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range	from	‘better	health,	greater	financial	inclusion,	and	a	population	that	is	more	engaged	with	and	
better	supported	by	its	government.’	(LaValle	et	al	2011).		

While	 the	vast	quantity	of	data	gathered	during	a	 crisis	 can	be	very	useful	 if	 subjected	 to	 instant	
analysis	 and	 recommendations	 to	 enable	 effective	 responses,	 it	 can	 also	 be	 paralyzing	 as	 most	
humanitarian	organizations	 lack	 the	 infrastructure	and	 the	 capability	 to	 conduct	big	data	analysis.	 In	
addition	to	the	large	quantity	of	data	collected,	big	data	analyzed	to	create	a	positive	social	impact	suffers	
from	authenticity	issues.	Misinformation	and	disinformation	generated	on	social	disasters	can	influence	
analysis	 and	 recommendations	 from	big	 data.	 Digital	 humanitarianism	 suffers	 from	 the	 collection	 of	
disingenuous	 data	 but	 also	 reveals	 the	 power	 of	 data	 by	 giving	 organizations	 the	 ability	 to	 create	
solutions	for	social	problems	that	were	previously	not	viable.		

In	addition,	 large	historic	data	sets	could	 lead	to	false	confidence	in	predicted	outcomes	that	may	
result	in	significant	errors	(Ganore	2012).	Individual	agendas	of	corporations	or	governments	could	lead	
to	manipulated	findings	that	in	turn	suggest	the	use	of	skewed	recommendations	for	the	selfish	benefits	
of	a	few.	Social	impact	theory	provides	a	lens	to	consider	how	big	data	insights	could	lead	to	positive	or	
negative	social	impacts	and	the	ethics	behind	it.		

4. Social	impact	theory	

Social	impact	theory	was	created	by	Bibb	Latané	 in	1981	at	The	Ohio	State	University.		This	theory	
was	 defined	 as	 “any	 of	 the	 great	 variety	 of	 changes	 in	 psychological	 states	 and	 subjective	 feelings,	
motives	and	emotions,	cognitions	and	beliefs,	values	and	behaviors,	that	occur	in	an	individual,	human	
or	animal,	because	of	the	real,	implied,	or	imagined	presence	or	actions	of	other	individuals”	(Latané,	
1981,	p.	343).		The	theory	uses	mathematic	equations	to	determine	the	various	levels	of	social	impact	
based	on	the	situation.			

The	social	influence	that	is	predicted	will	have	a	proportional	multiplicative	influence	and	the	number	
of	people	involved	in	the	social	influence	will	have	an	inverse	proportional	influence	on	the	number	of	
people	 influenced	(Latané,1981).	 	People’s	actions	affect	others	 in	social	situations	and	the	 impact	of	
their	 actions	 can	 be	 measured	 visually	 along	 with	 measures	 that	 include	 three	 laws:	 social	 forces,	
psychosocial	law,	and	multiplication/division	of	impact	(Table	1).			

	
Table	1.		Social	Impact	Theory	

Social	Force	 • Strength	of	the	message	
• Immediacy	
• Number	of	people/target	influence	

Psychosocial	Law	 • First	source	influence	most	important	
Multiplication/Division	of	Impact	 • Smaller	impact	less	dispersion	

• Larger	impact	more	dispersion	
(Latané,	1981)	

	
	

Social	force	is	a	pressure	that	is	put	on	people	to	change	their	behavior.	The	concept	of	social	force	is	
divided	into	three	sections:		strength	of	the	message,	immediacy	and	numbers	of	people	exerting	force	
on	the	group	(social	force	=	f(S*I*N))	(Latané,	1981).	The	strength	of	the	message	is	based	on	the	level	
of	power	and	influence	perceived	by	the	target.	 	 Immediacy	concerns	how	recent	the	event	occurred	
and	if	there	were	other	factors	involved.	The	number	of	people	include	the	total	number	of	influencers	
on	 the	 target.	 Psychosocial	 law	 explains	 that	 the	 first	 source	 of	 influence	 is	 the	 most	 potent.		
Multiplication/divisions	of	 impact	emphasizes	 that	 the	 force	directed	at	one	person	will	have	a	 large	
impact	and	if	there	are	two	or	more	people	the	impact	splits	proportionally	(two	people	=	impact	split	in	
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discovering	new	trends,	new	products	and	preventing	disease.		However,	one	must	be	careful	when	using	
big	data	because	of	ethical	implications	and	its	social	impact.	It	is	important	to	use	big	data	responsibly.	
Three	applications	of	big	data,	ethics	and	social	impact	are	summarized	next.			

Insurance	 companies	 use	 tornado	 data	 to	 predict	 the	 likelihood	 of	 recurring	 storms	 in	 the	 same	
location.		The	data	generated	from	the	National	Oceanic	and	Atmosphere	Administration	(NOAA)	tracks	
various	weather	 incidents	 throughout	 the	United	States.	 	Moore,	Oklahoma	 is	a	hotspot	 for	 tornadic	
activity.		Moore	has	been	impacted	by	ten	tornadoes	from	1998	to	2015.	Since	the	city	is	in	tornado	alley,	
it	 is	 vulnerable	 to	 repeat	 incidents.	 	 Insurance	 companies	 determined	 that	 since	Moore	was	 a	 likely	
target,	it	was	important	to	explain	the	need	for	homeowner’s	insurance	coverage	for	protection	from	a	
potential	tornado.		The	direct	impact	of	the	big	data	helped	insurance	companies	deliver	a	message	of	
safety,	 importance,	and	vigilance	(Palmer,	2013).	 	The	insurance	companies	decreased	cases	of	fraud,	
enhanced	 security	 and	 encouraged	 the	 community	 to	 help	 rebuild,	 make	 donations,	 and	 provide	
emotional	 support	 to	 the	victims	of	 the	 latest	 tornado.	 Their	 consumers	were	prepared	 for	 the	next	
tornado.	Social	impact	theory	was	applied	through	social	forces	(the	significant	influence	of	the	insurance	
company),	 immediacy	 (the	 past	 tornadoes	 occurred	 in	 Moore)	 and	 the	 multiplication/division	 of	
influence	(many	people	were	informed	of	the	insurance	companies	warnings).	Their	direct	influence	on	
groups	 of	 people	made	 the	 community	 come	 together	 and	 help	 each	 other	 even	more	 than	 before	
(Palmer,	2013).		Ethically	social	impact	was	positive	because	the	perspective	of	insurance	companies	in	
this	case	was	changed	from	negative	to	positive.		

The	Centers	for	Disease	Control	(CDC)	use	big	data	to	predict	the	spread	of	the	flu.	 	The	review	of	
data	determines	where	the	next	outbreak	might	occur.		These	predictions	can	help	doctors	prepare	for	
the	flu	outbreak	and	in	addition	encourage	individuals	to	get	flu	shots	for	preventative	measures.		The	
use	of	big	data	in	this	case	saves	lives.	Social	impact	theory	was	applied	through	social	forces	(the	CDC	
had	a	significant	influence	on	the	community),	immediacy	(the	importance	of	the	flu	epidemic)	and	the	
multiplication/division	of	influence	(impact	of	many	people	who	could	be	affected	by	the	flu).		The	CDC	
has	 a	 strong	 influence	 over	 the	 public,	 therefore	 any	 messages	 delivered	 by	 the	 organization	 are	
impactful	and	important.		Decreasing	the	spread	of	disease	is	ethical	and	necessary	(Silva,	2006).		It	is	
vitally	important	to	maintain	the	public	trust,	especially	when	lives	are	at	stake.		

Big	 data	 is	 used	 to	 recommend	 products	 to	 consumers	 through	 predictive	 analysis.	 	 However,	
companies	should	be	careful	when	recommending	a	product	due	to	the	sensitivity	and	ethical	problems.		
An	e-cigarette	company	can	have	strong	influence	on	the	consumer	(Zhu,	et	al.,	2014).		The	e-cigarette	
company	 can	make	 recommendations	which	 are	 both	 positive	 and	 negative,	 potentially	 creating	 an	
ethical	dilemma.		For	example,	big	data	has	been	used	to	determine	if	smokers	might	be	interested	in	e-
cigarettes.	 	 Unfortunately,	 smoking	 has	 caused	 many	 deaths	 (Center	 for	 Disease	 Control,	 2016).		
However,	 the	e-cigarette	companies	see	e-cigarettes	as	a	safer	alternative	for	their	customers.	Social	
impact	theory	was	applied	through	social	forces	(the	e-cigarette	companies	have	a	strong	influence	on	
the	existing	smoking	customer	base),	immediacy	(a	brand-new	product	was	introduced	as	an	alternative	
to	tobacco	cigarettes)	and	multiplication/division	of	influence	(the	information	was	shared	with	a	large	
customer	base	who	influenced	each	other	to	purchase	a	new	product).	Due	to	the	strong	influence	of	
the	company,	people	made	the	change	and	in	some	cases	the	consumers	convinced	others	to	change	
based	on	the	message	from	the	company.	In	this	case,	the	promotion	of	a	negative	behavior	in	a	positive	
light	is	questionable	and	depending	on	the	audience,	violates	ethical	principles.			

7. Conclusion	

Big	data	usage	has	increased	and	we	should	watch	for	ethics	violations	and	negative	social	impacts.		
This	article	examined	how	big	data,	ethics	and	social	impact	are	interrelated	using	a	conceptual	model.		
It	is	important	that	organizations	be	respective	when	using	big	data	to	make	decisions	because	it	directly	
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impacts	individuals	and	society.		The	framework	was	supported	through	three	different	examples	that	
indicated	big	data	can	be	used	to	manipulate	ethics	and	social	 impact.	 	Organizations	must	make	the	
right	decisions,	honor	established	ethical	principles	and	make	positive	social	impacts.	A	simple	decision	
is	enough	to	change	the	outcome	for	thousands,	even	millions.			

8. 	Future	Work	

Further	examination	of	the	Big	Data,	Ethics	and	Social	Impact	Framework	is	needed	to	determine	the	
exact	impact.		The	next	step	is	to	evaluate	the	validity	of	the	big	data,	ethics,	and	social	impact	framework	
through	semi-structured	interviews	with	data	analytics	managers	and	consumers,	along	with	empirical	
survey	research	will	statistically	validate	the	conceptual	model.		
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as	 many	 engineering	 programs	 across	 the	 nation	 introduced	 ethics	 instruction	 as	 part	 of	 the	
requirements	 and	 furthermore	 many	 institutions	 engaged	 innovative	 approaches	 in	 teaching	 ethics	
(National	Academy	of	Engineering,	2016).	

Since	 business	 programs	 deal	with	 the	 human	 element	 in	 the	 decision-making	 process,	 it	 is	 only	
natural	that	business	was	and	still	is	in	the	forefront	of	ethics	education.	De	George	(2015)	stated	that	
business	ethics	as	a	separate	academic	field	emerged	 in	the	1970s. Consequently,	business	academic	
programs	adopted	an	ethics	course	early	on	as	part	of	 the	curriculum	requirements	relative	to	other	
disciplines.	

One	can	mention	the	business	program	at	the	University	of	Pittsburgh	at	Greensburg	 (UPG)	as	an	
example.	In	this	business	program,	students	are	required	to	take	the	Business	Ethics	course	(PHIL	1380	
Business	 Ethics)	 offered	 by	 the	 philosophy	 department.	 To	 deepen	 students	 and	 future	 managers’	
understanding	of	ethical	issues,	the	business	course	instructor	introduced	an	ethics	component	in	the	
Operation	Management	(OM)	(MGMT	1820)	course	(Rudnicka,	2005).	The	goal	of	the	ethics	component	
in	the	OM	course	was	“to	refine	the	skills	used	in	ethical	problem	solving”	(Rudnicka,	2005).	The	course	
examines	moral	and	ethical	issues	and	dilemmas	caused	by	the	nature	of	business	[40].	The	course	helps	
students	 to	 “improve	 their	managerial	 decision-making	 ability”	 and	 to	 address	 the	 current	 business	
environment	 where	 globalization	 plays	 an	 increasing	 role	 (Rudnicka,	 2005).	 Aspects	 of	 globalization	
expose	students	to	different	standards	of	moral	behavior	in	various	cultures.	Initially,	students	in	the	OM	
course	are	 introduced	to	codes	and	guidelines	of	ethics	of	various	professional	 societies,	 such	as	 the	
National	Society	of	Professional	Engineers	(NSPE)	and	the	Guidelines	for	Facilitating	Solutions	to	Ethical	
Dilemmas	 in	 Professional	 Practice	 followed	 by	 ethics	 case	 analyses	 (Rudnicka,	 2005).	 The	 ethics	
component	 of	 the	OM	 course	 is	 being	 taught	 using	 two	 types	 of	 assignments:	 short	 critical	 thinking	
exercises	to	identify	and	analyze	ethical	dilemmas	done	individually	and	long	business	ethics	case	studies	
done	in	groups.	The	Pittsburgh-Mines	(P-M)	Engineering	Ethics	Assessment	Rubric	is	used	by	a	course	
business	instructor	to	assess	the	level	of	ethical	problem	recognition,	analysis,	and	solutions	provided	by	
the	students	(Rudnicka,	2005).	

7. Ethics	Course	

At	Penn	State	University	–	Fayette,	engineering	students	were	exposed	to	ethical	professional	issues	
in	various	classes	through	dedicated	segments	devoted	to	specific	ethical	problems	or	via	extracurricular	
activities	through	seminars,	guest	presentations,	etc.	The	activities	were	designed	to	provide	students	
with	the	vital	skills	to	satisfy	the	National	Society	of	Professional	Engineers	(NSPE)	(www.nspe.org,	2016)	
and	 the	 Accreditation	 Board	 for	 Engineering	 and	 Technology	 (ABET)	 (www.abet.org,	 2016)	
recommendations	 for	 the	 teaching	 of	 ethics	 in	 engineering.	 	 However,	 during	 one	 of	 the	 ABET	
accreditation	visits,	ABET	assessed	the	learning	of	ethics	without	a	dedicated	course	as	insufficient.	To	
remedy	the	weakness,	the	Electrical	Engineering	Technology	program	incorporated	the	Ethics	and	the	
Design	of	Technology	course	(STS	233)		(http://bulletins.psu.edu/udergrad/courses/S/S%20T%20S/233,	
2016)	as	a	required	humanities	course.	STS	233	covers	ethics	in	general	and	professional	ethics.		

The	 major	 topic	 of	 the	 course	 is	 ethics,	 but	 it	 covers	 other	 subjects	 as	 well	
(http://bulletins.psu.edu/udergrad/courses/S/S%20T%20S/233,	 2016).	 STS	 233	 is	 also	 offered	 for	
science	 and	 engineering	 PSU	majors	 as	 an	 elective	 humanities	 course.	 The	 course	 used	 Engineering	
Ethics:	Concepts,	Viewpoints,	Cases	and	Codes	by	J.H.	Smith,	P.M.	Harper,	and	R.	A.	Burgess	(2008)	and	
covered	the	following	topics:	

-	Historical	review	of	the	concept	of	morality	and	ethics	including	Greek	philosophers	and	the	Greek		
		school	of		thought,	Kant’s	duty	ethics,	and	Mill’s	utilitarianism;			
-	Moral	theories;	
-	Group	decision-making;	
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-	Good	engineering;	
-	Professional	responsibility;		
-	Multiculturalism	and	business	customs	in	different	cultures	in	light	of	morality	and	ethics;	and	
-	Discussion	of	ethical	dilemmas.	
Students	were	introduced	to	ethical	problems	using	current	well	publicized	cases	related	to	copyright	

infringement,	 whistleblowing,	 public	 safety,	 plagiarism,	 and	 cybercrime,	 as	 well	 as	 cases	 based	 on	
materials	available	 from	NSPE-BER	 (www.nspe.org,	2016)	and	NIEE	 (www.niee.org,	2016).	 	 The	NSPE	
(www.nspe.org,	 2016)	 and	 NIEE	 (www.niee.org,	 2016)	 websites	 provide	 ample	 sources	 of	 useful	
information	and	serve	as	an	excellent	course	resource.		

