ‐10	
47	 Aft	crane	 41 37 ‐4	
48	 Port	crane	 41 37 ‐4	
49	 MCC	–	upgrade	 112 100 ‐12	
50	 Communications	&	data	processing	 86 259 173	
51	 TV	system	–	'receiver's	replacement	 14 12 ‐2	
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3.2 Case study No. 2  

Case	 study	No.	2	 is	 an	 industry	project	of	 a	drilling	 rig	modernization.	The	project	 consists	of	
forty‐seven	scopes	of	work	with	significant	modernization	considering	all	relevant	engineering	
disciplines.	Project	risk	 identification	and	assessment	were	performed	using	the	specific	set	of	
documents,	as	in	case	study	No.	1,	following	the	systematic	model	process	[23,	31].	Starting	with	
the	initial	two	hundred	fifty‐two	(252)	identified	risks,	through	data	analyses,	with	the	compari‐
son	of	data	which	have	been	extracted	from	the	existing	history	data	file	and	processed	through	
the	matrix	iterations	and	mitigation	of	changes,	the	result	was	thirty	(32)	major	selected	risks.	
Thirty	 introduced	 risks	 use	 a	 form	 of	 scheduling	 connection	with	 a	 comparison	 of	 the	 initial	
WBS,	and	the	analyzed	results	reflect	only	schedule‐timeline	impacts.	The	changes	show	differ‐
ences	 in	days	between	 the	 initial	 estimation	 in	 the	work	breakdown	structure	WBS,	 then	cor‐
rected	based	on	the	applied	action	of	the	model	in	the	schedule,	with	an	emphasis	on	durations	
with	a	negative	impact,	but	in	most	cases	with	a	positive	impact	on	the	scheduled	durations.	In	
every	way,	this	corrective	tool	shows	a	realistic	status	of	the	planned	activities.	
	

Table	2	Major	risks	for	the	case	study	No.	2	

Task	
ID	No.	

Description	 Duration	per	tasks	
Task	 Baseline	duration Estimated	duration	 Difference	in	days

1	 Project	preparation	phase	 228 237 9	
2	 Wind	wall	 60 272 212	
3	 Triplex	pumps	 126 256 130	
4	 Third‐party	inspections	 11 163 152	
5	 Substructure	 61 118 57	
6	 R/U	electrical	power	supply	 167 121 ‐46	
7	 Procurement	of	rig	 350 123 ‐227	
8	 Procurement	of	solids	control	

equipment	
160 193 33	

9	 Procurement	of	BOP	control	unit	 276 209 ‐67	
10	 Procurement	of	BHA elements	 226 117 ‐109	
11	 Outdoor	high	voltage	and	lighting	

system	execution	works	
165 111 ‐54	

12	 Nested	water	tank	manufacturing	 140 184 44	
13	 MCC	container	manufacturing	 144 113 ‐31	
14	 Mast	and	substructure 120 98 ‐22	
15	 Manufacturing	of	mud	tank	sys‐

tem	
197 133 ‐64	

16	 Low	pressure	mud	system	 18 15 ‐3	
17	 Instrumentation	system	 95 ‐8 ‐103	
18	 Instrumentation	and	data	system	 130 55 ‐75	
19	 Install	the	HP	lines	&	H.	manifold	 13 35 22	
20	 Hydraulic	system	modification	 125 72 ‐53	
21	 High	pressure	mud	system	manu‐

facturing	
197 76 ‐121	

22	 Fuel	tank	system	manufacturing	 258 50 ‐208	
23	 Foldable	mobile	house	manufac‐

turing	
114 85 ‐29	

24	 Finalize	social	&	office	containers.	 81 86 5	
25	 Diesel	supply	system 114 13 ‐101	
26	 Caravan	manufacturing	 183 120 ‐63	
27	 BOP	transport	and	testing	skid	 32 62 30	
28	 Air	supply	unit	manufacturing	 140 34 ‐106	
29	 Works	prior	to	mast	erection	 13 74 61	
30	 Mast	erection	partial	jobs	 20 49 29	

4. Results and discussion – Sensitivity transformation of the case studies  

Lack	of	precision	can	lead	to	misleading	conclusions.	The	RIO	model	excludes	the	possibility	of	preci‐
sion	errors.	Therefore,	 if	 the	risk	assessment	and	treatments	being	taken	in	an	inconsequential	
way	by	not	following	all	predefined	steps,	it	'wouldn't	be	possible	to	treat	the	all‐risk	elements	
correctly	through	the	RIO	model	process.	In	such	a	case	that	defined	steps	in	the	RIO	model	ma‐
trix	have	skipped	the	outcome	of	 the	results	will	 lead	to	significant	deviations.	The	RIO	model	
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sensitivity	transformation	clearly	shows	how	much	systematic	approach	is	needed.	In	case	that	
such	 inconsequential	way	 is	continued	through	the	entire	RIO	model	matrix,	 it	will	be	evident	
misguidance	of	 the	data.	By	enabling	a	more	accurate,	 systematic	 treatment	of	 the	 risks	 input	
and	output	sizes	by	reducing	all	possible	faults,	additional	extended	learning	and	vast	correction	
processes	can	be	prevented.	Based	on	that,	the	accuracy	and	sensitivity	of	the	model	are	shown	in	
Fig.	7	to	Fig.	10.		
	 Fig.	Seven	and	Fig.	8	show	the	graph	and	the	amplitudes	of	 the	deviations	 for	Project	No.	1	
and	Project	No.	2.	Graphs	in	Fig.	9	and	Fig.	10	are	linked	with	Table	1	and	Table	2	–	Major	risks	
for	Project	No.	1	and	2,	where:	

 the	blue	line	shows	task	durations	after	all	five	stage	gates,	
 the	red	line	shows	the	estimated	durations	from	the	initial	WBS	and	schedule,	
 the	green	shows	achieved	differences	in	days	per	task	after	the	RIO	process	has	been	ap‐

plied.		

	 The	 tables	 show	 the	main	 tasks,	 initial	duration	based	on	 the	WBS,	 and	 then	 the	 corrected	
and	estimated	length	based	on	the	RIO	model	mitigation.	Fig.	Seven	and	Fig.	8	clearly	show	the	
positive	and	negative	deviations	that	have	a	direct	impact	on	the	schedule.	Based	on	the	results,	
it	is	clearly	demonstrated	that	in	the	early	stage	of	the	project	definition,	risk	management	has	a	
significant	correction	impact.	

To	present	one	more	evidence	of	how	much	a	systematic	risk	management	tool	is	needed,	Fig.	
9	and	Fig.	10	show	sensitivity	graph	amplitudes,	where	some	of	the	steps	in	the	RIO	risk	matrix	
decision	tree	were	overlooked	and	neglected.	This	shows	that	the	presented	model	has	to	follow	
a	precise	systematic	way	of	the	predefined	three	steps	[15].	Performance	cases	for	both	of	the	
projects	are	negative,	or	projects	are	underperformed	based	on	the	initially	given	objectives.	If	
the	problem	is	addressed	trivially,	by	taking	only	a	few	significant	risks	out	of	the	total	number	
of	risks,	to	show	deviation	in	cases	when	some	steps	are	skipped,	it	is	not	possible	to	treat	risk	
through	the	process	[15].	There	is	abundant	evidence	that	the	early	systematic	model	is	needed	
[9].	A	comparison	of	the	graphs	for	each	of	the	projects	clearly	shows	a	significant	negative	im‐
pact	and	deviation	on	the	project	task	durations.	

