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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	proposes	a	supply‐driven	inoperability	input‐output	model	(SIIM)	
in	analysing	risks	of	manufacturing	systems.	The	approach,	derived	from	the	
Leontief’s	input‐output	model,	was	previously	debated	for	its	implausibility	in	
analysing	 sectors	 in	 an	 economic	 system.	 This	 paper	 provides	 interesting	
insights	 in	 production	 risk	 analysis	 especially	 that	 the	 adoption	 of	 SIIM	 in	
micro‐level	 systems	 particularly	 in	 manufacturing	 systems	 was	 not	 yet	 ex‐
plored	 in	 the	 current	 literature.	 The	 resemblance	 of	 economic	 systems	 and	
manufacturing	systems	in	terms	of	system	components,	input‐output	concept,	
and	 component‐wise	 interdependencies	makes	 the	 approach	 appealing	 and	
highly	plausible.	Thus,	this	work	adopts	SIIM	in	analysing	the	impact	of	sup‐
ply	 perturbations	 in	 a	manufacturing	 system	 brought	 about	 by	 natural	 and	
man‐made	disasters,	economic	shifts,	and	government	policies.	An	actual	case	
study	was	carried	out	in	a	manufacturing	firm	in	the	central	Philippines	and	
two	scenarios	were	presented	 to	 illustrate	 the	proposed	approach.	The	pro‐
posed	approach	is	highly	significant	for	manufacturing	and	risk	practitioners	
in	formulating	mitigation	policies	to	achieve	a	resilient	manufacturing	system.
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1. Introduction 

Competition	among	manufacturing	industries	both	at	local	and	global	contexts	has	been	increas‐
ingly	tighter	today	than	in	the	previous	decades.	These	industries	have	been	implementing	cru‐
cial	strategic	decisions	in	order	to	compete.	Furthermore,	to	sustain	competitiveness,	managers	
must	be	critical	in	various	manufacturing	decision‐making	areas	in	the	context	of	firms'	benefits,	
opportunities,	costs	and	risks.	A	significant	input	to	any	decision‐making	process	in	manufactur‐
ing	systems	is	the	analysis	of	risks	brought	about	by	disruptions	of	internal	and	external	compo‐
nents	where	manufacturing	firms	are	highly	susceptible	to.	Organizations	in	general	and	manu‐
facturing	firms	in	particular	must	seek	to	understand	the	underlying	effects	of	these	disruptions;	
thus,	making	risk	analysis	and	management	an	ongoing	concern	[1].		
Various	 approaches	 on	 risk	 analysis	 of	manufacturing	 at	 firm	 level	 have	 been	 proposed	 in	

domain	literature	but	these	methodologies	are	based	on	qualitative	measures.	The	inoperability	
input‐output	model	 (IIM)	developed	by	 Santos	 and	Haimes	 [2],	 an	 important	 extension	of	 the	
award	winning	input‐output	model	introduced	by	Wassily	Leontief	for	risk	analysis,	assesses	the	
inability	of	 sectors	 to	perform	their	 intended	 functions	known	as	 'inoperability'	 caused	by	ex‐
ternal	perturbations	such	as	natural	disasters,	 terrorism,	epidemic	diseases,	among	others	 [2].	
On	a	macroeconomic	scale,	Santos	and	Haimes	[2],	 Jiang	and	Haimes	[3],	Haimes	et	al.	 [4]	and	
Santos	 [5]	 have	 successfully	 demonstrated	 the	 use	 of	 IIM	 for	 risk	 analysis	 of	 interdependent	
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systems.	The	strength	of	IIM	lies	in	its	capability	of	handling	the	cascading	effects	of	a	final	de‐
mand	perturbation	with	interdependent	system	components,	e.g.	sectors	in	an	economy.	In	con‐
trast,	the	supply‐driven	IIM	(SIIM)	addresses	the	risks	of	possible	changes	in	supply,	also	known	
as	 'value‐added	 perturbation'.	 Nevertheless,	 both	 demand‐driven	 and	 supply‐driven	 IIM	 anal‐
yses	 the	 impact	 of	 perturbations	 brought	 about	 by	 internal	 or	 external,	 natural	 or	man‐made	
processes	[6].	While	IIM	was	applied	generally	for	risk	analysis	in	economic	systems,	it	may	also	
work	for	other	similar	interdependent	systems	such	as	manufacturing	systems	as	shown	in	cur‐
rent	literature.	
The	main	argument	adopted	in	this	work	is	that	the	assessment	of	potential	losses	of	manu‐