Students	worked	on	team-based	assignments	analyzing	assigned	ethical	dilemmas	and	writing	short	
reports.	 Final	presentations	 included	business	and	engineering	ethical	dilemmas,	 social	 customs,	and	
business	etiquette	in	different	parts	of	the	world.			

The	ethics	 class	was	offered	 in	 two	 formats:	 a	 traditional	 campus-based	and	a	blended	or	hybrid	
method	of	delivery	to	accommodate	non-traditional	working	students.	In	the	hybrid	format,	half	of	the	
weekly	 sessions	were	delivered	on	campus	and	 the	other	half	online	synchronously	 through	Adobe’s	
video-conferencing	software.	The	class	met	twice	a	week	for	either	a	 lecture,	a	discussion	session,	or	
team	based	assignments.	

7.1 How	to	Help	Students?	Guidelines	for	Facilitating	a	Solution	to	Ethical	Dilemmas	

Instructors	 at	 PSU-Fayette	 and	 UPG	 use	 guidelines	 developed	 by	 Penn	 State	 University	 to	 assist	
students	with	facilitating	solutions	to	ethical	problems	(http://www.engr.psu.edu/ethics/process1.asp,	
2016).		The	guidelines	(Rudnicka,	2005),	(http://www.engr.psu.edu/ethics/process1.asp,	2016)		consist	
of	the	following	nine-step	process:	

Step	1:	Determine	the	facts	in	the	situation	–	obtain	all	of	the	unbiased	facts	possible.	
Step	2:	Define	the	Stakeholders	–	those	with	a	vested	interest	in	the	outcome.	
Step	3:	Assess	the	motivations	of	the	Stakeholders	–	using	effective	communication	techniques	and		
													a	personality	assessment.	
Step	4:	Formulate	alternative	solutions	–	based	on	the	most	complete	information	available,	using	

basic	ethical	core	values	as	guide.	
Step	5:	Evaluate	proposed	alternatives	–	short-list	ethical	solutions	only;	may	be	a	potential	choice		
													between/among	two	or	more	totally	ethical	solutions.	
Step	6:	Seek	additional	assistance,	as	appropriate	–	engineering	codes	of	ethics,	previous	cases,		
													peers,	and	reliance	on	personal	experience,	prayer.	
Step	7:	Select	the	best	course	of	action	–	that	which	satisfies	the	highest	core	ethical	values.	
Step	8:	Implement	the	selected	solution	–	take	action	as	warranted.		
Step	9:	Monitor	and	assess	the	outcome	–	note	how	to	improve	the	next	time.	
Naturally,	the	guidelines	serve	an	important	educational	function	by	providing	a	practical	protocol	to	

identify	an	ethical	dilemma,	analyze	it,	and	devise	a	solution.	

7.2 Learning	Assessment:	The	Pittsburgh-Mines	(P-M)	Engineering	Ethics	Assessment	Rubric			

The	 Pittsburgh-Mines	 (P-M)	 Engineering	 Ethics	 Assessment	 Rubric	 (Rudnicka,	 2005),	 (Shuman,	
Sindelar,	Besterfield-Sacre,	Wolfe,	Pinkus,	Mitcham,	Miller	and	Olds,	2003)	was	used	for	student	course	
assessment	by	instructors	at	PSU-Fayette	and	UPG.	The	rubric	assesses	five	essential	attributes	of	ethics	
understanding	with	five	levels	of	achievement:	

1. Recognition/Identification:	ability	to	comprehend	a	problem,	
2. Information:	ability	to	gather	pertinent	information,	



The Journal of Management and Engineering Integration Vol. 10, No. 1|Summer 2017 	
	

	 36	

3. Analysis:	ability	to	analyze	the	problem	and	to	provide	alternatives,	
4. Perspective:	ability	to	provide	perspective	of	the	problem	from	various	points	of	view:	employer,		

profession,	and	society,	and	
5. Resolution:	ability	to	provide	solutions.		
The	rubric	provides	a	concise	guide	in	a	tabular	format	for	assessment	of	vital	knowledge	and	skills	

developed	 jointly	 by	 researchers	 from	 engineering,	 philosophy,	 and	 bioethics	 from	 the	University	 of	
Pittsburgh	and	Colorado	School	of	Mines	(Shuman,	Sindelar,	Besterfield-Sacre,	Wolfe,	Pinkus,	Mitcham,	
Miller	 and	Olds,	 2003).	 The	 rubric	was	 used	 as	 one	 of	 the	methods	 to	 evaluate	 a	 student’s	 level	 of	
understanding	and	ability	to	devise	solutions	to	the	ethical	problems	discussed	in	class.		

7.3 Learning	Assessment	Using	DIT	Test	

The	Defining	Issues	Test	(DIT-1)	Short	Form	(http://ethicaldevelopment.ua.edu/dit-and-dit-2/,	2015)	
was	used	in	the	ethics	class	for	the	2014/15/16	academic	years	with	fifty-four	students	for	the	purpose	
of	 internal	 review	 to	 assess	 the	 effectiveness	 of	 the	 ethics	 learning	 process.	 The	 DIT-1	 tests	 were	
conducted	twice	for	each	group	of	students,	the	first	time	prior	to	instruction	on	ethics	(as	a	pre-test)	at	
the	beginning	of	the	course	and	the	second	time	after	the	ethics	instruction	(as	a	post-test)	at	the	end	
of	the	course.		

The	DIT	 test	allows	 for	assessment	of	moral	development	by	 “activation	of	moral	 schemas	 in	 the	
subject	 and	 assessing	 these	 schemas	 in	 terms	 of	 importance	
judgements”(http://ethicaldevelopment.us.edu/dit-and-dit-2/,	2015).	The	test	checks	moral	reasoning	
and	 identifies	 the	 level	of	moral	development	based	on	the	work	of	Kohlberg	 (Kohlberg	and	Lickona,	
1976).		Kohlberg	identified	six	stages	of	moral	development	which	can	be	grouped	into	three	levels:	pre-
conventional	morality	(primary	concern	is	of	personal,	individual	nature),	conventional	morality	(more	
concerned	with	society’s	wellbeing),	and	post-conventional	morality	 (laws	are	scrutinized	rather	than	
just	accepted,	for	society’s	good	as	a	whole).	The	DIT	test	is	a	Likert	type	of	test,	which	gives	quantitative	
evaluation	 ratings.	 Validity	 of	 the	 implicit	 DIT	 test	 has	 been	 established	 in	 a	 variety	 of	 studies	
(http://ethicaldevelopment.ua.edu/dit-and-dit-2/,	2015).		

The	DIT-1	test	was	administered	in	the	STS	233	course	in	spring	of	2014/15/16	at	PSU-Fayette	campus	
to	assess	the	effectiveness	of	ethics	coverage.	Mostly	engineering	and	engineering	technology	freshman	
and	sophomore	students	were	enrolled	in	the	course.		

A	DIT-1	Short	 Form	 (Heinz,	Prisoner,	 and	Newspaper	Stories)	was	 chosen	due	 to	 the	 limited	 time	
available	in	the	course.	The	collected	results	were	checked	for	reliability	through	validity	and	consistency	
inspection.	Namely,	 a	 score	of	M	 factor	 greater	 than	 four	 invalidated	 the	questionnaire	 test.	Also,	 a	
number	of	inconsistencies	greater	than	eight	rendered	the	test	invalid.	All	together	fifty-four	students	
took	the	tests:	two	tests	were	not	completed,	and	two	had	a	score	of	M	factor	above	four	in	either	the	
pre-test	or	the	post-test	and	were	rejected	and	invalidated.	

Descriptive	data	analysis	was	performed	on	collected	DIT-1	Pre-Test	and	Post-Test	data	and	results	
are	given	in	Table	1:	
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Table	1.	The	Descriptive	Statistics	for	P-Score	of	DIT	pre-and	post-tests.	
	

Statistics	 Pre-test	 Post-test	
	 	 	
Mean	 15.11	 25.33	
Standard	Error	 2.76	 4.20	
Median	 10.00	 23.33	
Mode	 10.00	 23.33	
Standard	
Deviation	 10.68	 16.27	

Range	 43.34	 70	
Minimum	 3.33	 6.67	
Maximum	 46.67	 76.67	
Count	 50	 50	

p-value	 0.02661	
	
	
Hypothesis	Testing:	
To	show	the	effectiveness	of	learning,	hypothesis	testing	using	the	t-test	for	paired	two	sample	
means	was	used.	
Null	Hypothesis	H0:		
There	is	no	difference	between	sample	means:	μ0	-	μa	=	0		
Alternative	Hypothesis	Ha:	
The	sample	mean	of	post-test,	μa,	is	larger	than	the	mean	of	the	pre-test,	μ0:	
μa	–	μ0		>		0	.			
Using	the	t-Test	for	a	Two-Sample	for	DIT-1	P-score	data,	assuming	unequal	variances,	the	p-value	
was	0.02661.	

	 	
The	significance	level	(α)	was	assumed	to	be	0.05,	or	5%.	Considering	a	p-value	of	0.02661,	the	Null	

Hypothesis,	H0,	is	rejected.		Consequently,	the	Alternative	Hypothesis,	Ha,	is	accepted.			
This	result	validated	the	role	of	the	ethics	course	in	learning	ethics	principles	and	increasing	students’	

awareness	of	ethical	issues.		

7.4 The	Impact	of	the	Ethics	Component	in	STS	233	

The	impact	survey	was	conducted	at	the	end	of	the	course.	A	survey	similar	to	the	one	performed	in	
[40]	was	adopted	in	the	ethics	course.	The	students	responded	very	favorably	to	the	coverage	of	ethics	
in	the	course.	Some	of	the	written	comments	were	as	follows:		

-	“As	an	engineer,	it	showed	me	the	various	ethical	guidelines	I	should	follow.	It	also	explained	how	
I	should	approach	ethical	dilemmas.	Now	when	I	am	in	a	situation	or	conflict	I	feel	as	if	I	can	think	
of	the	ethical	codes	learned	in	this	class	and	they	will	help	me	make	an	ethical	decision,”	

-	“Utility	and	the	ethics	used	by	engineers	was	thoroughly	explained,”	
-	“It	mostly	made	me	more	aware	of	 the	different	situations	that	would	come	up	 in	the	business	
setting,”		

-	“It	gave	me	a	better	understanding	on	how	to	handle	business	confrontations	ethically	and	apply	
certain	ways	of	thinking,”	

-	“The	course	helped	me	understand	management	point	of	view	versus	an	engineering	view	point,”	
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-	“Each	aspect	was	taught	thoroughly	and	at	a	good	pace,”	
-	“The	group	discussions	on	ethical	issues	were	very	useful,”	
-	“I	would	have	liked	to	see	more	ethical	experiments	such	as	the	Stanford	Prison	Experiment.	That	
was	a	very	interesting	&	clear	example	of	ethics	&	how	they	can	change	over	time,”	

-	“I	think	there	was	just	the	right	amount	of	all.	The	case	summaries	helped	very	much,”	
-	“The	right	amount	of	time	on	most	aspects,	the	historical	portion	could	be	reduced,	however	this	
is	biased	as	I	do	not	like	history	very	much,”	

-	 “This	 course	 increased	 my	 ability	 to	 deal	 with	 ethical	 issues	 by	 showing	 me	 different	 ethical	
scenarios	and	how	each	scenario	can	be	solved	in	a	different	way.”		

Many	students	wrote	that	the	course	increased	their	level	of	awareness	and	understanding	of	ethical	
issues	both	 in	general	and	 in	a	professional	 setting.	A	 few	students	 identified	 their	own	professional	
experiences	with	the	discussed	moral	and	ethical	issues.	Furthermore,	many	felt	that	the	course	helped	
them	to	prepare	for	future	ethical	issues	and	dilemmas	to	be	encountered	in	the	workplace.		

8. Conclusions	

The	article	discusses	the	issues	of	interest	to	an	ethics	instructor	such	as	ethics’	historical	background,	
ethics’	 educational	 frameworks,	 methods	 of	 covering	 ethics,	 and	 ethical	 reasoning	 models.	 The	
guidelines	to	assist	students	with	the	learning	process	and	assessment	tools	for	evaluating	ethics	learning	
effectiveness	 are	 provided.	 An	 example	 of	 an	 ethics	 course,	which	 satisfies	 ABET’s	 requirement,	 for	
freshmen	 and	 sophomore	 engineering	 and	 science	 major	 students	 is	 described.	 A	 hypothesis	 is	
formulated	and	tested	to	check	the	effectiveness	of	ethics	learning	using	a	DIT-1	test.	
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Abstract	

The	 research	 explores	 color	 recognition	when	 using	 Laser	 Eye	 Protection	 (LEP).	 	 A	 laser	 strike	 or	
cockpit	illumination	is	a	distraction	and	can	temporarily	blind	pilots	during	one	of	the	most	critical	phases	
of	flight	such	as	takeoff	and	landing,	when	the	aircraft	is	low	in	altitude	and	there	is	little	room	for	error.		
Aviation	laser	strikes	are	on	the	rise	and	so	pilot	controlled	mitigation	methods	are	necessary.		LEP	is	one	
mitigation	method	currently	available	to	pilots.		When	wearing	LEP	pilots	should	retain	sufficient	color	
recognition	for	several	reasons.		One	reason	is	that	many	aviation	instruments	utilize	color	differences	
to	indicate	a	different	status,	mode,	position,	or	quantity.		Another	reason	is	that	colored	lights	on	an	
airfield	 identify	different	 surface	areas.	 	 Therefore,	 the	 study	 tested	participants’	 ability	 to	 recognize	
color	when	using	an	LEP	since	this	is	vital	to	pilots	in	safely	operating	an	aircraft.			

Participants	were	exposed	to	several	different	colors	while	freely	using	the	LEP	as	desired	to	acquaint	
themselves	with	how	the	LEP	affects	the	appearance	of	color.		Participants	were	then	tested	on	color	
recognition	 when	 using	 the	 LEP	 compared	 to	 participants	 using	 non-tinted	 and	 nonprescription	
protection	eyewear.		The	data	was	collected	and	analyzed	with	the	results	presented.		The	study	results	
will	be	discussed	along	with	future	research	ideas	to	expand	upon	the	current	literature	with	regards	to	
LEP.		