	
Fig.	7	Major	risk	deviations	case	study	No.	1	
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Fig.	8	Sensitivity	of	major	risk	deviations	case	study	No.	1	

	
Fig.	9	Major	risk	deviations	case	study	No.	2	

	
Fig.	10	Sensitivity	of	major	risk	deviations	case	study	No.	2	

5. Conclusion 
Systematic	 risk	 management	 is	 an	 ongoing	 process	 that	 should	 be	 implemented	 through	 all	
phases	 of	 projects	 [12,	 32].	 Thus,	 the	 lack	 of	 systematic	 formality	 is	 an	 obstacle	 to	 successful	
project	 implementation.	The	objective	of	 this	paper	was	 to	 examine	 the	 sensitivity	 of	 the	 sys‐
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tematic risk management model with the involvement of stakeholders throughout the entire risk 
management process [14, 22]. This paper represents the development of the systematic risk 
model with references, collaboration quantitative tools system, and the impact of the mentioned 
systematic system on resolving the gaps and faults and organizational performance, which is 
based on the model of risk management system success. The paper clearly outlines what is 
needed in the industry for project management companies to successfully measure the effects of 
risk threats in any industrial technology [12]. It clearly shows an increased awareness of the 
sensitivity tools where only a few missed steps can have significant deviations from the original 
objectives [20]. The sensitivity of results opens a new area of research, but also provides organi-
zations with additional knowledge that needs to be addressed with a systematic definition of the 
effectiveness of the adopted or existing models. Also, new systematic sensitivity effectiveness 
improvement of the collaboration system is influenced by the quality of the system model, user-
friendliness, end-user involvement, and results in benefits. The paper shows how successful 
awareness and risk perceptions are necessary to improve future project preparation and future 
execution. The model uses a mixed approach to data collection with common and acknowledged 
risk management processes, with the objective parameters in combination with the subjective 
attitudes of the involved stakeholders, which allows better use of the documents criteria in the 
model [13]. The model modifies and complements the existing tools of systematic risk success 
assessment – effectiveness in the context of the structured, systematic system and provides in-
formation regarding relations between the stakeholders [4]. With such a systematic approach 
with locked steps, involving stakeholders from the beginning of the process, and narrowing 
down their objectives, it is obvious that the major gaps are covered. This research shows that it 
represents a valid and reliable step towards improving the measurement of the early systematic 
risk mitigation systems. The main limitation of the study comes from the level of data that is 
available at an early stage. The second limitation of the tool is the mitigation strategies identified 
by the stakeholders to accept risks according to which level of activity risks are controllable per 
the model stage gates. From the academic point of view, the limitation comes from the fact that 
RIO tool practice is not widespread in other engineering industries with the applicability 
through the different sets of risk data assessments. The future study will be made in a way of a 
methodical web-based application that companies can use and access the web-based tool 
through servers. If there was a need for it, the application could be further developed. 
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A B S T R A C T	   A R T I C L E   I N F O	

Realization	 of	 information	 security	 among	 supply	 chain	 components	 has	
always	been	one	of	the	concerns	of	supply	chain	players.	This	research	is	the	
development	of	a	mixed	integer	mathematical	model	for	solving	the	problem	
of	designing	a	multi‐product	network	chain	and	balancing	the	separation	line	
of	 parts	 in	 a	 closed	 loop	 supply	 chain.	 This	model	 is	 responsive	 to	market	
demand	for	finished	products	and	spare	parts	simultaneously,	and	minimizes	
the	 transportation	 costs	 in	 forward	and	backward	 chains,	 product	purchase	
costs	 in	 assembly	 section,	 costs	 of	 renewing	 collected	 products,	 and	 fixed	
costs	of	workplaces	for	the	dividing	the	parts.	This	game	consists	of	two	play‐
ers:	 the	 first	player	 includes:	 Suppliers,	 assembly	 centers,	 retailers	 and	 cus‐
tomers,	and	the	second	player	includes	collection	centers,	renovation	centers,	
separation	centers	and	disposal	centers.	The	payoff	of	each	actor	is	minimiz‐
ing	their	own	objectives,	and	the	objective	of	the	model	is	the	unawareness	of	
the	members	of	the	chain	from	the	objectives	of	other	members	(information	
security).	The	proposed	model	was	solved	 in	GAMS	24	software.	Due	 to	 the	
nested	model,	 the	first	model	 is	solved	first	and	the	results	of	the	model	are	
entered	 into	 the	 second	model.	 The	 results	 of	 the	model	 solution	 show	 the	
good	performance	of	 the	proposed	model	 after	 implementation	 for	 the	 case	
study.	 Among	 the	 innovations	 of	 this	 research	 is	 the	 consideration	 of	 the	
Stackelberg	 game	 in	multi‐product	 closed	 loop	 supply	 chain	 along	with	 the	
balance	of	the	separation	line	of	parts	with	the	objective	of	minimizing	all	the	
cost	elements.	
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1. Introduction  

Over	the	past	few	years,	the	emergence	of	new	technologies	and	massive	changes	in	world	mar‐
kets	have	made	supply	chain	management	more	necessary,	in	such	a	way	that	different	organi‐
zations	have	to	use	supply	chain	management	to	create	and	maintain	their	competitive	position.	
The	 information	 revolution	 and	 the	 emergence	 of	 new	 forms	 of	mutual	 relationship	 between	
organizations	and	growth	of	customer	expectations	with	regard	 to	products	and	services	cost,	
quality,	delivery,	technology	and	the	committed	cycle	time,	given	the	increasing	competition	in	
global	markets	 and	 the	 like,	 are	 among	 the	 factors	 that	 have	made	 organizations	 around	 the	
world	 to	 leave	 traditional	purchase	 systems	and	move	 towards	 the	 supply	 chain	management	
system	[1].		

Due	 to	 increased	 environmental	 and	 legal	 concerns	 (such	 as	 the	 prohibition	 of	 disposal	 of	
some	products,	 along	with	 the	 reduction	 of	 raw	materials	 resources	 and	 the	 discovery	 of	 the	
profitable	 opportunity	 of	 recovering	 returned	products),	 the	 scope	of	 traditional	 supply	 chain	
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management	 has	 broadened	 the	 introduction	 of	 reverse	 logistics	 and	 the	 closed‐loop	 supply	
chain	 [2].	 Over	 the	past	 few	 decades,	many	 factories	 have	 paid	 particular	 attention	 to	 the	 re‐
trieval,	renewal,	and	reverse	and	closed‐loop	supply	chain	in	a	broad‐spectrum	of	products	(in‐
cluding	steel,	tire,	printers,	ships,	disposable	cameras,	automotive	parts,	photocopiers,	comput‐
ers	and	cellphones)	and	have	had	a	significant	improvement	in	this	field	[3].	Renovation	of	the	
product	can	be	investigated	in	two	respects:	the	type	of	returned	products	or	the	type	of	activi‐
ties.	From	the	first	point	of	view,	the	return	of	products	may	occur	for	various	reasons	through‐
out	the	life	cycle	of	the	product.	Commercial	returns	are	the	products	that	customers	return	to	
retailers	after	30,	60,	or	90	days	after	purchase,	requiring	a	minor	fix	for	re‐launch	[4].		

Generally	and	traditionally,	manufacturers	of	products	and	items	do	not	take	any	responsibil‐
ity	in	relation	to	their	goods	after	distribution	and	then	consumption	by	consumers,	and	do	not	
commit	to	their	distributed	and	consumed	products.	Today,	however,	the	volume	of	consumed	
products	has	caused	significant	damage	to	the	environment,	and	everyone	including	consumers	
and	 authorities	 are	 concerned	 about	 the	 environmental	 conditions.	 So	 everyone	 expects	 from	
different	manufacturers	of	goods	and	items	to	accept	the	cost	of	waste	collection	resulting	from	
their	products,	or	at	 least	 reduce	 the	waste	of	 consumed	products	 [5].	This	growing	attention	
towards	waste	management	and	the	introduction	of	new	rules	on	waste	products	(especially	in	
Europe)	have	 led	manufacturers	 to	 improve	 their	production	process,	because	 the	cost	of	dis‐
posal	 and	 cleaning	 the	 environment	 is	 very	 high.	 The	 present	 study	 seeks	 to	 design	 a	multi‐
product	closed	loop	logistics	network	[6].	Lessening	transportation	costs	 in	forward	and	back‐
ward	chains,	product	purchase	costs	in	assembly	section,	costs	of	renewing	collected	products,	
and	fixed	costs	of	workplaces	for	the	dividing	the	parts	is	the	main	goal	of	companies.	