facturing	 systems	brought	about	by	external	or	 internal	disruptions	 can	be	addressed	by	per‐
forming	risk	analysis	and	assessment	from	a	systems	perspective.	This	approach	is	a	significant	
input	to	organizational	decision‐making	in	general	and	in	the	evaluation	of	production	processes	
in	particular.	At	 the	manufacturing	 firm	 level	particularly	 in	production	systems,	demand‐side	
perturbation	 is	 less	 plausible	 as	 individual	 processes	 rarely	 have	 final	 demand.	 Thus,	 supply‐
side	perturbation	is	more	relevant	as	sources	of	raw	materials	are	highly	susceptible	to	disrup‐
tions	 caused	 by	 external	 shocks,	 e.g.	 climate	 change	 impacts,	man‐made	 disasters.	 This	 study	
attempts	to	explore	the	application	of	supply‐driven	IIM	in	manufacturing	systems	as	supported	
by	the	notion	that	supply‐side	perturbations	are	more	relevant	than	demand‐side	perturbations.	
This	promotes	the	application	of	SIIM	in	manufacturing	risk	analysis.	While	former	approaches	
provide	 insights	 on	 this	 problem	domain,	 they	 fail	 to	 provide	 a	 quantitative	 analytical	 frame‐
work	which	is	highly	significant	in	manufacturing	decision‐making.	The	motivation	of	adopting	
such	methodology	is	in	its	strength	to	holistically	evaluate	the	processes	and	examine	risks	from	
a	systems	perspective.	A	case	study	in	a	mosquito	coil	manufacturing	system	is	reported	in	this	
work.	The	contribution	of	this	study	is	in	presenting	a	new	methodological	framework	that	ho‐
listically	addresses	risk	analysis	in	manufacturing	systems.	
	

2. Literature review 

2.1 Risk management in organizational decision making 

Risk	management	is	the	identification,	assessment,	and	prioritization	of	potential	losses	brought	
about	by	disruptions	 [1].	Allocating	 scarce	 resources	 in	 the	most	effective	manner	 in	order	 to	
reduce	the	impact	of	disruptions	is	now	becoming	a	challenge	for	decision‐makers	[7].	Zobel	[8]	
presented	a	model	that	highlights	perceived	trade‐offs	in	defining	disaster	resilience	of	an	infra‐
structure,	organization,	or	any	system	which	has	been	made	possible	through	an	adjusted	resili‐
ence	function	and	optimization	model.	Wang	et	al.	[9]	adopted	graph	theory	approach	in	analys‐
ing	vulnerability	for	interdependent	infrastructure	systems	while	fuzzy	set	theory	has	been	used	
in	 assessing	 the	 impact	 of	 flooding	 [10,11].	On	 the	other	hand,	 IIM,	 an	 extension	of	 Leontief’s	
input‐output	model,	has	also	been	adopted	as	a	tool	to	aid	practitioners	and	researchers	in	risk	
analysis	and	assessment	–	an	important	component	of	risk	management	[7].	Nevertheless,	risk	
analysis	has	always	been	an	 integral	part	of	decision‐making	processes	of	any	organization.	 In	
manufacturing	 firms,	 such	 disruptions	 caused	 by	 unavailable	 workers,	 machine	 downtime,	
shortage	of	raw	materials,	natural	disasters,	among	others	yield	potential	inoperability	of	a	pro‐
duction	 process.	 Understanding	 risks	 and	 how	 to	mitigate	 these	 impacts	 from	 a	 systems	 ap‐
proach	advances	current	knowledge	on	manufacturing	resilience	research.	

2.2 Risk analysis with input‐output model 

The	Leontief	 input‐output	model	 (IOM)	describes	 the	 behaviour	 and	 relation	 of	 different	 eco‐
nomic	sectors	and	the	interdependencies	among	them.	IOM	identifies	the	key	sector	in	relation	
to	its	dependence	with	the	other	sectors	[12].	Typically,	once	an	economic	sector	is	prioritized,	
there	comes	a	need	to	provide	risk	mitigation	policies	on	the	impact	of	undesirable	events	and	
production	disruptions.	The	inherent	structure	of	IOM	which	is	to	address	interdependencies	of	
systems	 in	 general	makes	 it	 attractive	 in	 risk	 analysis.	 Prioritization	 of	 the	 key	 sector	 entails	
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implementation	 of	 preventive	 measures,	 policies,	 and	 investments	 for	 development	 and	 im‐
provement	as	well	as	reducing	the	impacts	of	risks	[7].	

In	economic	systems,	an	internal	or	external	failure	of	one	sector	could	make	that	sector	una‐
ble	to	perform	its	intended	functions.	Furthermore,	with	the	inherent	interdependencies	of	eco‐
nomic	sectors,	the	impact	of	this	failure	propagates	to	the	entire	system	which	may	trigger	sys‐
tem’s	dysfunction.	Santos	[5]	coined	the	term	“inoperability”	for	this	phenomenon	leading	to	a	
new	perspective	in	systemic	risk	analysis.	This	leads	to	an	emerging	model	developed	by	Santos	
and	Haimes	[2]	and	Jiang	and	Haimes	[3]	known	as	the	inoperability	input‐output	model	(IIM)	
which	is	basically	derived	from	the	Leontief	IOM.	IIM	is	an	extension	of	the	widely‐accepted	in‐
put‐output	model	which	focuses	on	assessing	the	possible	 impacts	of	a	sector	disruption	 in	an	
economic	system.	