1. Introduction		

A	laser	cockpit	illumination	is	a	distraction	and	can	temporarily	blind	pilots	during	the	most	critical	
phases	of	 flight.	Aviation	 laser	 strikes	are	on	 the	 rise	and	 so	pilot	 controlled	mitigation	methods	are	
necessary.	 Laser	 Eye	 Protection	 (LEP)	 is	 one	mitigation	method	 currently	 available	 to	 pilots.	 	When	
wearing	LEP,	pilots	should	retain	sufficient	color	recognition	abilities.	Many	aviation	instruments	utilize	
color	differences	to	indicate	a	different	status,	mode,	position,	or	quantity.		Colored	lights	on	an	airfield	
identify	 different	 surface	 areas	 and	 type	 of	 airport.	 	 ATC	 towers	 can	 display	 light	 gun	 signals	 for	
communication	in	the	event	of	a	radio	failure	(usually	includes	three	colors;	red,	green,	and	white).	

The	aim	of	this	study	was	to	investigate	the	effects	of	LEP	on	color	recognition	using	two	different	
types	of	LEP	and	a	pair	of	clear	protection	eyewear	 (with	no	special	 laser	blocking	capabilities).	 	One	
rationale	for	the	study	is	that	the	FAA	recommends	to	“[p]erform	human	factors	studies	to	investigate	
whether	providing	pilots	with	Laser	Eye	Protection	(LEP)	is	a	practical	means	to	mitigate	certain	potential	
laser	hazards.	 	These	studies	should	also	address	the	effects	of	LEP	on	color	vision,	visual	acuity,	and	
operational	performance”	(Milburn,	Neitz,	Chidester,	and	Lemelin,	2013).	

The	research	questions	for	the	research	are	listed	below:	
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RQ1:	What	is	the	effect	of	Laser	Eye	Protection	on	color	recognition?	
RQ2:	For	which	color,	from	those	investigated,	is	color	recognition	most	greatly	affected	by	Laser	Eye	
Protection?		

2. Literature	Review		

Aviation	 laser	 illumination	 incidents	pose	a	 threat	 to	aviation	 safety	and	 flight	 crew	health.	 	With	
cockpit	 laser	 illuminations,	 pilots	 can	 be	 distracted	 from	 their	 duties	 during	 one	 of	 the	most	 critical	
phases	of	flight	(Nakagawara,	Wood,	and	Montgomery,	2006).		The	flight	crew	may	also	be	susceptible	
to	eye	damage	due	to	direct	cockpit	laser	illuminations.		Wyrsch,	Baenninger,	and	Schmid	(2010)	covered	
a	 case	 study	 involving	a	 teenage	boy	 that	 “ordered	a	handheld	 laser	pointer	with	green	 light	on	 the	
Internet	to	use	as	a	toy”	(p.	1089).		While	playing	with	the	device,	his	eyes	were	exposed	to	the	green	
laser	light	several	times,	resulting	in	blurred	vision	and	retinal	damage.		Wyrsch	et	al.	(2010)	stated	that	
“his	visual	acuity	was	so	poor	in	his	left	eye	that	he	was	only	able	to	count	fingers	at	a	distance	of	3	feet”	
(p.	1089).		After	four	months	of	treatment,	the	boy’s	vision	improved,	but	there	was	evidence	of	foveal	
scarring	and	he	did	not	regain	his	previous	vision	capabilities.		These	authors	also	highlight	the	ease	at	
which	a	Class	III	laser	can	be	acquired	and	the	similar	outward	appearances	of	harmless	low	powered	
laser	pointers	designed	for	presentations,	and	higher	powered	laser	devices.	

Nakagawara,	Montgomery,	 and	Wood	 (2011)	 conducted	 the	 study	 in	which	 they	 examined	 laser	
illumination	incident	trends	over	the	five-year	period,	January	2004	to	December	2008.		The	research	
suggested	 that	 aviation	 laser	 strikes	 occurred	 more	 frequently	 in	 the	 months	 of	 November	 and	
December,	and	on	weekends,	especially	Sundays.		The	times	between	1900	(7:00	pm)	and	2300	(11:00	
pm)	were	the	most	popular	times	in	which	laser	strikes	occurred	(Nakagawara	et	al.,	2011).		This	study	
agreed	with	the	FAA	review	in	finding	that	laser	strikes	on	commercial	aircraft	accounted	for	the	majority	
(73%)	of	the	incidents	(Nakagawara	et	al.,	2011).			

To	this	date,	there	have	been	no	major	accidents	resulting	from	an	aviation	laser	illumination	incident,	
but	this	threat	should	be	mitigated	to	prevent	such	an	accident	(Nakagawara	et	al.,	2006).		One	method	
that	can	be	used	in	preventing	these	types	of	accidents	is	facilitating	public	awareness.		Pilots,	especially	
general	aviation	pilots,	may	not	be	aware	of	the	growing	threat	and	the	possible	associated	hazards,	and	
may	not	know	what	to	do	in	the	event	that	a	laser	illumination	is	experienced	(Nakagawara	et	al.,	2011).		
Members	 of	 the	 general	 public	may	 not	 know	 that	 it	 is	 a	 federal	 violation,	 punishable	 by	 a	 fine	 or	
imprisonment,	to	point	a	laser	at	an	aircraft,	and	they	may	also	be	unaware	of	the	dangers	it	poses	to	
pilots	and	everyone	on	board	(FAA	Modernization	and	Reform	Act	of	2012).	

When	using	LEP	pilots	must	be	able	to	retain	substantial	color	discriminating	abilities	because	many	
aspects	of	aviation	rely	on	different	colors	(Palakkamanil	and	Fielden,	2015).		Milburn,	Neitz,	Chidester,	
and	Lemelin	(2013)	highlight	that	over	the	years,	the	use	of	color	coding	in	aviation	has	increased	due	to	
“changing	technology	inside	the	cockpit,	on	air	traffic	control	displays,	and	in	the	airport	environment”	
(p.	1).		The	use	of	color	can	sometimes	aid	in	communicating	an	instruction	or	intention	without	the	need	
for	verbal	or	written	communication;	however,	color	can	only	be	a	successful	communication	tool	if	both	
the	sender	and	receiver	can	recognize	and	discriminate	between	colors	(Milburn	et	al.,	2013).				

With	regards	to	airport	lighting,	lights	of	different	colors	may	indicate	a	different	surface	or	pavement	
area,	for	example,	taxiway	edge	lights	may	be	blue,	while	runway	edge	lights	are	generally	white.		A	pilot	
must	be	able	 to	differentiate	between	a	 runway	and	a	 taxiway	 for	 various	 safety	 reasons.	 	At	night,	
airport	 lighting	 plays	 an	 important	 part	 in	 surface	 recognition	 as	 it	 highlights	 the	 designated	 areas	
(Palakkamanil	and	Fielden,	2015).			

Dykes,	 Schmeisser,	 Garcia,	McLin,	 Harrington,	 and	 	 Apsey,	 (2000)	 suggest	 that	 utilizing	 computer	
modeling	for	color	appearance	testing	can	help	LEP	designers	and	manufacturers	to	produce	devices	that	
are	 effective	 and	 usable.	 	 Lucassen	 and	 Toet	 (2006)	 developed	 a	 computer	 software	 program,	 TNO	
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VisorSimulator,	which	can	simulate	the	color	perception	changes	that	various	LEP	devices	would	effect.		
The	software	allows	for	testing	of	a	multitude	of	spectral	blocking	filters	in	various	regions	of	the	visible	
spectrum,	 however,	 Lucassen	 and	 Toet	 (2006)	warn	 that	 even	 though	 the	 simulator	 can	 display	 the	
effects	 of	 different	 filters	 on	 color	 appearance,	 producing	 filters	 with	 some	 spectral	 blocking	
combinations	may	not	actually	be	possible.		Kuyk,	Brockmeier,	Morin,	LaFrance,	and	Foutch	2010)	also	
conducted	 research	 into	 developing	 a	 computer-based	 tool	 that	 simulates	 color	 appearance	 when	
looking	 through	 LEP	 devices.	 	 The	 researchers	 developed	 a	 tool	 based	 on	 two	 software	 packages,	
SolidWorks™	and	OptisWorks™,	and	concluded	that,	with	 this	 tool,	 color	appearance	 through	an	LEP	
could	be	readily	simulated	with	great		precision,	accuracy,	and	reliability.	

LaFrance,	Williamson,	Svec,	and	Kuyk	(2013)	conducted	a	study	to	investigate	the	effects	of	different	
types	of	LEP	on	both	“broad-band	and	narrow-band	hue	discrimination	tasks”	using	“isoluminant	caps”	
as	 the	 “broad-band	 illuminant”	 and	 an	MFD	 as	 the	 “narrow-band	 illuminant”.	 	 This	 study,	 however,	
contrary	to	Dykes	et	al.	(2000),	found	that	the	color-balanced	LEP	affected	color	discrimination	for	broad-
band	light	sources	more	so	than	for	narrow-band	light	sources	(LaFrance	et	al.,	2013).		The	researchers	
explain	 that	 this	may	 have	 been	 due	 to	 the	 color-balancing	 of	 the	 lenses	 resulting	 in	 an	 “alignment	
between	 LEP	 transmission	 bands”	 and	 the	 visual	 output	 of	 the	MFD.	 	 This	 finding	 can	 be	 useful	 in	
manufacturing	LEP	if	the	device	is	to	be	tailored	to	suit	increased	PFD	and	MFD	usage.	

3. Methodology		

The	 research	explores	 color	 recognition	when	using	 LEP.	 	 The	 study	 tested	participants’	 ability	 to	
recognize	color	when	using	an	LEP.	 	The	research	conducted	was	a	quantitative	exploratory	research	
study	 with	 a	 post-test	 only	 modified	 quasi-experimental	 design.	 	 The	 study	 utilized	 three	 types	 of	
eyewear	consisting	of	LEP1-RG,	LEP2-RGB	and	EP3-Clear.		

LEP1-RG	had	a	visible	light	transmission	of	18%	and	transmitted	less	than	10%	of	red	light	(630	–	670	
nm	wavelengths)	and	less	than	4%	of	green	light	(532	nm	wavelength).	 	LEP1-RG	complied	with	ANSI	
Z136.1	(American	standard	for	safe	use	of	 lasers)	and	ANSI	Z80.3	(American	standard	for	sunglasses),	
and	 met	 the	 standards	 of	 ANSI	 Z87.1	 (American	 standard	 for	 Occupational	 Personal	 Eye	 and	 Face	
Protection	Devices).		LEP2-RGB	had	a	visible	light	transmission	of	23.3%	and	transmitted	approximately	
6.3%	of	red	light	(633	–	640	nm	wavelengths),	approximately	3.2%	of	green	light	(532	nm	wavelength),	
and	approximately	3.2%	of	blue	light	(445	–	450	nm	wavelengths).		LEP2-RGB	complied	with	ANSI	Z136.1	
and	met	the	standards	of	ANSI	Z87.1.		The	clear	protection	eyewear	(EP3-Clear)	had	no	laser	blocking	
capabilities	and	exceeded	the	standards	of	ANSI	Z87.1.		This	study	includes	the	use	of	clear	protection	
eyewear	for	comparison	purposes.			

The	Color-block	test	was	used	to	measure	the	LEPs’	effects	on	color	recognition.		A	Chi-squared	test	
was	used	for	statistical	analysis.		The	target	population	was	male	and	female	adults	with	normal	color	
vision.		The	accessible	population	was	adult	university	students	and	employees	with	normal	color	vision	
based	at	FIT.			

Before	conducting	the	study,	the	study	was	approved	by	the	university’s	Institutional	Review	Board	
(IRB).		The	participants	were	informed	that	the	study	would	not	exceed	25	minutes	in	length	and	that	all	
identifying	information	will	be	kept	confidential.		A	convenience	sampling	method	was	used	to	recruit	
90	participants.		This	sampling	method	was	used	due	the	study’s	exploratory	nature,	time	constraints,	
and	the	limited	resources	available	to	conduct	the	research.		A	power	analysis	was	conducted	a	priori	to	
determine	the	sample	size	for	the	study.		This	was	done	to	ensure	that	a	sufficient	number	of	participants	
would	be	recruited	to	allow	the	study	to	have	adequate	statistical	power.		From	the	power	analysis,	the	
minimum	 sample	 size	 for	 this	 study	 was	 86	 participants.	 	 Therefore,	 it	 was	 ensured	 that	 over	 86	
participants	were	used	in	this	study.		Ninety	(N	=	90)	participants	were	recruited	for	the	study.		There	
were	 30	 participants	 in	 each	 of	 the	 three	 groups	 assigned	 through	 rolling	 a	 dice.	 	 The	 three	 groups	
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consisted	of	participants	using	one	of	the	eyewear;	LEP1-RG,	LEP2-RGB,	or	EP3-Clear.			
The	procedure	for	each	participant	was	to	complete	a	questionnaire,	perform	a	basic	color	vision	test,	

and	perform	a	five	minute	experience	pre-test.		Then	each	participant	performed	a	Color-block	test.		This	
consisted	of	a	controlled	PowerPoint	presentation	showing	 instructions	and	blocks	of	different	colors	
displayed	on	a	black	background.	 	The	black	background	was	chosen	based	on	previous	similar	color	
recognition	and	discrimination	studies	(Kuyk	et	al.,	2010).			

The	laptop	was	set	up	at	a	distance	of	approximately	40	cm	from	the	edge	of	the	surface.	 	Screen	
inclination	angle	of	approximately	105°	(Gangele	and	Mishra,	2015).	

4. Results		

This	section	addresses	the	study	results	with	regards	to	LEPs.		The	chi-square	goodness	of	fit	test	was	
used	as	the	primary	method	to	determine	the	statistical	significance	of	the	results.			This	statistical	test	
was	 chosen	due	 to	 the	non-parametric	nature	of	 the	data	 collected	and	 is	 appropriate	 for	 statistical	
analysis	when	simultaneously	comparing	categorical	variables.		The	independent	variables	were	the	type	
of	LEP	and	color.	 	The	dependent	variable	was	color	recognition	as	measured	by	the	Color-block	test.		
Descriptive	statistics	were	also	calculated.	

The	participants	consisted	of	52%	females	and	48%	males.		The	age	distribution	of	the	participants	
consisted	of	91%	between	the	ages	of	18-29,	7%	between	the	ages	of	30-39,	and	2%	between	the	ages	
of	40-49.		The	participants’	ethnicity	consisted	of	49%	Caucasian/White,	16%	Asian,	14%	Black/African	
American,	 12%	 Hispanic/Latino,	 8%	 Mixed	 and	 1%	 Other.	 	 The	 participant’s	 eye	 color	 distribution	
consisted	of	67%	of	the	participants	had	brown	eyes,	18%	blue	eyes,	9%	green	eyes,	4%	hazel	eyes,	and	
2%	had	 an	 eye	 color	 not	 falling	within	 the	 questionnaire	 categories.	 	 The	 participants	 recruited	 had	
different	areas	of	study.		Of	the	90	participants,	39%	were	in	the	engineering	area	of	study,	36%	in	the	
aeronautics	area	of	study,	13%	in	the	science	area	of	study,	5%	in	the	business	area	of	study,	4%	in	the	
psychology	area	of	study,	and	3%	in	the	education	area	of	study.			

The	overall	effect	of	LEP	on	color	recognition	in	this	study	was	found	to	be	not	statistically	significant,	
χ2	(6,	N	=	311)	=	8.95,	p	=	.17	which	corresponds	to	the	first	research	question:	

RQ1:	What	is	the	effect	of	LEP	on	color	recognition?	
H01:	Laser	eye	protection	has	no	significant	effect	on	color	recognition.	