So	this	research	is	presented	in	8	sections.	In	the	first	and	second	sections,	the	introduction	
and	literature	review	are	offered.	Statement	of	the	problem	and	the	mathematical	modeling	are	
presented	 in	 the	 third	and	 fourth	section,	 respectively.	The	mechanism	of	 the	competition	be‐
tween	players	 is	 reviewed	 in	 the	 fifth	 section,	 and	 the	 case	 study	 in	 the	 sixth	 section.	 To	 end	
with,	 computational	 results	 and	 conclusions	 are	 expressed	 in	 seventh	 and	 eighth	 sections,	 re‐
spectively.	

2. Literature review 

Zailani	 et	 al.	 [7]	 observed	 the	 design	 of	 the	 supply	 chain	 network,	 and	 proposed	 linear	 pro‐
gramming	based	on	genetic	algorithm.	They	used	 linear	programming	and	also	genetic	opera‐
tors.	They	showed	that	their	method	with	cplex	software	is	more	successful	than	the	traditional	
genetic	algorithm.	Saidinia	et	al.	[8]	proposed	a	nonlinear	integer	model	with	solving	method	of	
genetic	algorithm	for	designing	a	reverse	network	emphasizing	on	the	number	and	 location	of	
return	centers	with	the	objective	of	minimizing	costs.	They	considered	the	balance	between	the	
discount	rate	of	fare	and	the	cost	of	inventory	storage	due	to	the	transportation	and	integration	
to	determine	 the	 exact	 time	of	 integration	of	 the	main	 collection	 centers.	Zhang	et	al.	 [9]	 pre‐
sented	an	integer	linear	programming	model	for	planning	a	supply	chain	network	with	stochas‐
tic	 demand	 and	 supply.	 They	 presented	 two‐stage	 stochastic	 optimization	 approach	 based	 on	
the	integer	method,	which	evaluated	location	decisions	and	facility	allocations	in	the	first	stage	
and	the	flow	routing	decisions	in	the	second	stage.	Kalverkamp	et	al.	[10]	outlined	a	reverse	lo‐
gistics	 network	 considering	 two	 options	 of	 renovation,	 repair	 and	 production	 simultaneously.	
They	 showed	 that	 considering	 repair	 in	 the	 reverse	 logistics	 system	along	with	 re‐production	
can	have	a	great	impact	on	network	structure	system	and	costs	reduction.	Guo	et	al.	[11]	studied	
the	general	supply	chain	network	by	formulating	and	optimizing	the	robust	state	of	the	network	
using	variable	non‐uniformity	theory.	Jia	et	al.	[12]	investigated	the	design	of	the	reverse	logis‐
tics	network	under	uncertainty	and	provided	a	two‐stage	probabilistic	programming	approach	
in	which	the	solving	method	was	the	integrated	SA	heuristic	method.	

Sahebjamnia	et	al.	[13]	proposed	a	scenario‐based	stochastic	optimization	model	for	design‐
ing	a	 supply	 chain	network,	 in	which	demand,	 the	number	and	quality	of	 returns,	 and	all	 sto‐
chastic	variables	were	considered	to	be	stochastic.	Uncertainty	in	the	quality	of	returned	prod‐
ucts	was	considered	and	a	mixture	of	renewable	and	crushed	in	return	flow	were	considered	as	
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stochastic	parameters.	Pereira	et	al.	 [14]	presented	a	multi‐objective	stochastic	two‐stage	inte‐
ger	model	 for	 reverse	 logistics	programming,	 considering	multi‐product,	 technology	 selection,	
and	the	transportation	costs	and	the	expansion	of	waste	to	be	probabilistic.	Bhattacharya	et	al.	
[15]	presented	an	 integer	programming	model	 for	designing	of	a	 large‐scale	paper	renovation	
network	under	uncertainty.	Gu	et	al.	[16]	developed	an	integer	programming	model	for	simulta‐
neous	programming	and	designed	a	multi‐product	multi‐cycle	closed‐loop	supply	chain	in	which	
the	given	time	cycle	was	divided	into	strategic	time	units	and	these	units	themselves	were	divid‐
ed	to	smaller	parts.	They	also	considered	travel	time	of	flows,	processing	time	of	facilities,	cate‐
gorization	 of	 product	 materials,	 product	 disassembly	 structure	 and	 environmental	 objectives	
imposed	 by	 law.	 Hajipour	 et	 al.	 [17]	 projected	 a	 strong	 optimization	 model	 for	 designing	 a	
closed‐loop	 supply	 chain	 network	 that	 supposed	 the	 number	 of	 refunded	 products,	 customer	
demand,	after	market,	and	transportation	costs	in	fluctuating	stochastic	sets.	Hasanov	et	al.	[18]	
studied	the	design	of	 the	reverse	supply	chain	network	by	designing	product	components	and	
different	 levels	of	quality.	They	considered	the	collection	of	returns	from	retailers	 in	combina‐
tion	with	the	renovation	of	collected	product	components	using	the	renovation	service	network.	
Ruiz‐Torres	et	al.	[19]	provided	a	reverse	supply	chain	network	model	that	minimized	the	total	
cost	of	return	process	of	electronic	products.	As'ad	et	al.	[20]	offered	an	integer	linear	program‐
ming	model	for	designing	a	reverse	supply	chain	system	for	programming	the	renewal	of	elec‐
tronic	products	in	the	state	of	Texas	and	decreasing	the	waste	flow.	Their	model	measured	the	
obsolescence	 of	 electronic	 products	 and	 the	multitasking	 function	 of	 resources.	 Yu	 et	al.	 [21]	
presented	 a	mathematical	model	 for	 inventory	management	 in	 supply	 chain.	 They	 solved	 the	
presented	mathematical	model	using	Ant	colony	algorithm.	Using	fuzzy	numbers	in	model	is	one	
of	the	contributions	of	model.	Orščič	et	al.	 [22]	presented	a	model	for	third‐party	logistics	ser‐
vice	providers	 in	 supply	 chains.	Considering	 sustainability	 in	 green	 supply	 chain	 is	 one	of	 the	
contributions	of	their	research.	he	models	incorporates	the	application	of	quality	measurement	
standards	and	a	PDCA	cycle	system	of	continuous	improvement	into	indicators.	Liang	et	al.	[23]	
presented	a	stochastic	mathematical	model	for	remanufacturing	in	supply	chain.	Thy	proposed	
the	 coordination	mechanism	 to	 describe	 relationship	 between	 supplier	 and	 service	 provider.	
Finally	the	adaptive	immune	genetic	algorithm	was	established	to	solve	the	model.	

An	account	of	the	literature	review	is	given	in	Table	1.	

Table	1 A	review	of	previous	research 
Objective	
function

Capacity	
status

Single	/	
multi	
product

Planning	
type

Data	typeModeling	
type

Decision‐
making	
factors

Network	
structure

Author

Min	costUnCapMCMPDtrMIPLACLSCZailani	(2019) 
Min	profitUnCapSCSPDtrMILPLACLSCSaedinia	(2019) 
Min	costCapMC/SCMPDtrMILPFLRSCJing	(2019) 
Min	costCapSCSPDtrMIPRouCLSCJia	et	al.	(2019) 
Min	profitCapSCMPStochMINLPFlowRSCRuiz‐Torres	(2019) 
Min	profitCapMCSPStochMIPRouCLSCMatthias	(2019) 
Min	profitUnCapSCSPDtrMINLPFLCLSCGuo	(2019) 
Min	costCapMCSPDtrMIPAlloRSCHajipour	et	al.	

(2019)	
Min	costUnCapSCSPDtrMILPFlowCLSCAs'ad		

et	al.	(2019)	
Min	costCapMCMPStochMILPFLRSCBhattacharya	et	al.	