2.3 Demand‐driven inoperability input‐output model 

In	2004,	Haimes	and	Jiang	[3]	founded	an	extension	of	IOM	which	is	the	IIM	–	a	simple	tool	used	
to	quantify	the	possible	losses	and	impacts	of	man‐made	or	natural	disasters	to	a	disrupted	sec‐
tor	and	to	the	entire	system	as	well.	The	works	on	IIM	generally	focus	on	the	demand‐side	inop‐
erability	which	is	expressed	as	the	percentage	of	economic	loss	due	to	a	change	in	final	demand.	
This	 definition	was	 established	 by	 Santos	 and	Haimes	 [2].	 The	 plausibility	 of	 the	 IIM	 has	 has	
gained	 interests	among	domain	scholars	such	 that	extensions	have	been	developed	capable	of	
analysing	the	effects	of	certain	disruptions	[13].	Several	extensions	have	been	reported	in	ana‐
lysing	the	cascading	effects	of	disruptions	which	may	eventually	help	decision‐makers	in	devel‐
oping	and	implementing	risk	mitigation	policies.	

IIM	focuses	on	the	demand‐side	perturbation	caused	by	external	 factors	such	as	man‐made	
disasters	 and	natural	 calamities	 on	 economic	 systems.	Using	 the	widely	used	notations	of	 the	
IIM,	it	can	be	constructed	as	

	

ݍ ൌ ݍ∗ܣ  ܿ∗ (1)
	
where	ܿ∗	is	demand‐side	perturbation	vector,	ܣ∗	is	the	interdependency	matrix,	and	ݍ	is	the	in‐
operability	vector.	

The	demand‐side	perturbation	 vector	 represents	 the	degree	 of	 change	 in	demand	due	 to	 a	
disruption.	This	can	be	calculated	as	'as‐planned'	final	demand	ܿ̂	minus	actual	final	demand	ܿ̃	of	
the	same	sector,	divided	by	the	'as‐planned'	its	production	level	ݔො	which	can	be	written	as	

	
ܿ∗ ൌ ሾ݀݅ܽ݃ ሺݔොሻሿ‐1	ሾܿ̂ െ ܿ̃ሿ	 (2)

The	 demand‐side	 interdependency	 matrix,	 denoted	 by	 	,∗ܣ is	 associated	 with	 the	 Leontief	
technological	matrix	ܣ	and	the	'as‐planned'	production	vector	ݔො.	This	can	be	obtained	using	

	
∗ܣ ൌ ሾ݀݅ܽ݃ሺݔොሻሿିଵሾܣሿሾ݀݅ܽ݃ሺݔොሻ ሿ	 (3)

	
The	demand‐side	inoperability	vector	ݍ	can	be	expressed	as	the	percentage	economic	loss	of	

a	 sector	due	 to	a	 reduced	 final	demand.	The	economic	 loss	can	be	described	as	 the	difference	
between	 the	 'as‐planned'	 production	ݔො	 and	 the	 reduced	 level	 of	 production	ݔ.	By	normalizing	
economic	loss	in	terms	of	the	'as‐planned'	production	ݔො,	ݍ	can	be	expressed	as	follows	

	
ݍ ൌ ሾ݀݅ܽ݃ሺݔොሻሿିଵሾݔො െ ݔ ሿ	 (4)

	
With	the	general	formulation	of	the	IIM	which	is	expressed	in	a	matrix	notation	as	ݍ ൌ ݍ∗ܣ  ܿ∗	
the	inoperability	can	then	be	assessed	and	analysed.	

IIM	describes	the	cascading	effects	of	a	perturbation	of	interconnected	sectors	using	quanti‐
tative	values.	Tan	et	al.	 [1]	suggested	that	organizations	must	seek	to	understand	such	disrup‐
tions	and	be	able	to	quantify	their	impact	on	the	focal	sector	and	to	the	entire	system	as	well	in	
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order	 to	 formulate	effective	mitigation	activities.	 IIM	 is	able	 to	assess	 the	 inoperabilities	of	 in‐
terdependent	sectors	caused	by	disasters,	terrorism,	among	others	[2].		

IIM	has	been	widely	used	in	different	applications	such	as	in	evaluating	the	effect	of	terrorism	
attack	[2],	loss	of	natural	resource	inputs	due	to	climate	change	[14],	fuel	issues	[15],	etc.	Along	
with	emerging	applications	of	 IIM,	 several	hybrid	approaches	have	been	developed	 in	 current	
literature	with	IIM	as	its	core.	These	include	the	application	of	IIM	in	economic	sectors	[16],	ap‐
plication	of	IIM	focusing	on	specific	areas	in	a	sector	[17],	developing	different	methodologies	on	
measuring	the	maximum	level	of	perturbation	the	sector	or	the	system	can	tolerate	[18],	appli‐
cations	that	highlight	the	analysis	of	impact	propagation	to	the	upstream	and	downstream	sec‐
tors	[19],	using	a	different	approach	in	translating	qualitative	information	into	quantitative	data	
[20],	risk‐based	applications	of	IIM	and	the	development	of	other	models	to	assess	inoperability	
[7]	as	well	as	analysing	the	dynamic	elements	of	the	matrices	used	in	IIM	[21].	See	Table	1	for	a	
summary	of	the	applications	of	IIM.	Note	that	the	list	is	not	intended	to	be	comprehensive.	
	