It	was	found	that	at	least	one	color	was	more	affected	by	the	LEP,	and	through	post	hoc	analyses	it	
was	found	that	color	recognition	of	amber	was	the	most	affected	by	LEP,	χ2	(3,	N	=	311)	=	8.94,	p	=	.03	
which	corresponds	to	the	second	research	question:	

RQ2:	Which	color	from	those	investigated	is	color	recognition	most	greatly	affected	by	LEP?		
HA2:	The	laser	eye	protection’s	effect	on	color	recognition	for	at	least	one	color	is	significantly	
different.	

Table	1	 identifies	 the	number	of	participants	 that	were	able	 to	correctly	 identify	each	of	 the	 four	
colors	within	each	of	the	three	groups.			

	
Table	1:		Participants’	Color	Recognition	
Color	 LEP1	 LEP2	 EP3	
Blue

	 	
30	 24	 30	

Green	 30	 25	 30	
Amber	 10	 15	 30	
Red	 28	 29	 30	
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There	were	many	limitations	to	the	research.		First,	only	two	types	of	LEP	were	used	which	may	not	

be	representative	of	every	LEP	device	available	to	pilots.		The	convenience	method	of	sampling	was	used	
to	recruit	participants	from	a	relatively	small	part	of	the	population.		This	can	limit	the	generalizability	of	
the	 study.	 	 Also,	 a	 color’s	 effects	 on	 other	 colors	 may	 have	 influenced	 how	 a	 color	 is	 perceived.		
Furthermore,	each	participant	was	provided	with	five	minutes	of	LEP	usage	to	become	acquainted	with	
the	LEP	and	the	study.		Five	minutes	may	not	be	long	enough	for	a	participant	to	truly	gain	experience	
with	the	LEP.			

The	overall	effect	of	LEP	on	color	recognition	was	not	statistically	significant.		From	the	colors	studied,	
color	recognition	of	amber	was	the	most	affected	by	LEP.		This	study	has	the	potential	to	educate	and	
bring	 awareness	 to	 the	 aviation	 industry	 and	 general	 population	 about	 the	 hazards	 of	 laser	 strike	
incidents.		From	the	results	of	this	study,	LEP	may	be	an	effective	mitigation	method	for	aviation	laser	
strikes.		However,	the	present	study	only	investigated	four	colors	and	amber	was	the	color	that	was	not	
well	recognized	by	participants.			

No	 significant	 trends	 were	 observed	 with	 respect	 to	 color	 recognition	 and	 demographic	 data	
(ethnicity,	eye	color,	subject	area).	

5. Conclusion		

The	 potential	 significance	 of	 the	 research	 suggests	 that	 available	 LEP	 allows	 users	 to	 retain	 near	
accurate	color	recognition.		This	study	highlights	an	area	where	LEP	can	be	improved	by	performing	more	
research	into	color	recognition	of	amber	and	non-primary	light	colors.		This	study	brings	awareness	to	
the	growing	problem	of	aviation	laser	strikes	and	cockpit	illuminations.		The	research	also	encourages	
further	investigation	and	research	into	developing	a	standard	specifically	for	civil	aviation	LEP.	

There	are	several	 future	research	areas	 to	expand	upon	the	present	study.	 	First,	 research	should	
investigate	the	feasibility	of	a	retractable	windshield	filter,	which	could	be	pulled	down	in	front	of	the	
windshield	when	needed	and	removed	when	not	needed.		For	example,	pilots	would	use	it	when	going	
into	airports	notorious	for	aviation	laser	strikes,	or	on	approaches	at	night,	but	not	during	daytime	cruise	
flight	 at	 altitude.	 	 The	material	would	 need	 to	 be	 transparent	 but	would	 also	 need	 to	 not	 be	 easily	
fractured	or	become	opaque.		Research	would	also	have	to	investigate	how	it	could	withstand	constant	
altitude	and	pressure	changes	without	degrading,	while	being	able	to	house	the	laser	protection	dyes	
and	 filters.	 	 The	 aircraft	 itself	 would	 also	 have	 to	 be	 fitted	with	 the	 filter	 and	 therefore	 tailored	 to	
different	aircraft.		The	device,	itself,	would	also	have	to	be	cost	effective.		The	second	research	area	to	
investigate	is	to	design	PFD	and	MFD	technologies	with	the	ability	to	change	color	characteristics	such	
as	hue,	saturation,	and	warmth.		This	could	be	useful	to	enhance	pilot	color	recognition	when	using	LEP	
in	the	cockpit.		There	could	be	a	setting	that	color-compensates	for	the	use	of	different	types	of	LEP.		This	
type	of	setting	should	be	easily	selected	and	deselected.			

It	 is	difficult	 for	 law	enforcement	to	apprehend	 individuals	who	shine	 lasers	at	aircraft	due	to	the	
volatile	nature	of	a	laser	strike	incident.		Future	research	could	investigate	improved	methods	of	tracking	
and	locating	individuals	who	contribute	to	aviation	laser	strikes.			

In	conclusion,	aviation	 laser	strikes	are	on	the	rise	and	so	pilot	controlled	mitigation	methods	are	
necessary.	 	The	findings	suggest	 that	 there	was	no	significant	effect	on	color	 recognition.	 	LEP	 is	one	
potentially	effective	mitigation	method	currently	available.		
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Operation
Hours Weather

Number of
Attractions

(pieces)

Total
Satisfaction

Expected
Total Time
Required

(min)
Clear 22 637 839

Cloudy or Rainy 27 676 839
Clear 17 565 837

Cloudy or Rainy 19 596 837
Clear 6 266 240

Cloudy or Rainy 7 308 236
Sunny 10 350 420

Cloudy or Rainy 8 368 416
Clear 22 398 840

Cloudy or Rainy 28 412 818
Clear 17 356 840

Cloudy or Rainy 19 374 838
Clear 6 178 240

Cloudy or Rainy 7 201 236
Clear 10 226 416

Cloudy or Rainy 8 243 414
Clear 23 251 840

Cloudy or Rainy 27 268 840
Clear 18 226 839

Cloudy or Rainy 18 237 826
Clear 8 115 240

Cloudy or Rainy 9 127 235
Clear 10 146 419

Cloudy or Rainy 11 152 409

All
Guests

Weekdays
(840 min)
Holidays
(840 min)
After 6

(240 min)
Starlight

(420 min)

Male
Guests

Weekdays
(840 min)
Holidays
(840 min)
After 6

(240 min)
Starlight

(420 min)

Female
Guests

Weekdays
(840 min)
Holidays
(840 min)
After 6

(240 min)
Starlight

(420 min)
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Abstract	

A	matter	of	concern	 for	 those	 in	 the	ore	processing	 industry	 is	 the	processing	conditions	 that	are	
the	most	effective	 in	removing	metal	 from	the	ore.	 	 If	 the	processing	conditions	are	not	properly	ad-
justed,	then	some	of	the	metal	will	be	lost,	which	might	otherwise	have	been	recovered.		In	this	paper	
the	set	of	 conditions	 is	examined	 for	processing	ore	 to	extract	 the	maximum	yield	of	metal	 content.		
This	examination	is	performed	using	Taguchi’s	method	of	experimental	analysis	with	an	L8	(23)	orthogo-
nal	array.	

1. Introduction	and	literature	review	

Factorial	 Analysis	 as	 employed	 in	 experimental	 methods	 is	 a	 very	 powerful	 and	 frequently	 used	
method	 for	performing	experimental	analysis	and	arriving	at	valuable	conclusions.	 	 Factorial	Analysis	
relies	upon	a	mathematical	device	known	as	orthogonal	arrays.	These	were	first	studied	by	the	great	
Swiss	mathematician	and	physicist,	Leonhard	Euler	(1707-1783),	and	were	originally	viewed	as	a	type	
of	mathematical	recreation	(Taguchi,	1988).		Since	Euler’s	time,	they	have	been	studied	extensively	by	
Joseph	Leonard	Walsh	(1895-1973)	and	others	as	a	part	of	the	general	investigation	of	orthogonal	func-
tions	(Taguchi,	1988).		

Factorial	Analysis	has	been	 in	use	for	upward	of	70	years	and	was	extended	considerably	through	
the	efforts	of	Frank	Yates	(1937,	1970).		Excellent	discussions	of	the	topic	may	be	found	in	such	works	
as	Box,	et	al	(1978),	Cochran	and	Cox	(1957),	Fisher	(1966)	and	Montgomery	(2008).		On	the	application	
and	 adaptation	of	 Factorial	 Analysis	 to	 specific	 problems,	 one	 should	 see	 such	works	 as	 John	 (1971,	
1972),	Margolin	 (1967,	1969),	Plackett	and	Burman	 (1946).	 	Taguchi	 (1988)	has	extensive	discussions	
and	examples	of	the	various	approaches	to	Factorial	Analysis.			

Factorial	analysis	is	extremely	versatile,	and	has	been	used	in	such	widely	varied	applications	as	pi-
lot	plant	designs,	development	of	storm	water	overflow	systems,	sewage	treatment	facilities,	and	pet-
rochemical	plant	design	(Box,	et	al,	1978).		Further,	applications	of	factorial	analysis	have	been	in	pas-
senger	car	 tire	 life	analysis,	x-ray	 inspection	to	determine	tensile	strength,	analysis	of	cast	aluminum	
machine	parts,	and	in	the	production	process	for	laminate	boards	(Taguchi,	1988).		One	very	useful	ap-
plication	of	factorial	analysis	 is	that	of	using	a	two-level	analysis	to	eliminate	insignificant	control	fac-
tors,	and	combining	 it	with	a	two	or	three-way	 layout	to	determine	optimal	values	for	the	significant	
control	factors	(Sutterfield,	et	al,	2012).	

In	 factorial	 analysis,	 several	 experimental	 conditions,	 known	as	 control	 factors,	 are	 systematically	
varied	to	determine	how	some	factor	of	interest,	known	as	the	response	factor,	is	affected	by	changes	
in	the	control	factors.		It	must	be	emphasized	that	the	control	factors	are	changed	systematically:	This	
is	why	orthogonal	arrays	are	vitally	 important	 in	Factorial	Analysis.	 	An	orthogonal	array	actually	pro-
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vides	a	template	for	systematically	conducting	a	factorial	analysis.	 	 In	orthogonal	arrays,	each	column	
is,	mathematically	speaking,	orthogonal	to	each	of	the	other	columns	in	the	array.	 	The	experimental	
runs	are	randomized,	which	means	assigning	a	random	number	to	each	row	 in	 the	orthogonal	array.		
An	example	of	an	orthogonal	array	is	shown	in	Table	1.	

	
Table	1:	Example	Orthogonal	Array	

1 2 3 4 5 6 7
No. A B AxB C AxC BxC e

1 4 1 1 1 1 1 1 1 RV1

2 8 1 1 1 2 2 2 2 RV2

3 3 1 2 2 1 1 2 2 RV3

4 6 1 2 2 2 2 1 1 RV4

5 1 2 1 2 1 2 1 2 RV5

6 7 2 1 2 2 1 2 1 RV6

7 5 2 2 1 1 2 2 1 RV7

8 2 2 2 1 2 1 1 2 RV8

Run 
Number

Response 
Variable

	
	

In	the	above	orthogonal	array,	three	control	factors,	“A,”	“B,”	and	“C”	are	examined	along	with	their	
interactions.		These	interactions	are	identified	as	“AxB,”	“AxC”	and	“BxC.”		The	“AxBxC”	is	not	shown	in	
the	above	array,	but	 it	could	be	adapted	to	 include	this	 interaction.	The	next	 to	 last	column,	 labeled	
“e,”	is	where	the	random	experimental	error	is	to	be	found.		The	last	column,	labeled	“Response	Varia-
ble,”	contains	the	measured	values	for	the	response	variable.		Further,	the	level	of	each	control	factor	
for	a	given	experimental	run	is	set	by	the	corresponding	entry	in	the	orthogonal	array.		Using	Figure	1	
above,	for	example,	in	run	number	“6,”	factor	“A”	is	set	at	its	lower	level,	factor	“B”	at	its	upper	level	
and	 factor	 “C”	 at	 its	 upper	 level.	 	Moreover,	 the	upper	 levels	 of	 two	of	 three	 interactions	 are	 to	be	
found	in	this	row.	

In	general,	orthogonal	arrays	such	as	that	in	Table	1	are	identified	by	the	number	of	the	rows	in	the	
array,	the	number	of	factors	and	levels	to	be	examined,	or	both.		Thus,	the	orthogonal	array	in	Table	1	
can	be	described	as	an	L8,	referring	to	the	number	of	rows;	a	23	 indicating	that	three	control	 factors,	
along	with	their	interactions,	are	to	be	examined	at	two	levels	each;	or	as	L8	(23)	indicating	both.		Again,	
if	four	factors,	along	with	their	interactions,	were	to	be	examined,	each	at	two	levels,	an	orthogonal	ar-
ray	of	sixteen	rows	and	fifteen	columns	would	be	required:	Such	an	orthogonal	array	would	be	desig-
nated	as	an	L16	(24).	

In	the	Taguchi	adaptation	of	orthogonal	arrays,	they	have	the	curious	property	that	if	the	numbers	
of	the	columns	for	any	two	of	the	principal	control	factors	are	added	together,	the	number	of	the	col-
umn	is	obtained	in	which	the	interaction	results	for	those	two	factors.		For	example,	if	factors	“A”	and	
“B”	were	of	interest,	their	corresponding	columns	are	“1”	and	“2.”		If	“1”	and	“2”	are	added	together	
the	result	is	“3,”	meaning	that	“3”	is	the	number	of	the	column	in	which	the	interaction	of	“A”	and	“B,”	
“AxB,”	will	be	found.		The	reader	may	verify	from	Figure	1	that	similar	results	will	be	found	for	the	fac-
tor	combinations	of	“A”	and	“C,”	as	well	as	for	“B”	and	“C.”		The	application	of	orthogonal	arrays	does	
not	 limit	 Factorial	Analysis	 to	 two	 factor	 levels:	Orthogonal	arrays	have	been	developed	 for	 three	or	
more	levels	and	for	very	large	numbers	of	factors.		For	example	the	designation	L27	(313)	would	indicate	
an	array	with	thirteen	factors	to	be	tested	at	three	levels.		Such	an	array	would	require	27	rows.	
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In	Table	3,	the	first	column	indicates	the	number	of	the	row	in	the	orthogonal	array.		The	numbers	

in	the	second	column	indicate	the	randomized	order	in	which	the	experiments	were	run.		Columns	1,	2,	
and	4	are	the	columns	to	which	control	 factors	“A,”	“B,”	and	“C,”	respectively,	are	assigned.	 	The	re-
maining	columns	are	those	to	which	the	interactions	of	these	control	factors	are	assigned.			

One	of	the	unique	facets	of	Taguchi’s	method	is	that	the	columns	are	arranged	so	that	adding	the	
column	numbers	of	 the	 control	 factors	 gives	 the	number	of	 the	 column	 to	which	 the	 interaction	 for	
those	control	factors	is	assigned.		For	example,	Column	3	is	where	the	AxB	interaction	is	assigned.		Col-
umn	5	is	where	the	AxC	interaction	found,	and	column	6	the	BxC	interaction.	

Column	7	of	our	array	demands	a	bit	of	special	attention.	 	Ordinarily,	 the	 last	column	of	an	array	
would	be	used	to	capture	experimental	error.		However,	in	our	application	the	three-factor	interaction	
must	occupy	the	last	column.		Since	an	L8	(23)	array	can	have	at	most	7	columns,	there	was	no	column	
to	which	the	experimental	error	might	be	assigned.		Because	it	was	desired	to	examine	the	three-factor	
interaction,	it	was	not	desirable	to	employ	confounding.	This	introduced	a	slight	complication	into	the	
analysis	which	will	be	discussed	in	the	following	section.	