(2018)	
Min	costCapSCSPDtrMILPAlloCLSCGu	et	al.	(2018)	
Min	costCapMCMPscenarioMIPFlow,AlloCLSCThis	paper	

As	the	result	of	the	review	of	previous	research	shows,	the	closed‐loop	supply	chain	problem	
has	attracted	many	scholars	so	 far.	This	attention	has	been	 intensified	over	 the	 last	 few	years	
due	to	the	importance	of	economic	savings	as	well	as	the	consideration	of	environmental	aspects	
and	the	increasing	global	attention	to	sustainable	development	of	organizations.	But	the	issue	of	
multi‐product	closed‐loop	supply	chain	regarding	the	separation	line	balance	has	not	been	stud‐
ied	so	far	and	is	considered	as	an	innovation	of	this	research.	Minimizing	transportation	costs	in	
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forward	and	backward	chains,	product	purchase	costs	 in	assembly	section,	costs	of	renovating	
the	collected	products,	costs	of	customer	refunds,	collection	costs	and	 fixed	costs	of	 the	work‐
stations	for	separating	the	parts	are	the	main	objectives	of	the	companies.	Accordingly,	given	the	
intense	competition,	the	necessity	and	importance	of	this	research	is	quite	obvious.	

3. Statement of the problem  

The	problem	under	study	in	this	research	is	the	design	of	the	multi‐product	closed‐loop	supply	
chain,	considering	the	balance	of	the	separation	line	of	parts.	In	this	study,	an	integrated	model	
that	mutually	optimizes	the	strategic	and	tactical	decisions	of	a	multi‐product	closed	loop	supply	
chain	 is	 studied.	Once	defining	decision	 is	done,	 variables	 and	 related	parameters,	 the	mathe‐
matical	model	of	the	problem	is	established.	In	this	problem,	strategic	level	decisions	link	with	
programming	the	flow	of	products	in	the	direct	and	reverse	supply	chain	concurrently.	Tactical	
level	decisions	are	on	 the	balance	of	 separation	 lines	of	parts	 in	 the	reverse	chain.	To	 reach	a	
viable	 and	 competitive	 closed‐loop	 supply	 chain	network,	 the	 separation	 line	 of	 parts	 and	 re‐
verse	distribution	processes	should	be	able	to	work	simultaneously.	This	research	is	the	devel‐
opment	 of	 a	mixed	 integer	mathematical	model	 for	 solving	 the	 problem	 of	 designing	 a	multi‐
product	network	chain	and	balancing	the	separation	line	of	parts	in	a	closed‐loop	supply	chain.	
This	model	is	responsive	to	market	demand	for	finished	products	and	spare	parts	simultaneous‐
ly,	and	minimizes	 the	 transportation	costs	 in	 forward	and	backward	chains,	product	purchase	
costs	 in	 assembly	 section,	 costs	 of	 renovating	 the	 collected	 product,	 and	 fixed	 costs	 of	work‐
stations	 for	separation	of	parts.	The	uncertainty	considered	is	a	scenario	based.	In	this	type	of	
uncertainty	the	proposed	model	is	executed	on	the	number	of	scenarios	considered.	Therefore,	
the	proposed	model	considers	all	the	scenarios	and	gives	the	optimal	solution	for	all	the	scenar‐
ios.	It	 is	 important	to	note	that	different	scenarios	are	likely	to	occur	with	deferent	possibility.	
Therefore,	 this	 uncertainty	makes	 decisions	 at	 the	macro	 and	 comprehensive	 level	 of	 supply	
chain.	

As	shown	in	Fig.	1,	the	raw	materials	are	carried	from	suppliers	to	assembly	centers.	Then	the	
products	are	sent	to	retailers	and	eventually	to	customers.	Renewable	products	move	to	collec‐
tion	 centers.	 Finally,	 these	 products	 are	 detracted	 from	 the	 collection	 centers	 to	 disposal	 and	
separation	centers	which	the	renovated	products	are	directed	to	the	assembly	centers.	

	

	

Fig.	1	The	flow	of	products	and	raw	materials	in	the	problem	
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The	main	aim	of	this	problem	is	to	estimate	the	amount	of	products	and	parts	transported	from	
different	centers	to	each	other,	as	well	as	allocating	and	balancing	the	separation	line	of	parts	to	
minimize	system	costs.	

The	innovations	of	this	research	are	as	follows:	

 regarding	 a	 Stackelberg	 game	 in	 the	multi‐level	multi‐product	 closed	 loop	 supply	 chain	
and	multi‐product	closed	loop,	

 considering	the	balance	of	the	separation	line	of	parts	with	the	objective	of	minimizing	all	
cost	elements,	

 developing	a	model	for	a	multi‐product	integrated	supply	chain	considering	disposal,	ren‐
ovation	and	collection	centers,	

 considering	scenarios	of	market	recession	and	boom,	
 considering	the	information	security	in	the	supply	chain	using	the	game	mechanism	design.	

4. Materials and methods 

4.1 Background on the Stackelberg game  

In	a	study	on	the	market	economy,	Stackelberg	used	a	hierarchical	model	to	describe	the	market	
situation	for	the	first	time.	The	model	of	Stackelberg	games	is	a	type	of	economic	games	in	which	
the	first	player	initially	moves,	and	then	the	second	player.	This	model	illustrates	that	there	are	
different	decision‐makers	in	the	market,	and	they	act	according	to	their	own	needs	which	often	
have	different	goals	but	are	proportional	to	the	decision	of	others.	Suppose,	in	the	simplest	state,	
there	are	only	two	decision	makers.	So	this	model	models	a	two‐level	hierarchy	simultaneously,	
one	of	 them	 independently	managing	 the	market	and	 the	other	one	acting	 independently	 (fol‐
lower).	In	such	games,	the	first	player	plays	a	leading	role,	and	the	second	player	follows	the	first	
player.	 In	 such	 games,	 the	 follower	 player	 observes	 the	 move	 of	 the	 leader	 player	 and	 then	
moves	 accordingly.	 Therefore,	 the	 best	move	 of	 the	 second	 player	 is	 the	 same	move	 that	 the	
Stackelberg	balance	predicts.	A	 leader	can	dictate	his	objectives	to	the	market,	but	has	to	wait	
for	 the	 consequences	 of	 this	 decision.	 The	 decision	 of	 customer	 determines	 the	 profits	 of	 the	
leader.	

4.2 Mathematical modeling  

Model	assumptions	are	as	follows:	

 the	capacity	of	all	facilities	in	forward	and	backward	flows	is	constrained	and	constant,	
 the	 costs	of	 transportation,	purchase,	 renovation	and	workstations	are	definite	and	pre‐	

identified,	
 the	rates	of	collection,	disposal,	and	separation	of	parts	are	pre‐identified	and	the	amount	

of	renovation	is	a	certain	percentage	of	customer	demand	and	other	parameters,	
 all	workstations	can	perform	operations	at	the	same	cost,	
 each	product	is	completely	separated.	

Index	

Parameters	

Distance	between	supplier	i and	assembly	center	j݀௜௝ 
Distance	between	assembly	center	j and	retailer	k௝݀௞ 