Table	1	Applications	of	Inoperability	Input‐output	Model	(IIM)	

	
The	 application	of	 IIM	 in	 assessing	 the	 impact	 of	 disruptions	 in	 economic	 sectors	provides	

guidance	to	decision‐makers	and	policy‐makers	in	implementing	policies,	preventive	measures,	
and	other	investments	to	reduce	the	impacts	of	risks.	However,	the	framework	of	IIM	is	not	only	
limited	to	macro‐economic	analysis.	Being	a	systems	approach,	it	is	also	applicable	to	other	are‐
as	that	can	be	represented	as	systems,	e.g.	in	production	systems	with	processes	as	subsystems.	
Production	 processes	 are	 the	 series	 of	 steps	 required	 in	 transforming	 raw	materials	 into	 fin‐
ished	goods	which	can	be	analogously	treated	as	sectors	of	an	economic	system.	These	processes	
generate	outputs	that	become	inputs	to	other	processes	in	converting	work‐in‐process	invento‐
ries	 into	 finished	 goods.	 Consequently,	 production	 processes	 establish	 interconnections	 with	
other	processes	making	the	entire	system	an	interdependent	one.	The	strength	of	IIM	lies	in	its	

Classification	of	application	 References	 Descriptions	

Application	of	IIM	in	different	areas	of	
the	economy	

[16]	 Used	a	multi‐regional	IIIM	in	transportation	network	
[13]	 Applied	 IIM	to	evaluate	 the	 impact	of	 inoperability	of	 international	

trade	(IT‐IIM)	

Application	of	IIM	in	specific	area	in	a	sector	

[17]	 Focused	 on	 the	 role	 of	 inventory	 with	 respect	 to	 resilience	 and	
inoperability	

[22]	 Used	IIM	to	quantify	the	effect	in	supply	chain	network	disruption	
[23]	 Measured	the	efficacy	of	inventory	due	to	perturbation	

Used	a	different	method	to	know	the	maximum	
level	of	initial	perturbation	the	sector	or	
system	can	withstand	

[24]	 Developed	a	risk	index	which	is	obtained	in	order	to	support	the	IIM	
in	creating	an	action	plan	of	a	system	

[18]	 Created	 a	 shock	 absorption	 index	 which	 measures	 the	 maximum	
level	 of	 initial	 perturbation	 the	 system	 is	 capable	 of	 absorbing	 so	
that	the	entire	system	will	not	be	fully	inoperable	

[25]	 Developed	 functional	 dependency	 net	 analysis	 (FDNA)	 which	 de‐
termines	the	level	of	inoperability	tolerable	by	the	sector	

[26]	 Sensitivity	 analysis	 through	 sensitivity	 index	which	 can	 be	 carried	
out	by	computing	fields	of	influence	

Used	another	approach	of	IIM	that	further	
stipulate	the	interdependencies	of	sectors	

[27]	 Agent‐based	approach	also	is	used	to	break	down	sectors	into	sub‐
sectors	 to	 further	 assess	 the	 inoperability	 of	 these	 interrelated	
sectors	and	the	system	as	a	whole	

[28]	 Decomposition	of	preparedness	problems	done	in	order	to	calculate	
the	 trade‐off	 between	 preparedness	 cost	 and	 resilience	 among	
regions	

Focused	on	propagation	analysis	to	the	
upstream	and	downstream	sectors	

[1]	 Propagation	analysis	is	used	to	know	the	impact	of	a	certain	pertur‐
bation	to	the	downstream	and	upstream	sectors	

[19]	 Focused	 on	 the	 propagation	 of	 critical	 infrastructure	 interdepend‐
ency	

Translated	qualitative	information	into	
quantitative	data	

[29]	 Developed	 stockholder’s	 influence	 expressed	 in	 terms	 of	 loss	 of	 a	
stakeholder	functionality	in	a	scenario	

[20]	 Used	fuzzy	numbers	that	deals	with	imprecise	values	

Risk	management	application	of	IIM	

[7]	 Applied	 IIM	 and	 provided	 risk	management	measures	 to	 potential	
disruption	

[3]	 Risk‐based	framework	of	IIM	to	have	for	a	more	effective	risk	man‐
agement	

Development	a	dynamic	technical	coefficient	
[21]	 Focuses	 on	 the	 temporary	 or	 permanent	 values	 of	 the	 technical	

coefficient	
Dynamic	inoperability	input‐output	model	 [30]	 Focuses	on	the	inoperability	of	sectors	with	respect	to	time	
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capability	 in	 handling	 the	 cascading	 effects	 of	 a	 final	 demand	 perturbation	 to	 interdependent	
system	components,	e.g.	sectors.	In	contrast,	the	supply‐driven	IIM	(SIIM),	which	is	an	analogous	
methodology	of	IIM,	investigates	the	risks	of	possible	changes	in	supply	or	the	so‐called	'value‐
added	perturbations'.	