Another	unique	facet	of	Taguchi’s	method	is	the	use	of	coded	data	for	the	response	variable.		This	is	
done	to	increase	the	precision	of	the	analysis.				Columns	8	and	9	contain	the	response	variable	data	for	
each	 of	 the	 two	 runs.	 	 Column	 10	 is	 obtained	 by	 averaging	 columns	 8	 and	 9	 and	 deducting	 a	 value	
called	the	working	mean	 from	each	of	the	averages	obtained	for	the	response	variable.	 	The	working	
mean	is	simply	a	quick	estimate	of	the	true	mean,	and	is	used	to	expedite	analysis.		For	the	present	ap-
plication,	a	working	mean	of	78	was	selected.	

An	experimental	run	is	conducted	by	setting	each	control	factor	to	the	particular	level	indicated	by	
the	number	in	the	row	for	that	control	factor.			The	values	for	the	interactions	are	obtained	as	a	fortui-
tous	 result	 of	 executing	 the	 experiment.	 	 Referring	 to	Table	 3,	 to	 execute	 Run	 #6,	 Control	 Factor	 A	
would	be	set	to	2,	Control	Factor	B	to	1,	and	Control	Factor	C	to	2.		The	levels	of	the	interactions	would	
be	as	shown	in	Table	3.	

	
Table	3:	Experimental	results	for	ore	refining	experiment	

    A B AxB C AxC BxC AxBxC Response (gms./hr.) Mean 
response 

Coded 
response Run no. Rand. No. 1 2 3 4 5 6 7 Trial 1 Trial 2 

1 4 1 1 1 1 1 1 1 80 62 71 -7 
2 8 1 1 1 2 2 2 2 65 63 64 -14 
3 3 1 2 2 1 1 2 2 69 73 71 -7 
4 6 1 2 2 2 2 1 1 74 80 77 -1 
5 1 2 1 2 1 2 1 2 81 79 80 2 
6 7 2 1 2 2 1 2 1 84 86 85 7 
7 5 2 2 1 1 2 2 1 91 93 92 14 

8 2 2 2 1 2 1 1 2 93 93 93 15 
	

The	total	variation	is	obtained	by	summing	the	squares	of	the	coded	values,	and					 	deducting	the	
square	of	the	sum	of	these	divided	by	8,	the	number	of	coded	values.		This	is	illustrated	in	the	following	
calculation:	

	
( )...= + + + + -

2
2 2 2 2
1 2 3 8 8T

CFX X X XS 	
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Then,	substituting	the	coded	data	for	the	response	variable	from	Table	3	…	
[ ... ( )]( ) ( ) ... ( ) ( ) - - + + +

= - + - + + + -
2

2 2 2 2 7 14 14 157 14 14 15
8TS 	

. . / .=  758 88TS gm hr 	

	
The	effect	 for	a	given	control	 factor	 is	obtained	by	summing	the	values	of	the	response	factor	 for	

the	“1s”	in	a	given	column,	summing	the	values	of	the	response	factor	for	the	“2s”	in	the	column,	tak-
ing	the	difference	between	the	two	sums,	and	squaring	it.		The	result	of	the	calculation	is	is	known	as	
the	variation	for	the	effect.		For	a	2n	orthogonal	array,	the	variation	for	any	factor	may	be	written	as	…	
	

[( ) ( )]
=
S - S 2

2 1RV RV
S n

	

where	…	
RV2	–	the	value	of	the	response	variable	at	the	high	level	of	the	control	factor	in	question	
RV1	–	the	value	of	the	response	variable	at	the	low	level	of	the	control	factor	in	question	
n	–	the	number	of	rows,	viz.,	the	number	of	experiments	performed	

	
This	computation	is	illustrated	for	control	factor	“A”	as	follows:	
Coded	values	corresponding	with	“1s”	in	column	for	A)	=	-38,	and	the	sum	for	the	“2s”	in	column	A	
is	38.	
Coded	values	corresponding	with	“2s”	in	column	for	A)	=	-1,016	
  	

(

. / .

[( )]
=

- -

=  

2
38 38

8

722

A

A gm hr

S

S
	

	
The	variations	for	the	remaining	control	factors	and	their	interactions	are	calculated	similarly.		The	

tentative	results	for	these	calculations	are	shown	in	Table	4,	the	analysis	of	variance.	
	

Table	4:	Analysis	of	variance	for	ore	refining	experiment	

Factor dof Variation 
A 1 551 
B 1 126 

AxB 1 -4 
C 1 -7 

AxC 1 -10.13 
BxC 1 0 

AxBxC 1 26 
e 0 0.5 

Totals 7 682.37 
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We	say	tentative	because	The	ANOVA	in	Table	4	indicates	a	problem:	The	variations	for	control	fac-
tor	C,	the	AxB	interaction	and	the	AxC	interaction	are	all	negative.		Now,	inasmuch	as	it	is	impossible	to	
have	negative	values	for	variation,	it	is	evident	that	a	problem	exists	somewhere	with	the	data.		Thus,	it	
was	necessary	to	re-examine	the	original	data	to	determine	the	problem.		This	examination	disclosed	a	
possible	problem	with	the	first	value	of	the	Run	#1,	the	value	of	80.		This	value	stands	out	against	those	
of	other	trials	for	Control	Factor	A	at	level	1.		It	was	decided,	therefore,	to	use	the	Fisher-Yates	method	
to	estimate	the	true	value	for	this	particular	response.	 	This	method	yielded	an	estimate	for	the	true	
value	of	60.57.		This	value,	however	still	led	to	one	of	interactions	having	a	negative	variation.		Eventu-
ally,	a	trial	and	error	process	led	to	the	selection	of	a	value	of	62	as	the	best	estimate	for	the	question-
able	value.		The	value	of	62	was	selected	because	a	value	slightly	more	than	62,	and	a	value	slightly	less	
than	62	both	led	to	negative	variations.	 	The	value	of	62,	therefore,	was	supposed	to	be	the	best	ap-
proximation	of	the	true	value.		This	value	resulted	in	the	revised	ANOVA	shown	in	Table	5.	

	
Table	5:	Revised	experimental	results	

  
A B AxB C AxC BxC AxBxC Response (gms.) Mean 

response 
Coded 

response Run no. Rand. No. 1 2 3 4 5 6 7 Trial 1 Trial 2 

1 4 1 1 1 1 1 1 1 62 62 62 -16 
2 8 1 1 1 2 2 2 2 65 63 64 -14 
3 3 1 2 2 1 1 2 2 69 73 71 -7 
4 6 1 2 2 2 2 1 1 74 80 77 -1 
5 1 2 1 2 1 2 1 2 81 79 80 2 
6 7 2 1 2 2 1 2 1 84 86 85 7 
7 5 2 2 1 1 2 2 1 91 93 92 14 

8 2 2 2 1 2 1 1 2 93 93 93 15 

4. Analysis	of	results	

The	ANOVA	obtained	with	the	revised	data	is	shown	in	Table	6.	
	

Table	6:	Analysis	of	variance	with	revised	data	

Source f S V F0 (99%) S' r (%) 

A 1 722.00 722 320.89 719.75 73.74 
B 1 220.50 220.5 98.00 218.25 22.36 

AxB 1 0.50 0.5 ------ ------ ------ 
C 1 24.50 24.5 10.89 22.25 2.28 

AxC 1 0.00 0 ------ ------ ------ 
BxC 1 0.00 0 ------ ------ ------ 

AxBxC 1 8.00 8 ------ ------ ------ 
e 0 0.50 ------ ------ ------ ------ 

(e) 4 9.00 2.25 ------ 15.75 1.61 

Total 7 976.00 
	 	

976.00 100.00 
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Now	it	is	evident	from	Table	6	that	only	control	factors	“A,”	and	“B,”	are	significant	at	the	99%	level,	
while	“C”	is	significant	at	about	the	97%	level.		However,	none	of	the	two-factor	interactions	proved	to	
be	significant,	either	at	the	99%,	nor	even	the	95%	level.	The	three-factor	interaction,	however,	is	unu-
sual	and	demands	a	bit	of	explanation.	On	the	face	of	it,	the	three-factor	interaction,	AxBxC,	would	ap-
pear	to	be	significant	at	the	99%	level.	However,	it	is	highly	improbable	that	a	three-factor	interaction	
would	be	significant	when	all	of	the	two-factor	interactions	are	0,	or	approximately	so.	Thus,	we	com-
bine	all	of	the	values	of	the	interactions,	along	with	their	degrees	of	freedom	to	obtain	an	error	term	of	
9	with	four	degrees	of	freedom.	 	 	This	term	is	known	as	the	pooled	error,	and	becomes	the	basis	for	
calculating	the	variance	of	 the	control	variables	 in	the	experiment.	 	The	results	shown	 in	Table	6	are	
based	upon	this	operation.		

Now,	the	F1,4	statistic	at	a	95%	level	of	significance	is	a	value	of	7.71,	and	it	may	be	seen	from	Table	
6	that	the	least	of	the	F0	values,	that	for	control	factor	C,	is	more	than	five	times	greater	than	the	F1,4	
statistic.		Further,	the	F1,4	statistic	for	a	99%	significance	level	is	21.2.		Thus,	it	is	evident	from	Table	6	
that	the	significance	for	the	A	and	B	control	factors	is	well	beyond	the	99%	significance	level,	while	that	
for	the	control	factor	C	is	beyond	the	95%	level.	

One	 further	 step	was	necessary	 to	 complete	Table	6.	 	 The	values	of	 each	of	 the	 three	 significant	
control	factors	are	the	gross	variation	for	each.		This	means	that	each	of	these	three	factors	contains	
the	amount	of	one	experimental	error	variation	per	degree	of	 freedom,	viz.,	2.25.	 	Since	each	of	 the	
significant	control	 factors	has	only	one	degree	of	freedom,	each	also	contains	the	amount	of	one	ex-
perimental	error	variation.	 	Thus,	 in	order	 to	obtain	 the	desired	net	variation	 for	each	of	 the	control	
variables,	we	deduct	2.25,	the	amount	of	one	experimental	error	variation.		This	adjustment	results	in	
the	values	 for	net	variation	 shown	 in	the	column	 labeled	S’.	 	Now,	having	combined	the	 insignificant	
control	factors	and	their	interactions	with	the	experimental	error	term,	and	having	adjusted	the	gross	
variation	values	to	obtain	net	variation,	the	revised	analysis	of	variation	was	obtained	as	shown	in	Ta-
ble	7.			
	

Table	7:	Revised	analysis	of	variance	

Source f S V F0 (99%) S' r (%) 

A 1 722.00 722 320.89 719.75 73.74 
B 1 220.50 220.5 98.00 218.25 22.36 
C 1 24.50 24.5 10.89 22.25 2.28 
(e) 4 9.00 2.25 ------ 15.75 1.61 

Total 7 976.00 		 		 976.00 100.00 
	

	
Here	it	will	be	seen	that	Control	Factor	A	accounts	for	73.74%	of	the	total	variation;	Control	Factor	

B	for	22.36%;	and	Control	Factor	C	for	2.28%;	and	the	experimental	error	for	1.61%.	
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We	turn	next	to	an	estimation	of	the	confidence	levels	for	each	of	the	mean	of	the	response	varia-
bles.		In	order	to	do	this,	it	is	necessary	to	estimate	the	average	effects	of	levels	of	the	above	control	
variables.	Then	…	

	

-æ ö= + =ç ÷
è ø

1
38

78 68.5gm / hrA
4

	

	

! "= + =# $
% &

2
38

78 87.5gm / hrA
4 	

	

æ ö= + =ç ÷
è ø

1
478 79gm / hrB 4 	

	

æ ö= + =ç ÷
è ø2
878 80gm / hr
4B 	

	

æ ö= + =ç ÷
è ø

1
478 79gm / hrC 4 	

	

æ ö= + =ç ÷
è ø2
878 80gm / hr
4C

	
	

Thus,	the	desired	yield	 is	maximized	when	the	control	variables	take	on	the	values 2A , 2B and	 2C .		
Next,	we	wish	to	estimate	the	mean	effect, µ̂ ,	at	optimal	conditions.		This	mean	is	estimated	as	…	

	

	 = + + -2 2 2A B C 2 Mˆ *µ 	

	

	 = + + -87 5 79 0 80 0 2 78ˆ . . . *µ 	

	

	 =   90 5 gm hrö . /µ 		
	

The	general	expression	for	the	confidence	limits	of	a	statistical	quantity	is	…	
	

	

ˆ 1m
n e

e

F xV x
n

µ µ= ± 	

	
where	…		
µ̂ 	–	the	estimate	of	the	true	mean	at	optimal	conditions	obtained	from	the	data	
m
nF –	the	F	statistic	at	the	significance	level	corresponding	to	the	desired	confidence	limit	with	“m”	

degrees	of	freedom	in	the	numerator	and	“n”	degrees	of	freedom	in	the	denominator	
	Ve	–	the	experimental	error	variation		
	ne	–	the	effective	number	of	experimental	repetitions	
	
Now,	it	will	be	recalled	that	the	A	and	B	control	factors,	were	found	to	be	significant	at	well	above	

the	99%	level;	control	factor	C	was	found	to	be	significant	at	about	the	97%	level.	 	Since	the	A	and	B	
control	factors	are	well	above	99%,	and	the	control	factor	C	is	near	99%,	the	F	statistic	for	99%	is	taken	
as	a	good	but	conservative	estimate	of	the	true	value.	Then,	using	the	value	of	µ	calculated	above	as	
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Symbol Definition 
i Set of task numbers = { 1, 2, ..., l }, l = (8,9) 

j Set of work elements = { 1, 2, ..., m}, m = 
(1,2,3) 

k Set of data points = { 1, 2, ..., n}, n = 35 
!"# Work element allowance 

2%01 345 work element of task i and data k 

2#% Total actual time of task i 

6781 Minimum data point k for work element i 

69:1 Maximum data point k for work element i 

678;% Minimum cycle time of task i 
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Salad Variant Current LB Adjusted LB 

Greek Salad 9 workers  9 workers  

Fattish Salad 9 workers  9 workers  

Chicken Caesar Salad 8 workers  8 workers  

Four Season Salad 9 workers  8 workers  

Caesar Salad 8 workers  8 workers  

Seafood Salad 9 workers  9 workers  

Corn Salad 8 workers  8 workers  

Mexican Salad 9 workers  8 workers  

Tabbouleh Salad 8 workers  8 workers  

Pasta Salad 9 workers  7 workers  
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F=+L"+*&:=+&*=$"&)(+0(.%*2&\."&=:&%#"&F=+L&"4"$".%*&F0%#0.&%#"&>(<L(/0./&F=+L*%(%0=.&F(*&+"$=)"5&(.5&
$(5"&(.&"@%"+.(4&F=+L&"4"$".%7&.=%&%=&B"&0.<4?5"5&=.&%#"&(**"$B46&40."2&

1'684+(N?(:844+"/(&%&/+,(=)4H&/#/')"&(

P?! F'&58&&')"()*(A+&8$/&(

-*&"(<#&*(4(5&)(+0(.%&F(*&*%?50"5&50::"+".%467&40."&B(4(.<0./&F(*&(>>40"5&=.&"(<#&*(4(5&>+=5?<%2&N(B4"&
Y& *?$$(+0M"*& %#"& "::0<0".<6& 0$>+=)"$".%*& (:%"+& B(4(.<0./& %#"& F=+L4=(52& G0/?+"& Z& *#=F*& %#(%& (:%"+&
(>>460./&40."&B(4(.<0./7&%#"&<6<4"&%0$"&F(*&+"5?<"5&:+=$&[2h&*"<=.5*&%=&X2[&*"<=.5*&>"+&>+=5?<%2&G0/?+"&
b&*#=F*&%#(%&(:%"+&(>>460./&40."&B(4(.<0./&(.5&+"$=)0./&%#"&$0.=+&*%=>>(/"*7&%#"&*#0:%&%0$"&F(*&+"5?<"5&
:+=$&b2b[&#=?+*&%=&V2XP&#=?+7&+"*?4%0./&0.&(&#?/"&+"5?<%0=.&=:&[2VV&#=?+*2&

 

1'684+(P?(;%&/+,Q&(#2R8&/+2(=)4H&/#/')"&(



The Journal of Management and Engineering Integration Vol. 10, No. 1|Summer 2017 !
!