݅ Suppliers		 scenario	of	Index ݌
݆ Assembly	centers	 ܿ Index	of	parts
݇ Retailers		 ݃ Index	of	products
݈ Consumers		 ݏ Workstations	for	separation	of	parts
݉ Collection	centers		 ݐ Index	of	separation	operation	
	centers	Renovation ݎ ܽ Index	of	nodes
݀ Separation	centers		
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Distance	between	retailer	k and	consumer	l݀௞௟ 
Distance	between	consumer	l and	collection	center	m݀௟௠ 
Distance	between	collection	center	m and	renovation	center	r݀௠௥ 
Distance	between	collection	center	m and	separation	center	d݀௠ௗ 
Distance	between	renovation	center	r and	retailer	k݀௥௞ 
Distance	between	separation	center	d and	assembly	center	j݀ௗ௝ 
Distance	between	separation	center	d and	disposal	center݀ௗ	
Capacity	of	supplier	i	for	part	c	of	product	g in	scenario	pܽ௚௖௜௣	
Capacity	of	assembly	center	j for	product	g in	scenario	p௚ܾ௜௣	
Capacity	of	retailer	k	for	product	g in	scenario	pܿ௚௞௣	
Demand	of	consumer	l	for	product	g in	scenario	pݑ௚௟௣	
Capacity	of	collection	center	m for	product	g in	scenario	p݁௚௠௣	
Capacity	of	renovation	center	r for	product	g	in	scenario	p௚݂௥௣	
Capacity	of	separation	center	d for	part	c of	product	g in	scenario	p	݃௚௖ௗ௣	
Transportation	cost	ܿݐ	
Purchase	cost	of	part	c	of	product	g from	supplier	iݏ௚௖௜	
Cost	of	renovation	for	product	g at	center	rݓ௚௥	
Cost	of	collection	for	product	g from	consumer	l to	center	mܿܿ௚௟௠	
Cost	of	separation	for	part	c of	product	g at	center	dܿ݌௚௖ௗ	
Cost	of	refund	to	customer	l for	product	g to	collect	to	center	mݎ ௚݂௟௠	
Cost	of	disposal	for	part	c	of	product	gܿ݀ݓ௚௖	
Fixed	cost	of	workstation	݋	
Number	of	parts	c	in	product	gݍ௚௖	
Maximum	percentage	of	collected	products	ߠ௠௔௫	
Minimum	percentage	of	collected	products	ߠ௠௜௡	
Percentage	of	the	product	sent	from	collection	centers	to	renovation	centers	ߛ 
Percentage	of	parts	sent	from	separation	centers	to	assembly	centers	ߤ	
Set	of	artificial	nodes	on	chart	of	separation	operation	ܣ௔	
Set	of	natural	nodes	on	chart	of	separation	operation	ܤ௧	
Time	of	separation	operation	t݀஻೟	
Maximum	number	of	workstations	in	separation	center	d in	scenario	p	ܵௗ௣	
Working	time	ݓ௧௜௠௘	

Variables	

Amount	of	part	c	of	product	g sent	from	supplier	i to	assembly	center	j	in	scenario	p௚ܺ௖௜௝௣ 
Amount	of	product	g	sent	from	assembly	center	j to	retailer	k in	scenario	p	ݕ௚௝௞௣ 
Amount	of	product	g	sent	from	retailer	k to	consumer	l in	scenario	p	ݓ௚௞௟௣ 
Amount	of	product	g	sent	from	consumer	l to	collection	center	m	in	scenario	p	ܽ௚௟௠௣ 
Amount	of	product	g	sent	from	collection	center	m to	renovation	center	r	in	scenario	
p	

௚ܾ௠௥௣ 

Amount	of	product	g	sent	from	collection	center	m to	separation	center	d	in	scenario	
p	

 ௚௠ௗ௣ݏ

Amount	of	product	g	sent	from	renovation	center	r to	retailer	l in	scenario	p	ܧ௚௥௞௣ 
Amount	of	part	c	of	product g sent	from	separation	center	d to	assembly	center	j in	
scenario	p	

 ௚௖ௗ௝௣ݖ

Amount	of	part	c	of	product	g disposed	from	separation	center d	in	scenario	p	ܨ௚௖ௗ௣ 
amount	of	part	c	obtained	from	the	separation	of	product	g at	separation	center	d௚ܶ௖ௗ௣ 

Cycle	time	of	separation	center	d in	scenario	pܥ ௗܶ௣ 

1,	If	the	separation	operation	t is	allocated	to	workstation	s at	separation	center	d in	
scenario	p;	otherwise	0	

 ௧௦ௗ௣ܯ

If	the	separation	operation	t	is	done	at	separation	center	d in	scenario	p.	ܮ௧ௗ௣ 
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(1)  

ݖ݊݅ܯ ൌ ܿݐ	 ቌ෍෍෍෍෍ݔ௚௖௜௝௣ ൉ ݀௜௝
௣∈௉௝∈௃௜∈ூ௖∈஼௚∈ீ

൅෍෍෍෍ݕ௚௝௞௣ ൉ ௝݀௞

௣∈௉௝∈௃௞∈௄௚∈ீ

൅෍෍෍෍ݓ௚௞௟௣ ൉ ݀௞௟
௣∈௉௟∈௅௞∈௄௚∈ீ

൅෍෍෍෍෍ݔ௚௖௜௝௣ ൉ ௚௖௜ݏ
௣∈௉௝∈௃௜∈ூ௖∈஼௚∈ீ

ቍ 

(2)	∀݃ ∈ ,ܩ ܿ ∈ ,ܥ ݅ ∈ ,ܫ ݌ ∈ ܲ ෍ݔ௚௖௜௝௣
௝ఢ௃

൑ ܽ௚௖௜௣ 

(3)  ∀݃ ∈ ,ܩ ݅ ∈ ,ܫ ݌ ∈ ܲ ෍ݕ௚௝௞௣
௞ఢ௄

൑ ௚ܾ௜௣ 

(4)  ∀݃ ∈ ,ܩ ݇ ∈ ,ܭ ݌ ∈ ܲ ෍ ௚ܹ௞௟௣

௟ఢ௅

൑ ܿ௚௞௣ 

(5)	∀݃ ∈ ,ܩ ݈ ∈ ,ܮ ݌ ∈ ܲ ෍ ௚ܹ௞௟௣

௞ఢ௄

൒  ௚௟௣ݑ

(6)  ∀݃ ∈ ,ܩ ݇ ∈ ,ܭ ݆ ∈ ,ܬ ݌ ∈ ܲ ෍ݕ௚௝௞௣
௝ఢ௃

൅෍݁௚௥௞௣
௥ఢோ

െ෍ ௚ܹ௞௟௣

௟ఢ௅

ൌ 0 

Model	of	the	first	player	

Objective	Eq.	1	 is	 the	minimization	of	 transportation	costs	between	all	 facilities	of	closed‐loop	
supply	chain	and	the	cost	of	purchasing	parts	from	the	supplier.	Constraint	Eq.	2	shows	that	the	
total	 amount	 of	 purchased	 parts	 from	 suppliers	 can’t	 exceed	 their	 capacity	 in	 each	 scenario.	
Constraint	Eq.	3	states	that	the	production	amount	of	 finished	products	should	not	exceed	the	
production	capacity	of	 the	assembly	center	 in	each	scenario.	Constraint	Eq.	4	ensures	 that	 the	
amount	 of	 products	 distributed	 by	 the	 retailer	 to	 the	 consumer	 can’t	 exceed	 the	 distribution	
capacity	of	retailer.	Constraint	Eq.	5	ensures	that	the	demand	of	all	consumers	is	satisfied.	Con‐
straint	Eq.	6	ensures	that	the	amount	of	parts	purchased	from	the	supplier	and	the	amount	sent	
from	the	separation	center	 to	 the	assembly	center	 is	equal	 to	 the	amount	of	product	 that	was	
made	at	the	center	assembly	of	these	parts	and	sent	to	the	retailer.	

Model	of	the	second	player	

(7)	

ݖ݊݅ܯ ൌ ෍ ෍ ෍෍ܣ௚௟௠௣ ൉ ݀௟௠
௣∈௉௟∈௅௠∈ெ௚∈ீ

൅෍ ෍ ෍෍ ௚ܾ௠௥௣ ൉ ݀௠௥

௣∈௉௥∈ோ௠∈ெ௚∈ீ

൅෍ ෍ ෍෍ ௚ܵ௠ௗ௣ ൉ ݀௠ௗ

௣∈௉ௗ∈஽௠∈ெ௚∈ீ

൅෍෍෍෍݁௚௥௞௣ ൉ ݀௥௞
௣∈௉௥∈ோ௞∈௄௚∈ீ

൅෍෍෍෍෍ݖ௚௖ௗ௝௣ ൉ ݀ௗ௝
௣∈௉௝∈௃ௗ∈஽௖∈஼௚∈ீ

൅෍෍෍෍ ௚݂௖ௗ௣ ൉ ݀ௗ௖
௣∈௉ௗ∈஽௖∈஼௚∈ீ

൅෍ ෍ ෍෍ ௚ܾ௠௥௣ ൉ ௚௥ݓ
௣∈௉௥∈ோ௠∈ெ௚∈ீ

൅෍ ෍ ෍෍ܣ௚௟௠௣ ൉ ݎ ௚݂௟௠

௣∈௉௟∈௅௠∈ெ௚∈ீ

൅෍ ෍ ෍෍ܣ௚௟௠௣ ൉ ܿܿ௚௟௠
௣∈௉௟∈௅௠∈ெ௚∈ீ

൅෍෍෍෍ ௚݂௖ௗ௣ ൉ ௚௖ܿ݀ݓ
௣∈௉ௗ∈஽௖∈஼௚∈ீ

൅෍෍෍ ௦ܰௗ௣ ൉ ܱௗ௣
௣∈௉ௗ∈஽௦∈ௌ

 