2.4 Supply‐driven inoperability input‐output model 

The	supply‐driven	static	IIM	(SIIM)	was	derived	by	Leung	et	al.	[6].	SIIM	is	capable	of	quantify‐
ing	 the	 loss	 brought	 about	 by	 a	 value‐added	 disruption	 or	 a	 supply	 perturbation	 of	 a	 certain	
component	 in	 a	 system	and	 its	 effect	 to	 the	other	 components.	However,	 the	 implausibility	of	
SIIM	has	become	an	emerging	issue	in	current	literature.	However,	in	this	study,	its	relevance	in	
evaluating	manufacturing	process	systems	is	presented.	The	SIIM	is	represented	as	

 ൌ ሺܫ െ 	∗ݖ௦∗ሻିଵܣ (5)

where		 is	 the	vector	 of	 the	 cost	 change	 in	 output	due	 to	 value‐added	perturbation,	ܣ௦∗	 is	 the	
supply‐based	 interdependency	matrix,	and	ݖ∗	 is	 the	 initial	value‐added	or	supply	perturbation	
vector.	Suppose	that	ሺܫ െ ௦∗ሻିଵܣ ൌ ൫ܾ൯ൈ	,	and

∗ݖ ൌ ݀݅ܽ݃ሺݔොሻିଵሺ̃ݖ െ 	ሻݖ̂ (6)

 ൌ ݀݅ܽ݃ሺݔොሻିଵሺݔ െ 	ොሻݔ (7)

∗௦ܣ ൌ ݀݅ܽ݃ሺݔොሻିଵܣ௦ ݀݅ܽ݃ሺݔොሻ	 (8)

The	vector	̂ݖ	is	the	value	of	nominal	value‐added	and	̃ݖ	is	the	value	of	degraded	value‐added	
after	perturbation.	The	computations	necessary	in	carrying	out	the	SIIM	are	analogous	to	those	
of	the	IIM.	

	SIIM	has	been	adopted	for	uncertainty	and	sensitivity	analysis	of	interdependent	infrastruc‐
ture	sectors	[31].	While	IIM	works	for	risk	analysis	in	economic	systems,	it	also	works	for	other	
similar	interdependent	systems	such	as	manufacturing	systems.	The	relevance	of	SIIM	is	on	ana‐
lysing	 the	 interdependent	 components	 in	 a	 system,	 e.g.	 processes	 in	 a	manufacturing	 system,	
where	supply	is	more	considered	relevant	than	demand.	SIIM	is	more	suitable	in	analysing	the	
risks	in	a	manufacturing	system	because	of	the	presence	of	value‐added	inputs	such	as	the	raw	
materials,	labour,	and	machineries	that	are	highly	susceptible	to	disruptions.	Consequently,	SIIM	
is	likewise	more	relevant	than	the	IIM	as	supply	disruptions	are	more	prevalent	in	the	context	of	
manufacturing	due	to	 the	 limited	 final	demand	requirements	of	each	 individual	processes.	For	
instance,	most	manufacturing	systems	have	 final	demand	 in	 their	end‐of‐line	processes	 rather	
than	on	individual	processes.	Thus,	a	final	demand	perturbation	is	considered	trivial	in	this	con‐
text.	With	this,	value‐added	 input	disruptions	characterize	most	manufacturing	systems	which	
are	caused	by	man‐made	or	natural	disasters	forcing	input	prices	to	rise.	

3. Case study
3.1 Background of the Case Firm 

Firm	X	is	a	mosquito	coil	manufacturing	firm	situated	in	central	Philippines.	It	is	one	of	the	most	
competitive	 firm	 in	 its	 industry	 and	has	 been	 a	 distributor	 for	more	 than	 five	 decades.	 These	
mosquito	coils	vary	in	sizes,	scents	and	effectiveness.	Although	these	coils	vary	greatly	in	terms	
of	composition	and	characteristics,	their	processes	do	not	differ	significantly.	There	are	ten	pro‐
cesses	 that	 these	 products	 generally	 undergo:	 vertical	 mixing,	 weighing,	 blending,	 kneading,	
stamping,	 air	 drying,	 tunnel	 drying,	 coil	 harvesting,	 spraying,	 and	 packing.	 Two	 scenarios	 are	
presented	in	this	study	to	 illustrate	the	application	of	IIM	in	the	context	of	manufacturing	sys‐
tems	and	to	quantify	the	impact	of	supply	disruption	of	a	process	to	the	entire	system.	See	Ap‐
pendix	A	for	the	flow	of	processes	of	Firm	X.	
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3.2 First scenario: Coffee skin shortage due to tropical typhoons 