! "#Q!

! =&*@$':(,1"1':'-1(I(&','"&0<(J%',1#*-,!

K7!*&()!)*0;F!*&()!'-)-6':&-'!-G,/+'-)!*&-!<+//+A(78!E0-)*(+7)`!
I"J!\&6*!6'-! *&-! '-6)+7)! <+'! (7:+=,/-*-!2345D)C! )*6*(:!2345D)!67;!2345D)! *&6*!6'-!7+*! <0//F!

;-B-/+,-;!6)!)088-)*-;!9F!*&-!60*+=+*(B-!80(;-/(7-)!(7!H+*-7*(6/!26(/0'-!3+;-!67;!4<<-:*)!
576/F)()C!R*&!-;(*(+7!'-<-'-7:-!=6706/!I5K5YC!P##XJM!67;!

IPJ!\&6*!6'-!)088-)*-;!,'6:*(:-)!*+!-B6/06*-k=(*(86*-!'()>!(7!/(-0!+<!*&-!6::-,*-;!2345!=-*&+;!
67;!A&6*! :67! 9-! ;+7-! *+! 6))0'-! ;-B-/+,=-7*! +<! 6! '+90)*! 2345! 07;-'! *&-! 80(;-/(7-)! +<!
H+*-7*(6/!26(/0'-!3+;-!67;!4<<-:*)!576/F)()C!R*&!-;(*(+7!'-<-'-7:-!=6706/!I5K5YC!P##XJ?!!

! )'1<*+*$*73B(,":;$'("-+(+"1"("-"$3,#,(,1&"1'73!

5!,&-7+=-7+/+8(:6/!96)-;!'-)-6':&!;-)(87!A6)!0)-;!*+!(7B-)*(86*-!*&-!'-)-6':&!E0-)*(+7)?!5::+';(78!
*+!%'-)A-//!IP##[JC!SH&-7+=-7+/+8(:6/!)*0;F!;-):'(9-)!*&-!=-67(78!+<!)-B-'6/!(7;(B(;06/)!+<!*&-('!/(B-;!
-G,-'(-7:-!+<! 6! :+7:-,*!+'!,&-7+=-7+7?!H&-7+=-7+/+8()*)! <+:0)!+7!;-):'(9(78!A&6*! 6//! ,6'*(:(,67*!
&6B-!(7!:+==+7!6)!*&-F!-G,-'(-7:-!6!,&-7+=-7+7T!I_[!e!_XJ?!!H&-7+=-7+/+8F!A6)!0)-;!*+!;-*-'=(7-!
<6:*+')! 6<<-:*(78! 2345! ;-B-/+,=-7*! 6=+78! -G,-'(-7:-;! -78(7--')! (7! *&-! 60*+=+*(B-! :+=,+7-7*!
=670<6:*0'(78!)-:*+'?!!!

KEDE! L":;$'(L1&"1'73(

1&-!,+,0/6*(+7!<+'!*&()!)*0;F!6'-!6//!-78(7--')!-=,/+F-;!9F!1(-'!K!60*+=+*(B-!:+=,+7-7*!)0,,/(-'!
*&6*!6'-!'-),+7)(9/-!*+!;-B-/+,!2345D)!<+'!*&-('!'-),-:*(B-!+'867(Z6*(+7)!(7!W+'*&!5=-'(:6?!1&-!)-/-:*-;!
)6=,/-!0)-;!6!:+7B-7(-7:-!)6=,/(78!)*'6*-8F!:+=9(7-;!A(*&!:'(*-'(6!<+'!)-/-:*(+7!+<!,6'*(:(,67*)?!!46:&!
,6'*(:(,67*!=0)*`!

I"J! &6B-!'-),+7)(9(/(*F!<+'!2345!;-B-/+,=-7*!67;!!
IPJ! &6B-!:+=,/-*-;!<+'=6/!*'6(7(78!(7!2345!;-B-/+,=-7*?!!

1A-7*F!-78(7--')!A-'-!(;-7*(<(-;!6)!,+*-7*(6/!,6'*(:(,67*)!67;!"L!68'--;!*+!,6'*(:(,6*-?!5::+';(78!*+!
%'-)A-//! IP##[JC! SH+/>(78&+'7-! '-:+==-7;)! *&6*! '-)-6':&-')! (7*-'B(-A! <'+=!_! *+!P_! (7;(B(;06/)!A&+!
&6B-!6//!-G,-'(-7:-;!*&-!,&-7+=-7+7T!I,?!$"J?!!1+!B6/(;6*-!*&-!70=9-'!I)6=,/-!)(Z-J!+<!,6'*(:(,67*)C!*&()!
'-)-6':&-'!)+08&*!B6/(;6*(+7!<'+=!478/67;-'!IP#"PJ!A&+!6))-'*-;`!S!W+AC!(<!+7-!:67!6:&(-B-!*&-!8+6/!+<!
'-,'-)-7*6*(B-7-))!67;!8-7-'6/(Z69(/(*F!<'+=!6!)=6//!70=9-'!+<!'-)-6':&!,6'*(:(,67*)C!*&-7!6!E06/(*6*(B-!
=-*&+;!)0:&!6)!,&-7+=-7+/+8F!:67!=--*!*&()!8-7-'6/!):(-7*(<(:!:'(*-'(+7!6)!A-//!6)!6!)*6*()*(:6//FO96)-;!
6,,'+6:&T! I,?! P#J?! ! 5;;(*(+76//FC! 478/67;-'! IP#"PJ! )*6*-;`! S]7! *&-! +*&-'! &67;C! (<! 6! '-)-6':&-'! &6)! 6!
E06/(*6*(B-!,0',+)-!67;!6!E06/(*6*(B-!'-)-6':&!E0-)*(+7C!&-!+'!)&-!)-->)!>7+A/-;8-!+<!*&-!:+7*-7*!+<!*&-!
-G,-'(-7:-C!+<*-7!(7!;-,*&C!*+!)-->!*&-!=-67(78!+<!6!,&-7+=-7+7C!7+*!S&+A!=67FT!,-+,/-!A&+!&6B-!
-G,-'(-7:-;! )0:&! ,&-7+=-76T! I,8?! P"J?! ! K7! *&()! '-)-6':&! *&-! (7*-7*! ()! ,0'-/F! E06/(*6*(B-! 67;! *&-!
:+''-),+7;(78! '-)-6':&!E0-)*(+7)! 6'-!E06/(*6*(B-?! a6)-;!+7!478/67;-'D)! '6*(+76/-! 67;!H+/>(78&+'7-D)!
)6=,/-!)(Z-!)088-)*(+7C!*&-!)6=,/-!)(Z-!+<!"L!()!;--=-;!6,,'+,'(6*-!<+'!*&()!)*0;F?!46:&!,6'*(:(,67*!A6)!
(7<+'=-;!*&6*!),-:(<(:!67)A-')!A+0/;!7+*!9-!6))+:(6*-;!A(*&!*&-('!(;-7*(<FC!*&-('!'-),-:*(B-!+'867(Z6*(+7!
A+0/;! '-=6(7! :+7<(;-7*(6/C! *&-('! (;-7*(*F! A+0/;! '-=6(7! :+7<(;-7*(6/C! '-),+7)-)! A+0/;! '-=6(7!
67+7F=+0)!67;!'-)0/*)!+<!*&-!)*0;F!A+0/;!9-!=6;-!6B6(/69/-!0,+7!'-E0-)*?!!

KEME!N"1"(O*$$'01#*-()'1<*+P9-,1&%:'-1(

1&-! ,'(=6'F! =-*&+;! <+'! ;6*6! :+//-:*(+7! ()! 67! (7*-'B(-A! A(*&! -(8&*! +,-7O-7;-;! E0-)*(+7)?! ! 46:&!
,6'*(:(,67*! A6)! 6)>-;! -6:&! E0-)*(+7! 67;! *&-! 67)A-'! ;+:0=-7*-;! 9F! *&-! '-)-6':&-'?! ! 2+//+A! 0,!
E0-)*(+7(78! 9F! *&-! '-)-6':&-'! ,'+B(;-;! 6;;(*(+76/! ;6*6! A&-7! :/6'(<(:6*(+7! A6)! 7--;-;! +'! A&-'-!
6;;(*(+76/!(7<+'=6*(+7!A6)!9-7-<(:(6/!*+!)0,,+'*!67)A-'(78!*&-!'-)-6':&!E0-)*(+7)?!!1&-!E0-)*(+7)!6'-!
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! ""#!

/()*-;!(7!5,,-7;(G!5?!!

KEQE!N"1"(2-"$3,#,(L1&"1'73(

1&()!'-)-6':&-'!0)-;!6!)*'6*-8F!,'-)-7*-;!9F!%'-)A-//!IP##[J!*&6*!'-,'-)-7*)!6!=+;(<(-;!B-')(+7!+<!
U*-B(:>O%+/6(ZZ(O.--7! =-*&+;?! 1&-! =+;(<(-;! B-')(+7! 6)! ,'-)-7*-;! 9F! 3+0)*6>6)! I"QQRJ! -7*6(/)! *&-!
<+//+A(78!)*-,)!0)-;!<+'!;6*6!676/F)()!(7!*&()!)*0;F?!!!

I"J! 1&-!'-)-6':&-'!;-):'(9-)!&()k&-'!-G,-'(-7:-!A(*&!*&-!)09l-:*!9-(78!(7B-)*(86*-;?!!!
IPJ! 1&-!/()*)!+<!)(87(<(:67*!)*6*-=-7*)!6'-!:+=,(/-;!<'+=!*&-!;6*6!)+0':-!9F!*&-!'-)-6':&-'?!!K7!

*&()!)*0;F!*&-!;6*6!)+0':-!6'-!*&-!X!+,-7!-7;-;!E0-)*(+7)!,'-)-7*-;!*+!,6'*(:(,67*)?!!
ILJ! %+=,(/-!*&-!)(87(<(:67:-!)*6*-=-7*)!(7*+!:-7*'6/!*&-=-)!+'!S=-67(78!07(*)T?!!
IRJ! V-B-/+,! 6! ;-):'(,*(+7! +<! *&-! ,6'*(:(,67*)! -G,-'(-7:-!A(*&! *&-! )09l-:*M! (7! *&()! ;-):'(,*(+7C!

-7&67:-!A(*&!,6'*(:(,67*!),-:(<(:!-G6=,/-)?!!1&()!()!;--=-;!*&-!S*-G*0'6/!;-):'(,*(+7T?!!!
I_J! V-):'(9-!D#$C!67;!(7!$D/.)2,..&'(!*&-!,6'*(:(,67*)!-G,-'(-7:-;!*&-!)09l-:*!+'!,&-7+=-7+7?!!

1&()!)*-,!:+7)*(*0*-)!*&-!S)*'0:*0'6/!;-):'(,*(+7T?!!
I$J! %0/=(76*-!*&-!,6'*(:(,67*)!-G,-'(-7:-!9F!:+=9(7(78!*&-!*-G*0'6/!67;!)*'0:*0'6/!;-):'(,*(+7!

(7*+!6!<(76/C!:+=,+)(*-!,6'68'6,&!*&6*!;-):'(9-)!A&6*!67;!D#$!,6'*(:(,67*)!-G,-'(-7:-;!*&-!
,&-7+=-7+7?!!

!
!#7%&'(ME(N"1"("-"$3,#,(,1&"1'73!

! G#:#1"1#*-,(I(+'$#:#1"1#*-,!

U0'B-F!E0-)*(+7)!6'-! /(=(*-;!*+!H2345!;-B-/+,=-7*!A(*&(7!60*+=+*(B-!:+=,+7-7*!)0,,/(-')C! *&-!
V2345!()!7+*!:+7)(;-'-;?!!H2345!-G,-'(-7:-!B6'(-;!<'+=!P!F-6')!*+!X!F-6')!6=+78!,6'*(:(,67*)?!!H'+;0:*!
;(<<-'-7:-)! 6'-! 7+*! :+7)(;-'-;! (7! *&()! )*0;FC! -6:&! )-*! +<! -78(7--'D)! '-),-:*(B-! +'867(Z6*(+7)!
=670<6:*0'-;! ;(<<-'-7*! :+=,+7-7*)?! ! %0)*+=-'! '-E0('-=-7*)! <+'! 2345! ;-B-/+,=-7*! 6'-! 7+*!
:+7)(;-'-;!(7!*&-!)0'B-FC!*&0)!'-E0('-=-7*)!<+'!H2345!:+0/;!6<<-:*!*&-!H2345!,'+:-))!67;!,6'*(:(,67*!
'-),+7)-?!!
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! """!

! N"1"("-"$3,#,("-+(&',%$1,!

REDE!>','"&0<'&(.8;'&#'-0'(

5)!6!<+'=-'!E06/(*F!,'+<-))(+76/! (7!*&-!60*+=+*(B-!(7;0)*'FC!A(*&!6!=6l+'(*F!+<!*&-!*(=-!),-7*!(7!6!
^06/(*F! 36768-=-7*! '+/-C! *&()! '-)-6':&-'! A6)! -(*&-'! ;('-:*/F! +'! (7;('-:*/F! '-),+7)(9/-! <+'! 2345!
;-B-/+,=-7*! 67;k+'! )0,,+'*(78! *&+)-! A(*&(7! *&-! +'867(Z6*(+7! 67;! *&-! )0,,/F! 96)-! <+'! 2345!
;-B-/+,=-7*?!!K7!9'(-<C!*&()!'-)-6':&-'!+9)-'B-;!,++'!2345!;-B-/+,=-7*C!*&(';!,6'*F!60;(*!*'(B(6/!7+7O
:+7<+'=67:-)C! :0)*+=-'! ;())6*()<6:*(+7! A(*&! *&-! 2345C! 67;! <'0)*'6*(+7! A(*&! *&-! -7*('-! ,'+:-))! 9F!
(7;(B(;06/)C!-78(7--')C!67;!=6768-')!(7B+/B-;!(7!*&-!,'+:-))?! !3+)*!+<!*&+)-!(7B+/B-;!;(;!7+*!)--!*&-!
B6/0-! (7! *&-! ,'+:-))! A&-7! :+=,6'-;! 686(7)*! *&-! *(=-! *+! :+=,/-*-! *&-! 2345! ,'+,-'/FC! =-67(78!
:+7<+'=(78!*+!5K5Y!80(;-/(7-)?!!\&-7!6)>-;!*+!:+7;0:*!2345!*'6(7(78!<+'!,'+:-))!-78(7--')!A(*&!6!*(-'!
K!60*+=+*(B-!:+=,67FC!*&-!<(')*!E0-)*(+7!,+)-;!*+!*&-!*'6(7(78!8'+0,!A6)!SA&+!&6)!6/'-6;F!&6;!2345!
*'6(7(78TC!=+)*!(7!*&-!'++=!'-),+7;-;!6)!SF-)T!67;!*&-!<+//+A!0,!E0-)*(+7!A6)!S\&F!;+!A-!<--/!A-!7--;!
<0'*&-'!*'6(7(78TM!*&-!),('(*-;!;():0))(+7!*&6*!<+//+A-;!/-;!*+!*&()!'-)-6':&?!!!