(8)  ∀݃ ∈ ݉,ܩ ∈ ,ܯ ݌ ∈ ܲ ෍ ௚ܾ௠௥௣

௥ఢோ

൅෍ ௚ܵ௠ௗ௣

ௗఢ஽

൑ ݁௚௠௣ 

(9)  ∀݃ ∈ ,ܩ ݎ ∈ ܴ, ݌ ∈ ܲ ෍ܧ௚௥௞௣
௞ఢ௄

൑ ௚݂௥௣ 
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(10)  ∀݃ ∈ ,ܩ ܿ ∈ ,ܥ ݀ ∈ ,ܦ ݌ ∈ ܲ ௚݂௥௣ ൅෍ݖ௚௖ௗ௝௣
ௗఢ஽

൑ ݃௚௖ௗ௣ 

(11)	∀݃ ∈ ,ܩ ݇ ∈ ,ܭ ݌ ∈ ܲ ෍ݔ௚௖௜௝௣
௜ఢூ

൅෍ݖ௚௖ௗ௝௣
ௗఢ஽

െ෍ݕ௚௞௟௣
௟ఢ௅

൉ ௚௖ݍ ൌ 0 

(12)	∀݃ ∈ ,ܩ ݈ ∈ ,ܮ ݌ ∈ ௠௜௡෍ߠ ܲ ௚ܹ௞௟௣

௞ఢ௄

൑ ෍ ܽ௚௞௟௣
௠ఢெ

൑ ௠௔௫෍ߠ ௚ܹ௞௟௣

௞ఢ௄
 

(13)	∀݃ ∈ ݉,ܩ ∈ ,ܯ ݌ ∈ ෍ܽ௚௟௠௣ߛ ܲ

௟ఢ௅

െ෍ܤ௚௠௥௣

௥ఢோ

ൌ 0 

(14)	∀݃ ∈ ,ܩ ݎ ∈ ܴ, ݌ ∈ ܲ ෍ ௚ܾ௠௥௣

௠ఢெ

െ෍݁௚௥௞௣
௞ఢ௄

ൌ 0 

(15)	∀݃ ∈ ݉,ܩ ∈ ,ܯ ݌ ∈ ܲ ሺ1 െ ሻ෍ܽ௚௟௠௣ߛ

௟ఢ௅

െ෍ݏ௚௠ௗ௣

ௗఢ஽

ൌ 0 

(16)	∀݃ ∈ ,ܩ ܿ ∈ ,ܥ ݀ ∈ ,ܦ ݌ ∈ ܲ ሺ1 െ ሻߤ ෍ ௚௠ௗ௣ݏ ൉ ௚௖ݍ
௠ఢெ

െ ௚݂௖ௗ௣ ൌ 0 

(17)	∀݃ ∈ ,ܩ ܿ ∈ ,ܥ ݀ ∈ ,ܦ ݌ ∈ ߤ ܲ ෍ ௚௠ௗ௣ݏ ൉ ௚௖ݍ
௠ఢெ

െ෍ݖ௚௖ௗ௝௣
௝ఢ௃

ൌ 0 

(18)	∀ܽ ൌ 0, ݀ ∈ ,ܦ ݌ ∈ ܲ, ݐ∀ ∈ ܶ ෍ ௧ௗ௣ܮ
஻೟ఢௌሺ஺ೌሻ

ൌ 1 

(19)	∀ܽ ് 0, ݀ ∈ ,ܦ ݌ ∈ ܲ, ݐ∀ ∈ ܶ ෍ ௧ௗ௣ܮ
஻೟ఢௌሺ஺ೌሻ

ൌ ෍ ௧ௗ௣ܮ
஻೟ఢ௉ሺ஺ೌሻ

 

ݐ∀	(20) ∈ ܶ, ݀ ∈ ,ܦ ݌ ∈ ܲ ෍ܯ௧௦ௗ௣

௦ఢௌ

ൌ  ௧ௗ௣ܮ

ݏ∀	(21) ∈ ܵ, ݀ ∈ ,ܦ ݌ ∈ ܲ ෍ܯ௧௦ௗ௣ ൉ ݀஻೟
௧ఢ்

൑ ௚௖ௗ௝௣ݖ௧௜௠௘/ቌ෍෍ݓ
௖∈஼௝ఢ௃

൅෍ ௚݂௖ௗ௣

௖ఢ஼

ቍ 

(22)	  ௚ܺ௖௜௝௣,	ݕ௚௝௞௣, ܽ௚௟௠௣, ௚ܾ௠௥௣, ,௚௠ௗ௣ݏ ݁௚௥௞௣, ,௚௖ௗ௝௣ݖ ௚݂௖ௗ௣ ൒ 0 

,௧௦ௗ௣ܮ  	(23) ௧ௗ௣ܮ ∈ ሼ0, 1ሽ 

Objective	 function	Eq.	7	 is	 to	minimize	 transportation	between	 supply	chain	 facilities,	 renova‐
tion	costs	of	collected	products,	refund	costs	to	the	customer	for	the	collection	of	products,	costs	
of	product	collection	and	the	cost	of	disposal	of	parts.	

Constraint	Eq.	8	indicates	that	the	amount	of	products	sent	from	the	collection	center	to	the	
renovation	center	 can’t	 exceed	 the	 capacity	of	 the	 collection	center.	Constraint	Eq.	9	 indicates	
that	the	amount	of	products	sent	to	the	retailer	from	the	renovation	center	can’t	exceed	the	ca‐
pacity	of	the	renovation	center.	Constraint	Eq.	10	shows	that	the	amount	of	parts	sent	from	the	
separation	center	to	the	assembly	and	disposal	center	can’t	exceed	the	capacity	of	the	separation	
center.	Constraint	Eq.	11	shows	that	the	amount	of	products	sent	from	the	assembly	center	and	
the	amount	sent	from	the	renovation	center	to	the	retailer	is	equal	to	the	amount	sent	from	the	
retailer	to	the	consumer.	Constraint	Eq.	12	ensures	that	the	amount	of	products	collected	from	
consumers	 should	 be	 between	minimum	 and	maximum	 of	 collection	 rates.	 Constraint	 Eq.	 13	
ensures	that	γ	percent	of	the	products	collected	from	consumers	is	equal	to	the	amount	of	prod‐
ucts	sent	from	the	collection	center	to	the	renovation	center.	Constraint	Eq.	14	ensures	that	the	
amount	of	products	that	is	renovated	in	the	renovation	center	is	equal	to	the	amount	sent	to	the	
retailer	from	that	center.	Constraint	Eq.	15	ensures	that	the	remaining	amount	of	the	collected	
products	 is	sent	 to	 the	separation	centers.	Constraint	Eq.	16	ensures	 that	 the	amount	of	parts	
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that	 is	obtained	at	the	separation	center	and	in	unusual	conditions	is	equal	to	the	amount	dis‐
posed.	Constraint	Eq.	17	ensures	that	the	remaining	amount	of	parts	in	the	separation	center	in	
the	usable	 conditions	 is	 equal	 to	 the	amount	 sent	 from	 the	 separation	 center	 to	 the	 assembly	
center.	Constraints	Eq.	18	and	Eq.	19	ensure	that	exactly	one	branch	of	the	part	separation	graph	
is	 selected	 in	each	period.	Constraint	Eq.	20	ensures	 that	 each	 separation	operation	 is	 exactly	
assigned	 to	 one	 of	 the	 work	 stations.	 Constraint	 Eq.	 21	 ensures	 that	 the	 time	 spent	 on	 each	
workstation	should	not	be	 longer	than	the	cycle	time;	the	cycle	time	is	obtained	from	dividing	
the	working	time	into	the	amount	of	the	separated	parts.	Constraint	Eq.	22	implements	the	non‐
negativity	constraint	on	decision	variables.	Constraint	Eq.	23	shows	binary	variables.	