Coffee	is	known	to	be	a	natural	insect	repellent	which	makes	coffee	skin	an	essential	material	for	
the	production	of	mosquito	coils.	The	Philippines	is	one	of	the	few	countries	that	are	capable	of	
cultivating	 and	 growing	 four	 varieties	 of	 commercially‐viable	 coffee	 namely	 Arabica,	 Liberia	
(Barako),	Excelsa	and	Robusta.	The	agriculture	and	cultivation	of	crops	in	various	types	includ‐
ing	coffee	beans	have	been	at	risk	over	the	last	decade	due	to	the	fact	that	the	Philippines	has	
been	struck	by	numerous	disasters.	Not	only	are	the	local	farmers	affected	with	this	current	is‐
sue,	but	also	to	the	industries	that	need	coffee	products	in	its	production	[32].	In	recent	news,	at	
least	 116	 hectares	 of	 coffee	 beans	 in	 10	 towns	 in	 Antique,	 located	 also	 in	 central	 Philippines	
were	destroyed	by	Typhoon	Haiyan,	with	local	name	Yolanda	[33].	

SIIM	 is	used	 to	 analyse	 the	effect	of	 this	disruption	 to	 the	manufacturing	 system	of	Firm	X	
which	primarily	acquires	coffee	skin	from	different	parts	of	the	country	for	its	production.	Given	
the	possibility	of	a	typhoon	to	strike	the	source	of	coffee	beans,	SIIM	is	used	to	quantify	the	loss	
in	terms	of	cost‐price	change	due	to	this	possible	value‐added	or	supply	disruption.	A	supposed	
20	%	price	increase	of	coffee	skin	due	to	scarcity	of	supply	which	directly	perturbs	the	blending	
process.	Applying	SIIM	in	the	scenario	makes	it	possible	to	see	the	effects	of	this	perturbation	to	
each	of	the	individual	production	processes.	

Having	a	20	%	value‐added	perturbation	in	blending	process,	caused	by	coffee	skin	shortage,	
results	 to	 relative	 cost‐price	 changes	 to	 the	 other	 processes	 with	 final	 perturbation	 values	
shown	in	Table	2.	The	initial	perturbation	vector	ݖ∗is	obtained	by	placing	0.20	in	the	blending	
process	where	 the	 system	 is	 initially	perturbed	 and	0	values	 for	 the	 rest	 of	 the	entries	which	
means	 that	 there	 are	 no	 initial	 perturbation	 in	 these	 respective	 processes.	 Final	 perturbation	
vector	p	was	obtained	using	Eq.	5.	The	blending	process	obtained	the	largest	p	value	because	its	
value‐added	 is	 directly	 and	 initially	 perturbed.	Due	 to	 the	 initial	 perturbation	 in	 the	 blending	
process,	the	other	processes	in	the	system	are	also	affected	which	can	be	observed	by	their	final	
perturbation	due	to	the	indirect	and	direct	 interrelationships	that	they	have	with	the	blending	
process.	Except	for	the	vertical	mixing	process	because	it	is	a	preceding	process	of	the	perturbed	
blending	process.	It	has	a	zero	value	thus,	a	value‐added	change	in	the	blending	process	does	not	
result	to	a	cost‐price	change	in	the	inputs	of	vertical	mixing.	Since	vertical	mixing	is	the	first	pro‐
cess	in	the	system,	it	does	not	require	inputs	from	other	processes,	e.g.	blending	process.	It	can	
be	also	realized	that	the	processes	with	direct	relationship	with	the	initially	perturbed	blending	
process	have	larger	p	values	compared	to	the	other	processes.		
	

Table	2	Value‐added	perturbation	caused	by	coffee	skin	shortage	
Processes	 z* (initial	perturbation) p	(final	perturbation)
Vertical	Mixing	 0 0.0000	
	Weighing	 0 0.1981	
Blending	 0.2 0.3769	
Kneading	 0 0.1182	
Stamping	 0 0.0841	
Air	Drying	 0 0.0828	
Tunnel	Drying	 0 0.0251	
Coil	Harvesting	 0 0.0247	
Spraying	 0 0.0232	
Packing	 0 0.0218	
	

3.3 Second scenario: Coal price increase due to mine collapse 

Mosquito	coils	need	to	be	hard	to	serve	its	purpose	well	and	be	an	effective	repellent.	Thus,	the	
drying	process	play	a	crucial	role	 in	manufacturing	these	products.	These	coils	go	through	the	
tunnel	drying	process	with	the	use	of	a	steam	boiler	which	primarily	consumes	up	to	3,240	kg	of	
coal	for	every	912	pairs	of	coil.	With	the	daily	demand	of	coils,	coal	is	considered	one	of	the	high‐
volume	raw	materials	used	in	production.		