REME! L#7-#/#0"-1(L1"1':'-1,(

U(87(<(:67*!)*6*-=-7*)!+<<-'-;!9F!*&-!,6'*(:(,67*)!A-'-!:+=,(/-;!<'+=!*&-!X!(7*-'B(-A!E0-)*(+7)?!!K7!
:6)-)!A&-'-!7+!=6l+'(*F!*&-=-!-G()*-;C! (*! ()!7+*-;!(7!*&-!*-G*0'6/!;-):'(,*(+7?! !U(87(<(:67*!)*6*-=-7*)!
(7:/0;-!I"J!'-),+7)(9(/(*F!<+'!H2345!;-B-/+,=-7*!6'-!*&-!-78(7--'(78!67;k+'!E06/(*F!;-,6'*=-7*)!A(*&(7!
*&-!+'867(Z6*(+7M! IPJ!A&(/-!=+)*!,6'*(:(,67*)!9-/(-B-;!*&-!H2345!A6)!67!-<<-:*(B-!*++/C!=+)*!;(;!7+*!
&6B-!*&-!H2345!6)!6!&(8&!,'(+'(*F!:+=,6'-;!A(*&!+*&-'!;0*(-)M!ILJ!5//!)09l-:*)!68'--;!*&6*!,'(+'!*'6(7(78!
;(;!6;-E06*-/F!,'-,6'-!+7-!<+'!;-B-/+,(78!6!H2345!,'+,-'/F!I5K5Y!U*67;6';)JM!IRJ!3+)*!,6'*(:(,67*)!;(;!
7+*!'-:-(B-!,+)(*(B-!<--;96:>!+7!H2345D)!9F!*&-!:0)*+=-'!67;!60;(*+')?!!U+=-!&6;!7-B-'!9--7!*&'+08&!
6! *&(';!,6'*F! 60;(*M! I_J!3+)*!;-):'(9-;! '-6)+7)! <+'!H2345!;(),6'(*F!9F! :0)*+=-'!67;!60;(*+'!;0-! *+!
(76::0'6*-!cHW!+'!UC!]C!V!B6/0-)C!8-7-'(:!A+';(78C! /6:>!+<! /(7>)! *+! *&-!:+7*'+/!,/67C!B6)*k:+=,/(:6*-;!
80(;-/(7-)! *+! ;-B-/+,! 67;! )*6*-=-7*)! +<! <6(/0'-!=+;-)! 67;! -<<-:*)! 7+*! 68'--;! 0,+7?!3+)*! 9-/(-B-;!
)09l-:*(B(*FC!/6:>!+<!-G,-'(-7:-!A(*&!*&-!,'+:-))!67;!*'(B(6/!<(7;(78)!;'+B-!*&-!076::-,*69/-!)*6*0)M!I$J!
U+=-!,6'*(:(,67*)!<-/*!=6768-=-7*!;(;!7+*!)0,,+'*!*&-=!A(*&!*(=-!67;k+'!'-)+0':-)C!+*&-')!=-7*(+7-;!
/6:>!+<!'-)+0':-)!90*!)0,,+'*-;!=6768-=-7*!9-:60)-!*&-!H2345!()!7+*!6!,'(+'(*F?!!U-B-'6/!=-7*(+7-;!
*&-!(7&-'(*!)09l-:*(B(*FC!/6:>!+<!6!H2345!,'+:-))C!67;!<-A!9-/(-B-;!*&-!,'+:-))!A6)!*++!:+=,/-G!B)?!*&-!
9-7-<(*)!'-6,-;!<'+=!*&-!H2345M!I[J!3+)*!,6'*(:(,67*)!-G,'-))-;!6!:+==+7!*&-=-!*&6*!H2345!:67!6;;!
B6/0-C!&+A-B-'!=+)*!6;;-;!*&6*!(*!A6)!*++!*-;(+0)C!)09l-:*(B-C!6!,6,-'!-G-':()-C!:'-6*-;!+7/F!*+!)6*()<F!
6!'-E0('-=-7*?!!367F!;()/(>-;!*&-!,'+:-))!+<!*-6=!H2345!;-B-/+,=-7*?!!W+!,6'*(:(,67*)!+<<-'-;!67F!
*678(9/-! 9-7-<(*)! A(*&! *&-! -G:-,*(+7! *&6*! *&-! H2345! )-'B-)! 6)! 6! 8++;! 9'6(7)*+'=! -G-':()-M! IXJ!
U088-)*(+7)!67;!6/*-'76*-!6,,'+6:&-)!'678-;!<'+=!)(78/-!):6/-!'()>!6))-))=-7*C!-''+'!,'++<!=6*'(GC!67;!
:'(*(:6/(*F! '67>(78!9F!;-*-:*(+7!*-:&7+/+8F?! !H6'*(:(,67*)!)*6*-;!*&6*! *&-!:0)*+=-'!A6)!7+*!-=9'6:(78!
6/*-'76*-!=-*&+;)?!20'*&-'=+'-C!*&()!'-)-6':&-'!,'-)-7*-;!*&-!6/*-'76*-!=-*&+;)!<'+=!*&-!/(*-'6*0'-!
'-B(-A! 67;! 6)>-;! ,6'*(:(,67*)! (<! *&-)-! 6/*-'76*-!=-*&+;)!A+0/;! 9-! :+7)(;-'-;! (7! /(-0! +<! *&-! *F,(:6/!
H2345?!!m767(=+0)/FC!6//!)09l-:*)!68'--;!+7!6!)(=(/6'!*&-=-M!!S*++!:+=,/(:6*-;T!<+'!+0'!6,,/(:6*(+7!67;!
A+0/;!7+*!0)-?!!

REQE!O'-1&"$(F<':',(

1&-!<+//+A(78!6'-!*&-!:-7*'6/!*&-=-)!;-'(B-;!<'+=!,6'*(:(,67*!)(87(<(:67*!)*6*-=-7*)`!
¥! \&(/-! *&-! H2345! :67! 9-! 6! B6/069/-! *++/C! ;0-! *+! *-;(+0)! ;-B-/+,=-7*C! B6)*! 67;! (7*'(:6*-!

80(;-/(7-)C!)09l-:*(B(*FC!67;!:+=,/(:6*-;!cHWD)C!*&-!H2345!=-*&+;!()!7+*!,'+,-'/F!0*(/(Z-;!+'!
;-B-/+,-;!6)!)088-)*-;!9F!:0''-7*!80(;-/(7-)?!!!



The Journal of Management and Engineering Integration Vol. 10, No. 1|Summer 2017 !
!

!
!

""R!

,- . +" /
0
1
2 34" ! -4" &(5

&

56"
# 7 . 0#1# * * # 8!

>/%1%!!9: ;#0 !6&*!,-9< +"# 0=013 # > ? 01*!
!
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0
1
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>/%1%!,-(A9< +$# 0=013 # > ? 01*!

!
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Abstract	

To	assess	the	readiness	of	a	product	or	process	for	high	volume	manufacturing,	it	is	necessary	to	
know	that	all	points	of	the	manufacturing	process	are	ready	and	qualified	to	run.	Previously,	each	
segment	of	the	line	would	assess	risk	and	readiness	in	their	own	way	in	disparate	systems.	There	was	
no	comprehensive	tool	to	view	this	information.	Most	of	this	data	was	stored	in	spreadsheets	versus	
database	systems	so	historical	records	were	not	easy	or	sometimes	even	possible	to	retain.	A	large	
quantity	of	the	data	used	in	these	spreadsheets	was	collected	manually	instead	of	pulling	from	
standard	systems.	This	meant	that	there	could	be	mismatches	between	systems	that	could	negatively	
impact	the	readiness	of	the	entire	process	for	ramp	of	a	product.		

To	address	these	concerns,	a	global	system	to	track	the	ramp	readiness	of	a	product	and	process	
was	created.	Certification	Tracker	(CertTracker)	is	a	web-based	tool	used	to	track	important	dates	for	
both	internal	benchmarks	as	well	as	benchmarks	at	upstream	suppliers	to	make	sure	that	
manufacturing	will	be	able	to	meet	release	timelines.	This	system	connects	to	other	database	systems	
to	keep	important	information	such	as	product/process	information	and	milestone	dates	current.	This	
interconnection	between	systems	ensures	that	all	are	working	from	the	latest	information	to	make	the	
best	decisions	possible.	Risk	assessments	are	created	in	order	to	identify	problem	areas	that	need	
additional	focus.	Management	can	view	high	level	summary	reports	to	ascertain	if	manufacturing	is	
ready	to	ramp.	CertTracker	serves	as	a	scalable	model	to	manage	supply	chain	ramp	risk	efficiently.	
Keywords:	Risk	Management,	Supply	Chain	Management	

1. Introduction	

A	modern	semiconductor	manufacturing	process	may	consist	of	hundreds	of	unit	processing	steps	
(May,	and	Spanos,	2006)		.	Coordinating	the	ramp	of	a	product	that	must	go	through	these	many	
disparate	processes	is	no	small	task.	Manufacturing	planners	worked	hard	on	timely	delivery	to	
decrease	or	avoid	over-due	date	penalties	(Yen-Fei,	Zhibin,	Huai,	Chen-Pin,	Zamri	Darudin,	and	Deer,	
2007).	

Semiconductor	manufacturing	is	a	series	of	sequential	process	steps	(May,	and	Spanos,	2006)		.	It	
starts	with	silicon	wafers	patterned	with	die.	Wafers	are	processed	through	the	fabs	where	the	
transistors	and	metal	interconnects	are	built	in	the	latest	process	technology.	From	there,	the	wafers	
go	to	die	preparation.	Individual	die	are	cut	from	the	wafer.	Then	the	die	is	put	together	with	the	
substrate	to	form	an	integrated	circuit	(IC)	package.	Finally,	the	IC	test	is	performed	to	finish	the	
process.		

More	generally,	semiconductor	manufacturing	is	a	process	converting	raw	silicon	materials	into	
microprocessors	as	illustrated	in	Figure	1.		Its	associated	operation	system	takes	suppliers,	raw	
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materials	and	equipment	as	inputs	to	generate	finished	commercial	products	(see	Figure	2).		
	

	
Figure	1:	Semiconductor	Manufacturing	

	

	
Figure	2:	Semiconductor	Manufacturing	Operation	

	
Due	to	the	high	number	of	processes	involved	with	semiconductor	manufacturing,	it	is	easy	to	run	

the	business	in	silos	where	each	segment	of	the	process	manages	their	ramp	individually.	An	important	
part	of	understanding	a	product’s	ramp	viability	is	to	assess	if	the	upstream	suppliers	are	ready	to	
support	the	ramp	as	well	as	the	individual	segment’s	ability	to	run	the	product	or	process.	

All	of	these	concerns	reflect	the	importance	of	ramp	readiness	risk	management.		Generally,	risk	
management	processes	include	risk	identification,	risk	assessment,	risk	reduction,	and	risk	monitoring	
(Dan,	and	Zan,	2007).	Research	has	identified	eleven	factors	that	are	involved	in	risk	management	
which	include	agility,	information	sharing,	risk	sharing,	risks	knowledge,	strategic	risk	planning	and	so	
on	(Solomon,	Ketikidis,	Choudhary,	2012)	Key	aspects	of	an	efficient	risk	management	system	for	a	
supply	chain	is	to	allow	interaction	with	up-to-date	knowledge	all	the	time	for	effective	decision	
making	(Mandal,	2011),	(Fan,	Cheng,	Li,	and	Lee,	2016)	

The	term	“ramp	readiness”	means	the	ability	for	all	segments	of	the	supply	chain	to	support	scaling	
a	product	from	introduction	to	high	volume	manufacturing.	It	includes	equipment	installation	and	
qualification	metrics	like	Spare	Parts,	Delivery,	Safety,	Equipment	Configuration,	Reuse,	and	more.		It	
also	requires	that	Tier	One	and	Tier	Two	suppliers	are	qualified	and	ready	to	provide	the	components	
needed	to	support	product	manufacturing.	All	of	these	facets	demand	coordination	across	large	groups	
of	people	on	statuses,	qualification	dates,	and	the	potential	risk	that	these	components	put	the	
company	in	to	miss	meeting	their	product	ramp	requirements.	It	requires	there	to	be	good	
communication	across	organizations,	alignment	on	processes	and	timelines,	and	standardization	on	
risk	level	definitions	for	each	metric.		

Before	this	effort,	each	group	had	their	own	methodology	for	tracking	each	process	or	product	to	
show	that	it	was	ready	for	ramp	or	highlight	where	issues	existed.	There	was	no	way	to	view	the	data	
from	the	beginning	of	the	process	to	the	end	to	determine	the	overall	ramp	readiness.	Most	of	these	
assessments	were	managed	in	spreadsheets	on	SharePoint	sites.	Only	monthly	or	quarterly	roll	ups	of	
data	were	created	from	these	spreadsheets	to	share	with	management	since	these	reports	were	so	
cumbersome	to	generate.	

1.1. Problems	

Originally,	most	groups	were	tracking	process	data	in	spreadsheets,	which	posed	its	own	set	of	
issues.	Some	groups	would	“archive”	versions	of	the	spreadsheets	by	creating	a	saved	version	monthly	
and	then	do	a	rough	trending	by	pulling	together	data	from	these	archived	versions.	In	general,	
however,	there	was	no	way	to	review	the	history	of	a	risk	assessment	easily.	Even	for	the	groups	that	
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were	taking	snapshots	of	data,	the	files	could	easily	be	deleted	or	never	even	taken	in	the	first	place.		
Another	issue	with	this	old	process	revolved	around	data	quality.	All	of	the	data	were	manually	

entered	into	these	spreadsheets,	even	if	the	data	was	also	stored	in	a	database.	This	meant	that	there	
was	always	a	risk	of	a	transcription	error	or	data	being	stale	compared	to	what	was	updated	in	the	
database.	Data	was	only	updated	at	a	set	cadence,	versus	being	updated	whenever	there	was	a	
change.	If	a	product	milestone	date	changed,	for	example,	it	was	only	updated	weekly,	versus	at	the	
time	the	date	was	changed.	