4.3 Competition mechanism of players as Stackelberg game  

Realization	of	information	security	among	supply	chain	components	has	always	been	one	of	the	
concerns	of	supply	chain	players.	Each	member	of	 the	supply	chain	 is	 trying	to	minimize	their	
costs,	but	none	of	them	are	willing	to	inform	other	supply	chain	members	of	their	objective	func‐
tions	and	amount	of	cost	minimization.	So	in	this	study,	using	a	Stackelberg	game,	a	game	is	de‐
signed	 to	 cover	 these	 objectives.	 This	 game	 consists	 of	 two	 players:	 the	 first	 player	 includes:	
Suppliers,	assembly	centers,	retailers	and	customers,	and	the	second	player	includes	collection	
centers,	renovation	centers,	separation	centers	and	disposal	centers.	The	payoff	of	each	actor	is	
minimizing	their	own	objectives,	and	the	objective	of	the	game	is	the	unawareness	of	the	mem‐
bers	of	the	chain	from	the	objectives	of	other	members	(information	security).	Also	due	to	the	
inherent	uncertainty	of	the	mentioned	problem,	the	parameters	and	decision	variables	are	con‐
sidered	as	scenario‐based.	Therefore,	the	uncertainty	used	in	this	paper	is	scenario‐based.	The	
scenarios	considered	in	this	study	include	three	scenarios:	

 market	recession,	
 normal	market	conditions,	
 market	boom.	

Table	2	shows	design	of	scenarios:	

Table	2	Design	of	scenarios	
Demand	Scenario	description Scenario	
Up	to	2000 market	recession Scenario1	
Up	to	1000 normal	market Scenario2 
Up	to	500 market	boom Scenario3	

	
So	the	designed	game	mechanism	is	as	shown	in	Fig.	2.	

	
Fig.	2 Designed	game	mechanism	
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In	order	to	implement	the	game	mechanism,	first,	the	first	model	(first	player	model)	will	be	
solved	then	the	value	of	the	variable	ܽ௚௟௠௣	will	be	calculated.	This	value	will	enter	into	the	sec‐
ond	model,	and	then	the	model	of	the	second	player	will	be	solved.	If	the	value	of	ݖ௚௖ௗ௝௣	is	nega‐
tive,	the	solving	mechanism	is	complete;	otherwise	the	decision	variables	of	the	second	model	
will	be	solved	and	if	the	demand	is	satisfied,	the	model	is	complete;	otherwise,	the	first	model	
will	be	solved	again	to	satisfy	the	demand.	

5. Results and discussion 

5.1 Case study 

Simachob	company,	the	largest	and	only	Iranian	company	in	the	field	of	wood	industry,	is	locat‐
ed	on	 an	 area	of	 50,000	 square	meters	using	 the	most	 advanced	machinery,	 the	most	 experi‐
enced	specialists,	employing	320	skilled	workers,	more	than	30	contracting	companies,	having	
over	half	a	century	of	experience	in	the	field	of	designing	and	producing	various	types	of	park	
furniture	(benches,	trash	cans	and	gazebos),	park	fitness	equipment,	polyethylene	play	tools	for	
children,	park	granule	flooring	and	equipping	parks,	passages	and	streets.	This	company	has	been	
investigated	 for	 the	 case	 study.	The	 factory	has	5	 suppliers,	 3	 assembly	 centers,	 6	 retailers,	 4	
collection	centers,	3	separation	centers,	3	products,	3	renovation	centers	and	5	major	customers.	

Below	are	some	of	the	parameters	of	the	first	model.	
Table	3	shows	the	distance	between	the	collection	center	m	and	the	separation	center	d.	The	

distances	are	in	meters.	For	example,	the	distance	between	the	collection	center	3	and	the	sepa‐
ration	center	2	is	8700	meters.	

Table	4	shows	the	demand	for	the	product	from	customers	in	different	scenarios.	As	can	be	
seen,	the	first	scenario	is	market	boom,	the	second	scenario	is	normal	conditions	and	the	third	
scenario	is	market	recession.	Thus,	according	to	the	following	table,	the	amount	of	demand	for	
the	first	product	in	the	third	scenario	for	the	fourth	customer	is	80	units.	

Also,	some	of	the	parameters	of	the	second	model	are	as	follows.	For	example,	the	capacity	of	
the	renovation	center	 for	 the	product	g	 in	 the	scenario	p	 is	given	 in	Table	5.	For	example,	 the	
second	product's	capacity	in	the	third	scenario	at	the	third	renovation	center	is	800	units.	

Also,	each	of	the	products	of	this	factory	consists	of	three	separate	parts.	Therefore,	the	cost	
of	disposing	part	c	of	product	g	is	shown	in	Table	6.	It	should	be	noted	that	the	costs	mentioned	
are	in	dollars.	For	example,	the	cost	of	disposing	the	part	3	of	the	second	product	is	$	32. 

Table	3	Distance	between	the	collection	center	and	the	separation	center	

 
Table	4 Demand	for	each	product	by	customers	in	each	scenario	

  

4	321			        																													d	
																m 

4600 1000 6200 2500	1	
9600 8700 2600 4100 2	
6900 4800 9500 14200 3	

l5	l4l3l2l1        																			l	
g.p 

880	790 900 860 950	g1.p1	
510	350 450 420 550 g1.p2	
150	80 90 200 120 g1.p3	
790	750600710650	g2.p1	
450	480530480500	g2.p2	
220	300250200230	g2.p3	
560	580600550500	g3.p1	
200	300260250220	g3.p2	
110	12090150100	g3.p3	
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Table	5 The	capacity	of	the	renovation	center	for	the	product	in	each	scenario	

Table	6 Disposal	cost	for	each	part	of	the	product 

5.2 Computational results 

The	problem	is	solved	using	the	GAMS	24	software.	Fig.	3	shows	the	results	of	the	model's	solu‐
tion	 in	various	 iterations.	As	can	be	seen,	 in	 the	base	model	(first	model),	 the	amount	of	costs	
decreases	with	increasing	the	number	of	iterations.	Also,	by	increasing	the	number	of	iterations,	
the	 cost	 of	 the	 second	model	 gradually	 increases,	 and	 this	 trend	 continues	 until	 the	 costs	 are	
almost	constant.	The	reason	for	the	increase	in	costs	in	the	second	model	is	model’s	attempt	to	
satisfy	demand.	In	the	solution	approach,	at	first,	the	first	model	declares	the	amount	of	demand	
to	the	second	model,	and	since	the	second	model	is	not	able	to	satisfy	demand	at	first;	it	there‐
fore	tries	to	satisfy	the	demand	as	much	as	possible.	And	otherwise	it	will	satisfy	the	rest	of	the	
demand	in	the	next	period.		

Table	7	shows	the	amount	of	products	sent	from	the	assembly	center	to	the	retailer	in	each	
scenario.	For	example,	the	amount	of	products	type	1	sent	from	the	second	assembly	center	to	
the	fifth	retailer	in	the	first	scenario	is	628	units.	Also,	the	amount	of	products	type	2	sent	from	
the	 first	 assembly	 center	 to	 the	 sixth	 retailer	 in	 the	 third	 scenario	 is	213	units.	Moreover,	 the	
analysis	 of	 scenarios	 shows	 that	 the	 amount	of	 products	 sent	 in	 the	market	boom	scenario	 is	
much	more	than	the	other	scenarios.	