Coals	are	obtained	through	mining.	Mining	however,	is	considered	one	of	the	most	dangerous	
industrial	activities	globally	as	 several	disasters	have	occurred	 in	mining	 industries	which	are	
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very	unpredictable	in	nature.	At	an	open‐pit	mine	of	the	largest	coal	producer	in	the	Philippines,	
the	western	wall	of	the	mine	collapsed	due	to	heavy	rains	and	13	miners	were	buried	under	the	
soil.	This	occurrence	led	to	a	four‐month	suspension	of	work	in	the	firm	as	mandated	by	the	De‐
partment	 of	 Energy	 of	 the	 Republic	 of	 the	 Philippines.	 Almost	 94	%	 of	 the	 country’s	 coal	 re‐
quirements	 is	 supplied	 by	 the	 firm	 and	 the	 suspension	 of	 the	mining	 operation	 is	 believed	 to	
have	a	large	impact	on	the	market	[34].	This	resulted	to	a	disrupted	supply	of	coal	to	manufac‐
turing	firms	in	their	operations	which	eventually	increased	the	price	of	coal.	

With	the	risk	of	recurrence,	the	scenario	aims	to	look	into	the	effect	of	the	coal	price	increase	
to	the	mosquito	coil	firm’s	processes.	A	value‐added	perturbation	of	36	%	in	the	tunnel	drying	
process	is	assumed	which	is	caused	by	the	increase	in	price	of	coal	due	to	mining	operation	sus‐
pension.	Results	are	shown	in	Table	3.	It	can	be	seen	in	Table	3	that	the	tunnel	drying	has	the	
same	percentage	of	perturbation	in	the	initial	and	final	perturbation,	unlike	the	previous	scenar‐
io,	mainly	because	of	the	interrelationships	it	has	with	the	other	processes.		

As	seen	in	Appendix	A	the	process	flow	of	Firm	X	is	generally	straightforward	thus	the	affect‐
ed	processes	are	those	succeeding	the	perturbed	process.	These	affected	processes	namely	coil	
harvesting,	spraying,	and	packing	is	not	capable	of	contributing	a	perturbation	to	the	tunnel	dry‐
ing	process	 as	 this	 process	 does	 not	 require	 inputs	 from	 these	processes.	Hence,	 it	 is	 not	 de‐
pendent	on	these	processes.	Coil	harvesting	has	a	final	perturbation	value	more	or	less	similar	
with	tunnel	drying	mainly	because	it	directly	receives	the	outputs	of	the	tunnel	drying	process.	
Mindful	of	the	concept	of	linear	process	flow	or	straightforward	interrelationship	of	processes,	
processes	 preceding	 tunnel	 drying	 have	 no	 cost‐price	 change	 values	 p	 since	 these	 processes	
(vertical	mixing	down	to	air	drying)	do	not	receive	inputs	from	tunnel	drying.	

Table	3	Value‐added	perturbation	caused	coal	price	increase	
Processes	 z*	(initial	perturbation) p	(final	perturbation)
Vertical	mixing	 0 0.0000	
Weighing	 0 0.0000	
Blending	 0 0.0000	
Kneading	 0 0.0000	
Stamping	 0 0.0000	
Air	drying	 0 0.0000	
Tunnel	drying	 0.36 0.3600	
Coil	harvesting	 0 0.3545	
Spraying	 0 0.3333	
Packing	 0 0.3128	

 
3.4 Discussion 

In	SIIM,	two	different	scenarios	of	value‐added	perturbations	were	presented	in	the	case	study.	
For	Firm	X,	scenario	1	shows	coffee	skin	shortage	brought	about	by	tropical	typhoons	while	sce‐
nario	2	illustrates	coal	price	increase	due	to	a	disaster	in	mining	operations.	Results	of	the	sce‐
narios	have	quantified	the	final	perturbation	or	cost‐price	changes	of	the	value	of	outputs	of	the	
individual	processes.	 It	can	be	observed	that	Firm	X	has	several	processes	with	zero	final	per‐
turbation	values	due	its	straightforward	flow	of	processes.	The	final	perturbation	value	of	a	par‐
ticular	process	 other	 than	 the	perturbed	process	depends	on	 its	 relationship	 and	dependence	
with	the	initially	perturbed	process	and	the	other	processes.	If	that	particular	process	precedes	
the	perturbed	process	with	no	feedback	loop,	the	impact	of	the	initial	perturbation	is	zero;	that	
is	p	is	zero,	since	it	does	not	receive	inputs	from	the	perturbed	process.	In	contrary,	succeeding	
processes	 of	 the	 perturbed	 process	 are	 affected	 and	 the	 impact	 decreases	 as	 the	 distance,	 in	
terms	of	sequence,	of	a	process	with	the	perturbed	one	increases.	

In	this	case	study,	SIIM	has	been	successfully	implemented	in	analysing	and	quantifying	the	
impact	of	supply	or	value‐added	perturbations	to	the	directly	affected	process	and	its	cascading	
effects	on	the	other	processes	due	to	the	interdependencies	among	processes.	In	this	study,	two	
scenarios	are	presented	to	further	explore	the	applicability	of	SIIM	in	micro‐level	application,	i.e.	
in	manufacturing	 firms.	 For	 both	 scenarios,	 it	 has	 been	 shown	 that	when	 a	 certain	 process	 is	
disrupted	through	a	supply	or	value‐added	perturbation,	 it	will	 inflict	cascading	effects	to	pro‐
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cesses	it	has	interrelationships	with.	The	perturbation	directly	affects	other	processes	the	per‐
turbed	process	has	strong	relationships	with	 i.e.	 the	proceeding	process	which	needs	 the	per‐
turbed	process’	outputs	and	in	contrary,	yield	small	effects	to	processes	that	are	weakly	interre‐
lated	with	 the	perturbed	one.	Therefore,	 the	changes	 in	 the	value	of	 required	output	as	mani‐
fested	by	the	p	values,	which	show	the	cascading	effects	of	 the	 initial	perturbation,	depend	on	
the	process	being	perturbed	and	its	interrelationships	among	other	processes.		

4. Conclusion and future work 

The	supply‐driven	inoperability	input‐output	model	adopted	in	this	work	addresses	risk	analy‐
sis	in	an	interdependent	system	which	is	an	inherent	characteristic	of	most	manufacturing	sys‐
tems.	Contrary	to	current	literature	and	practice	where	risks	are	assessed	on	individual	compo‐
nent	of	 the	manufacturing	 system,	 the	proposed	approach	 identifies	 risks	 taken	 from	 the	per‐
spective	of	analysing	the	system	as	an	 integrated	structure	of	components.	SIIM	quantifies	the	
risks	of	cost‐price	increase	of	manufacturing	process	outputs	brought	about	by	the	increase	in	
prices	of	process	value‐added	inputs	which	may	be	caused	by	natural	or	man‐made	disasters.	It	
simultaneously	considers	production	processes	as	a	 system	rather	 than	 isolating	each	process	
for	analysis.	From	the	study	reported	in	this	work,	it	can	be	inferred	that	SIIM	effectively	quanti‐
fies	the	actual	impact	on	each	process	after	a	value‐added	perturbation	has	occurred.	Results	of	
this	 risk	 assessment	 process	 help	 manufacturing	 managers	 and	 practitioners	 in	 establishing	
policies	 and	 infrastructures	 that	would	 eventually	minimize	 the	 systemic	 risks.	 SIIM	 aids	 the	
firm’s	 management	 and	 other	 manufacturing	 practitioners	 in	 risk	 analysis	 and	 in	 decision‐
making	collectively.	No	approach	in	manufacturing	systems	research	has	been	reported	that	has	
the	capability	SIIM	framework	has	to	offer	and	this	is	considered	as	the	main	contribution	of	this	
work	in	the	literature	of	risk	analysis	and	manufacturing	research.	The	proposed	methodology	is	
considered	to	be	most	suitable	for	manufacturing	firms	rather	than	the	demand‐driven	approach	
mainly	because	each	process	in	a	manufacturing	system	generally	does	not	have	any	final	exog‐
enous	demand	unlike	economic	sectors	where	final	demand	of	each	sector	is	naturally	present.	

A	number	of	future	works	can	be	implemented	with	the	proposed	framework.	First,	the	im‐
preciseness	of	the	data	used	in	the	input‐output	tables	is	crucial	in	enhancing	the	quality	of	the	
results.	To	address	this,	fuzzy	set	theory	may	be	applied	where	data	values	become	fuzzy	num‐
bers	with	membership	 functions.	Future	work	can	be	done	on	this	area	and	then	compare	the	
results	with	the	results	reported	in	this	study	in	order	to	assess	the	robustness	of	the	proposed	
approach.	Secondly,	SIIM	framework	can	be	extended	to	a	dynamic	SIIM	in	order	to	assess	the	
behaviour	of	process	perturbations	with	time.	The	dynamic	SIIM	may	have	the	capability	in	de‐
termining	the	time	when	the	manufacturing	system	achieves	a	status	quo	after	the	occurrence	of	
a	disruption.	Third,	the	proposed	approach	can	be	applied	in	understanding	supply‐side	risks	of	
a	supply	chain	brought	about	by	supply‐demand	uncertainty	[35].	When	supply	chain	risks	are	
assessed,	the	proposed	method	may	be	able	to	quantify	the	risks	associated	with	the	individual	
members	of	 the	 supply	 chain.	An	 interesting	 future	work	might	be	 the	 integration	of	 the	pro‐
posed	approach	with	the	current	directions	of	a	sustainable	supply	chain	[36].	The	assessment	
may	be	incorporated	with	supply	chain	analysis	frameworks	that	address	the	trade‐off	of	max‐
imising	 customer	 service	 level	 and	minimising	work‐in‐process	 inventory	as	proposed,	 for	 in‐
stance,	by	Smew	et	al.	[37].	Finally,	the	emerging	concerns	on	cyber‐risks	generated	from	hack‐
ers,	employees,	 competitors	and	malicious	software	 [38]	can	be	also	addressed	using	 the	pro‐
posed	approach.	
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