Fig.	4	shows	the	comparison	of	different	scenarios	in	terms	of	the	objective	function.	As	pre‐
viously	mentioned,	there	are	three	scenarios	 including	boom,	normal	conditions	and	recession	
in	this	study.	As	shown	in	Fig.	1,	scenario	1	(market	boom)	has	higher	trend	value	of	the	objec‐
tive	 function	 than	 other	 scenarios.	 Also,	 as	 expected,	 the	 second	project	 is	 in	 balance	 and	 the	
objective	function	in	this	scenario	is	in	intermediary	state.	Finally,	in	the	third	scenario,	which	is	
recession	in	the	market,	the	objective	function	has	its	lowest	value	compared	to	the	rest	of	the	
scenarios.	It	is	natural	that,	when	the	market	is	in	recession,	the	values	of	objective	functions	are	
less	than	the	boom	state,	since	in	the	event	of	recession,	transportation	costs	and	other	costs	are	
greatly	reduced.	

	
Fig.	3 Results	of	model	solution	for	different	iterations	

r3	r2r1	        																																l	
																									g.p 

1500 1500 1500g1.p1	
1000 1000 1000 g1.p2	
800 800 800 g1.p3	
1300	13001300g2.p1	
900	900900g2.p2	
800	800800g2.p3	
1800	18001800g3.p1	
1200	12001200g3.p2	
900	900900g3.p3	

c3	c2c1																															        c												
																									g	  

23 15 8	g1	
32 5 12 g2	
30 9 11 g3	
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Table	7	The	amount	of	products	sent	from	the	assembly	center	to	the	retailer	in	each	scenario	
݌ ൌ ݌ 3 ൌ ݌ 2 ൌ 1 g.j.k 
‐	371669	g1.j2.k1 
142	368686	g1.j3.k2	
‐	323‐	g1.j3.k3	
102	‐628	g1.j2.k5	
213	‐632	g1.j3.k5	
247	323‐	g2.j1.k5	
213	‐616	g2.j1.k6	
104	‐684	g2.j2.k1	
247	339665	g2.j2.k2	
‐	322700	g2.j2.k3	
119	382‐	g2.j2.k4	
119	338‐	g2.j2.k6	
‐	‐608	g2.j3.k2	
‐	302644	g2.j3.k3	
177	301‐	g3.j3.k3	
193	‐696	g3.j1.k4	
‐	363652	g3.j1.k6	
138	321699	g3.j2.k1	
238	333‐	g3.j2.k2	
187	‐655	g3.j2.k4	
‐	331617	g3.j3.k1	
105	302‐	g3.j3.k4	
231	‐607	g3.j3.k5	

	
Fig.	4 Comparison	of	the	costs	of	different	scenarios 

Sensitivity	analysis	of	mathematical	models	shows	the	sensitivity	and	importance	of	effective	
parameters	on	objective	functions	and	model	variables.	Here,	the	effects	of	changes	in	demand	
are	examined	in	two	models.	As	can	be	seen,	with	demand	increasing,	the	costs	of	the	first	and	
second	models	and	 the	 total	model	will	 increase.	According	 to	Fig.	5,	 a	30	%	reduction	 in	de‐
mand	will	result	in	a	cost	of	12490000	for	the	first	model	and	a	cost	of	29319900	for	the	second	
model.	An	increase	of	10	%	in	demand	will	lead	to	an	increase	in	the	costs	of	the	first	model	to	
23711000	and	an	increase	in	the	second	model	to	34420000.	Eventually,	an	increase	in	demand	
up	to	30	percent	will	result	in	an	increase	in	total	costs	to	58131000.	

Fig.	6	shows	the	effect	of	disposal	costs	on	the	two	models.	As	can	be	seen,	with	the	in‐crease	
in	disposal	costs,	the	costs	of	the	first	and	second	models	and	the	total	model	will	increase.	Ac‐
cording	to	Fig.	4,	a	30	%	reduction	in	disposal	costs	will	result	in	a	cost	of	31150000	for	the	sec‐
ond	model	and	a	cost	of	10374000	for	the	first	model.	Also,	a	10	%	increase	in	the	disposal	costs	
will	lead	to	an	increase	in	the	cost	of	the	first	model	to	18711000	and	an	increase	in	the	second	
model	to	38950000.	Eventually,	the	increase	in	the	disposal	costs	up	to	30	%	will	lead	to	an	in‐
crease	in	the	costs	of	the	first	and	second	models	to	21415000	and	45105000	respectively.	
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Fig.	5	Sensitivity	analysis	of	the	amount	of	demand	 Fig.	6 The	effect	of	disposal	costs	on	two	models 

	
The	reason	for	the	increase	in	costs	in	the	second	model	is	the	attempt	to	satisfy	demand.	In	the	
solution	approach,	at	first,	the	first	model	declares	demand	to	the	second	model;	and	since	the	
second	model	is	not	able	to	satisfy	demand	at	first,	 it	tries	to	solve	the	model	with	more	itera‐
tions	which	increases	the	amount	of	costs.	

6. Conclusion 

Reverse	logistics	management	and	closed‐loop	supply	chains	are	of	the	important	and	vital	as‐
pects	 of	 every	 business	 and	 ensure	 the	 production,	 service	 distribution,	 and	 support	 of	 every	
kind	of	products.	In	today’s	business	market,	which	the	life	cycle	of	products	shortens	every	day,	
product	return	policies	are	defined	with	quick	response	times	and	customer	service	and	more	
emphasis	on	return	management,	renovation	and	re‐storage	of	the	finished	products.	New	gov‐
ernment	laws	and	green	laws	that	associate	with	to	return	and	removal	of	materials	also	need	
high‐level	 logistics	managers	and	supply	chain	processors	 to	concentrate	more	on	 the	reverse	
logistics	process	and	 the	 closed‐loop	supply	 chain.	This	 survey	 is	 the	development	of	 a	mixed	
integer	mathematical	model	for	solving	the	problem	of	designing	a	multi‐product	chain	network	
and	balancing	the	separation	line	of	parts	in	a	closed‐loop	supply	chain.	This	model	is	responsive	
to	the	market	demand	for	finished	products	and	parts	simultaneously	and	minimizes	transporta‐
tion	costs	in	forward	and	backward	chains,	product	purchase	costs	in	the	assembly	section,	the	
costs	of	renovating	the	products,	and	fixed	cost	of	workstations	for	separation	of	parts.	Accord‐
ing	to	the	importance	of	the	information,	a	Stackelberg	game	including	two	models	is	presented.	
The	case	study	of	this	research	is	Simachob,	which	has	5	suppliers,	3	assembly	centers,	6	retail‐
ers,	4	collection	centers,	3	separation	centers,	3	products,	3	renovation	centers	and	5	major	cus‐
tomers.	 So	 the	 amount	 of	 problem	 variables	 has	 been	 computed.	 For	 example,	 the	 amount	 of	
products	type	1	sent	from	the	second	assembly	center	to	the	fifth	retailer	in	the	first	scenario	is	
628	units.	Also,	the	amount	of	products	type	2	sent	from	the	first	assembly	center	to	the	sixth	
retailer	in	the	third	scenario	is	213	units.	Sensitivity	analysis	results	indicate	that	a	30	%	reduc‐
tion	in	demand	will	result	in	a	cost	of	12490000	for	the	first	model	and	a	cost	of	29319900	for	
the	second	model.	An	increase	of	10	%	in	demand	will	lead	to	an	increase	in	the	costs	of	the	first	
model	to	23711000	and	an	increase	in	the	second	model	to	34420000.	Eventually,	an	increase	in	
demand	up	to	30	percent	will	result	 in	an	increase	in	total	costs	to	58131000.	One	of	 the	con‐
straints	of	this	research	is	the	lack	of	access	to	accurate	cost	information.	The	following	are	also	
suggested	for	future	studies:	

 Considering	other	types	of	uncertainty	for	example	stochastic	or	fuzzy.	
 Considering	other	games	in	the	closed‐loop	supply	chain,	for	example	Nash	equilibrium.	
 Solving	 closed‐loop	 supply	 chain	 problem	 using	 meta‐heuristic	 approaches	 such	 as	 ant	

colony	algorithm	and	genetic	algorithms.	
 Considering	the	failure	rate	in	disposal	centers	and	separation	centers.	
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