Furthermore,	security	was	another	major	issue	with	the	existing	systems.	It	was	difficult	to	restrict	
users’	access	to	data	within	segments	of	a	spreadsheet	without	making	the	system	cumbersome.	
Security	often	limited	people’s	access	to	the	overall	file,	but	not	by	what	elements	they	could	see.	
Additionally,	these	files	were	stored	either	on	people’s	hard	drives	or	SharePoint	sites,	meaning	that	
the	servers	this	data	was	on	were	not	any	more	secure.	This	was	a	concern	considering	that	a	lot	of	
these	risk	assessments	brought	together	product/process	details,	important	milestone	dates,	supplier	
information,	etc.	which	combined	make	the	information	extremely	sensitive.			

As	was	mentioned,	there	was	no	standard	assessment	form	or	process	from	one	segment	of	the	line	
to	the	next.	This	meant	that	there	was	no	way	to	easily	compile	the	data	to	get	an	overall	view	of	the	
entire	line.	This	lack	of	standardization	not	only	was	from	the	form	of	assessment,	but	to	reporting	and	
security.	

Reporting	on	the	data	in	these	old	processes	was	only	available	at	a	certain	cadence	and	not	on	
demand.	For	example,	reports	would	be	made	monthly	for	management	review	so	that	problem	areas	
could	be	identified	and	targeted	for	increased	focus.	This	means	that	larger,	systemic	problems	across	
suppliers	could	potentially	not	be	identified	and	addressed	in	a	timely	manner.	Trending	data	would	
sometimes	be	included	in	these	forums	to	help	identify	at	risk	segments	early,	but	again	it	was	difficult	
to	compile	this	data	so	it	was	not	always	completed.		

Meanwhile,	the	complexity	and	quantity	of	these	risk	management	processes	made	the	scope	of	
building	a	global	system	that	tracks	ramp	readiness	of	a	product	and	process	huge.	Traditional	
development	methods	could	not	accommodate	the	fast	change	in	industry	requirements	as	the	
business	grew	and	the	needs	changed	(	Highsmith,	2002),	(Albadarneh,Albadarneh,	Qusef,	2015)It	was	a	
challenge	to	develop	a	global	system	with	a	generic	model	that	met	all	segments	needs	in	a	timely	
manner.	

1.2. Solution	

For	all	of	these	problems	with	the	current	methodology	for	tracking	ramp	readiness,	it	was	clear	
that	a	database	tool	was	needed.	Connecting	to	existing	database	systems	was	required	to	reduce	
transcription	errors	and	staleness	of	the	data.	Better-managed	roles	by	users	were	necessary	for	
security	reasons	so	that	customers	could	only	see	the	information	in	their	commodity.	Built	in	
reporting	that	could	be	accessible	on	demand	was	necessary	have	feature.	Finally,	the	tool	must	be	
responsive	enough	to	be	used	live	in	meetings	so	that	there	was	never	any	lag	between	decision-
making	and	changes	in	the	reporting.	Thus,	the	Certification	Tracker	(CertTracker)	was	born	to	serve	as	
a	scalable	model	to	manage	supply	chain	ramp	risk	efficiently.	

The	packaging	substrates	team,	a	segment	of	the	manufacturing	process,	identified	the	need	for	a	
database	tool	to	run	their	ramp	risk	process,	but	it	was	anticipated	that	they	were	not	the	only	ones	
with	this	problem.	Before	development	time	was	even	committed,	they	reached	out	to	as	many	
segments	of	the	line	as	was	possible	to	see	if	there	was	a	similar	need.	Once	additional	groups	were	
identified	for	inclusion	in	this	theoretical	tool,	the	owner	for	the	project	met	with	each	group	to	
understand	their	current	business	process	and	needs,	identify	commonalities	and	unique	requirements	
between	groups,	and	came	up	with	a	proposed	user	interface	that	would	allow	for	as	much	economy	
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of	scale	as	possible	while	still	meeting	the	individual	needs	of	each	group.	The	critical	component	of	
this	risk	requirement	identification,	characterization,	analysis,	and	refine	process	was	that	the	
group/project	lead	well	understood	each	group’s	process	and	was	able	to	break	down	their	vertical	silo	
requirements	into	general	use	cases	which	in	turn	were	easily	translated	into	specific	development	
deliverables.	The	general	use	cases	shared	risk	requirement	knowledge	across	multiple	groups	
horizontally.	(See	Figure	3.)	

	
Figure	3.	Group	Requirements	and	General	Use	Cases	

Although	the	need	was	global,	the	actual	development	effort	started	out	in	one	specific	commodity.	
This	was	in	order	to	have	a	concrete	set	of	deliverables	that	would	make	a	development	process	
effective	and	flexible.	While	the	tool	was	initially	created	with	only	one	commodity,	its	framework	was	
built	for	easy	expansion.	An	Agile	development	process	was	adopted	to	build	this	global	system	by	
adding	commodity	segments	one	by	one	incrementally.	In	Figure	4,	each	phase	had	its	application	
release	for	the	associated	commodity	to	use	the	tool	so	benefits	could	be	seen	immediately	instead	of	
waiting	for	complete	deployment.	

	
Figure	4.	Agile	Development	Process	

2. A	global	system:	Certification	Tracker	(CertTracker)		

Certification	Tracker	(CertTracker)	is	a	database-based	web	application	for	tracking	ramp	readiness	
activities	and	managing	risks	at	all	points	of	a	process/product	line	to	ensure	the	entire	system	is	on	
track.	(See	Figure	5.)	
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Figure	5.	CertTracker	and	a	Process/Product	Line	

2.1. System	design	and	architecture	

CertTracker	was	designed	based	on	the	Data-Information-Knowledge-Wisdom	(DIKW)	pyramid	
(Rowley,	2007).		It	enables	the	synthesis	of	data	into	sharable	and	standardized	information	and	
knowledge	for	ramp	readiness	risk	management.		Data	sources	come	from	user	inputs	and	data	
warehouses.	The	application	collects	information	from	data	source	and	builds	up	knowledge	from	
ramp	risk	management	key	dates.	Then	it	provides	Business	Intelligence	(BI)	reports	and	web-based	
reports	for	users	to	make	decisions	effectively.	(See	Figure	6	and	7.)	

	
Figure	6.	CertTracker	DIKW	Pyramid	

		

	
Figure	7.	CertTracker	System	Design	

2.2. Risk	management		

Certification	Tracker	uses	customized	risk	assessments	and	real-time	reports	to	manage	various	
risks	effectively.	

Each	segment	can	create	their	own	risk	assessment	to	identify	and	control	problem	areas	that	need	
additional	focus.	Critical	categories	for	assessing	risk	were	defined	by	each	segment	and	definitions	of	



The Journal of Management and Engineering Integration Vol. 10, No. 1|Summer 2017 	
	

	 	 	127	

risk	levels	for	each	of	the	categories	were	created	and	agreed	upon.	For	example,	the	substrates	
material	teams	track	risk	levels	for	meeting	supplier	qualification	dates	to	support	ramp	as	well	as	the	
risk	associated	with	being	able	to	build	enough	material	inventory	prior	to	ramp	to	support	potential	
“pull	ins”	or	“upsides”	in	demand.	Equipment	teams	track	installation/qualification	timelines	and	
milestones,	safety	indicators,	spare	parts	availability,	etc.	to	determine	if	a	toolset	is	going	to	be	able	to	
support	the	ramp.	Each	level	of	risk	has	a	definition	so	there	is	no	ambiguity	on	what	the	indicator	
means.	Each	risk	assessment	also	includes	details	around	impact,	containment	plans,	and	owners	so	
everyone	knows	who	is	responsible	and	whether	or	not	it	needs	to	be	escalated.		

Risk	assessments	can	be	rolled	up	to	a	higher	level	and	the	summary	can	be	illustrated	in	a	Business	
Intelligence	(BI)	report	or	a	web-based	data	analysis	report.	These	reports	provide	strategic	level	
information	to	locate	risks.	Commodity	managers	can	identify	potential	risks	at	process/product	level.	
Management	can	view	high	level	summary	reports	to	ascertain	if	the	ramp	is	ready	or	not.	Risk	reports	
can	also	provide	information	for	a	user	to	predict	a	trend	in	a	specified	area	for	better	risk	
management	planning	at	a	monthly	or	yearly	level.		A	user	can	easily	see	the	problem	by	looking	at	
color	coded	risk	indicators.	For	example,	high	risks	are	in	red,	medium	risks	are	in	yellow,	low	risks	are	
in	green.	Containment	plans	and	owners	are	identified	so	management	can	determine	if	extra	focus	is	
needed	and	if	the	issue	is	controlled.	

2.3. Suppliers	management		

CertTracker	tracks	important	dates	for	both	internal	benchmarks	as	well	as	benchmarks	at	
upstream	suppliers	in	order	to	make	sure	that	release	timelines	will	be	able	to	be	met	on	schedule.	
Certifications	dates	are	the	major	category	of	supplier	risk	management.	Because	it	houses	the	
certification	dates	at	upstream	suppliers,	CertTracker	also	stands	as	a	record	of	origin	for	strategic	
sourcing	plans.	

2.4. Data	management		

CertTracker	collects	data	from	both	users	and	a	few	data	warehouses	into	its	own	database.	It	uses	
a	data	loader	to	pull	data	at	a	recommended	frequency	to	keep	data	fresh.	Data	is	updated	daily	up	to	
four	times	a	day	depending	on	how	frequently	it	might	be	changed	or	reviewed.	

CertTracker	tracks	historical	data	to	meet	business	needs.	Whenever	users	change	any	data	in	the	
tool,	they	are	also	required	to	add	a	comment	as	to	why	the	date	is	being	changed.	This	allows	others	
to	understand	what	is	going	on	and	helps	identify	reasons	behind	trends	later.	These	comments	also	
include	containment	plans	so	it	is	clear	what	is	being	done	to	address	the	issue.	This	historical	data	
enables	users	to	track	down	details	and	resolutions,	and	also	provides	information	to	help	users	view	
or	predict	risktrends	along	with	their	risk	indicators	at	monthly	or	yearly	levels.	

2.5. Information	security	management		

CertTracker	has	more	than	one	internal	segment	users.	Security	became	an	important	function	
requirement	because	of	the	sensitivity	of	the	data.	All	users	are	required	to	apply	for	access	to	view	or	
edit	data	based	on	their	business	segments	and	job	roles.		

Towards	this	end,	the	CertTracker	database	is	located	in	an	IT	high	trust	zone	(HTZ)	environment.	
Data	is	only	allowed	to	be	pulled	into	this	protected	high	security	environment	and	is	not	allowed	to	be	
copied	over	to	another	system.	CertTracker	BI	report	analysis	database	is	placed	in	the	same	server	
where	the	web	application	exists	for	this	reason.	
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3. Results		

The	CertTracker	system	is	an	efficient	ramp	risk	management	system	for	an	end-to-end	supply	
chain.	It	has	been	a	huge	success	at	Intel.	It	is	now	the	record	of	origin	for	supplier	certification	
schedules	and	risk	assessments	for	many	commodities	in	a	global	supply	chain.	A	new	commodity	has	
been	added	into	its	capabilities	at	the	pace	of	roughly	one	per	quarter.	It	only	took	a	few	months	to	
build	an	initial	base	foundation	and	release	it	for	use.	Both	equipment	and	materials	teams	are	using	
the	system	(See	Figure	8).	Fab	equipment	teams	are	using	the	tool	to	track	the	ramp	readiness	of	new	
processes.	Assembly	Test	equipment	teams	are	using	CertTracker	to	track	the	readiness	of	each	new	
product.	Substrates	materials	are	using	it	to	track	the	readiness	of	their	suppliers	and	their	associated	
qualification	dates.	Substrates	raw	materials	are	tracking	Tier	Two	suppliers.	Additional	materials	
groups	are	also	using	it	to	track	their	ramps	as	well.		

	
Figure	8.	Equipment	and	Material	Teams	in	a	Process/Production	Line	

CertTracker	is	ingrained	in	the	business.	It	is	now	being	used	live	in	meetings	to	update	dates	and	
risks	so	that	issues	can	be	responded	to	and	plans	can	immediately	be	made.		The	real	time	reporting	
has	allowed	everyone	from	commodity	managers	to	upper	level	management	to	see	summary	and	
trending	data.	It	has	allowed	the	business	to	be	more	aware	of	and	responsive	to	issues	that	might	
arise.	

The	CertTracker	has	also	increased	communication	between	sister	organizations.	Technology	
Development	teams	now	sit	in	meetings	with	their	Commodity	Manager	partners	and	update	the	tool	
together,	discussing	implications	and	contingency	plans.	It	has	increased	accountability	with	the	clear	
roles	and	timelines	that	have	been	established	within	and	around	the	tool.		

4. Future	work	

One	area	for	future	development	effort	that	will	continue	to	occur	with	expansion	is	refactoring.	
While	the	tool	was	created	with	expansion	in	mind,	each	commodity	has	their	own	specific	needs	that	
need	to	be	addressed	when	they	are	included	in	the	tool.	This	increases	the	overhead	in	the	tool.	From	
time	to	time,	development	energy	will	need	to	be	spent	to	refactor	the	tool	so	that	it	run	smoother	and	
more	efficiently.	

A	final	additional	feature	that	has	been	a	goal	since	the	beginning	is	the	overall	process	and	product	
views	of	the	data	for	summary	of	the	entire	line.	Being	able	to	see	where	potential	ramp	issues	are	in	
the	entire	line	from	bare	silicon	to	finished	good	will	be	invaluable	to	upper	level	management.	This	
view	never	was	possible	previously	since	all	of	the	assessment	processes	ran	separately,	but	now,	
thanks	to	the	CertTracker,	there	is	a	clear	path	towards	integration.	This	functionality	is	under	
development.	
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5. Conclusion	

CertTracker	is	a	global	system	that	manages	ramp	readiness	risks	of	products	and	processes	for	a	
global	supply	chain	at	Intel.	It	is	a	database	web	tool	to	track	important	dates	for	both	internal	
benchmarks	as	well	as	benchmarks	at	upstream	suppliers	to	make	sure	that	all	components	are	able	to	
support	ramp.	CertTracker	uses	a	database	to	store	historical	data	and	provide	real-time	reports	to	
enable	decision	making.	The	database	was	located	in	a	high	security	environment	and	user	access	was	
restricted	according	to	their	job	roles,	aligning	with	the	sensitivity	of	the	data.		

CertTracker	transforms	a	risk	management	Excel	file	system	into	a	database	web	tool.	The	
CertTracker	system	reduces	human	error	and	eliminates	manual	risk	management	processes.	It	enables	
more	efficient	supply	chain	risk	management.	CertTracker	provides	a	scalable	model	to	manage	the	
ever-growing	complexity	of	ramp	risk	in	a	supply	chain	with	multiple	groups.		

Other	industries	can	benefit	from	the	experience	of	the	CertTracker.	In	large	manufacturing	
processes,	it	is	easy	to	run	the	business	in	silos	due	to	the	difficulty	of	standardizing	disparate	systems.	
The	experience	of	the	CertTracker	team	is	that	it	is	worthwhile	to	reach	outside	of	the	individual	
organization’s	scope	to	learn	where	efficiencies	can	be	gained.	Doing	these	comparisons	before	
development	begins	helps	build	a	foundation	that	will	make	expansion	easier	because	the	common	
and	unique	needs	are	known	and	can	be	designed	for.	By	having	all	the	data	for	risk	management	in	
one	system,	additional	insights	can	be	found	and	a	more	holistic	view	of	line	health	can	be	determined.	
Furthermore,	being	able	to	list	the	potential	benefits	realized	by	all	groups	helps	more	easily	justify	the	
development	investment	needed	to	create	a	new	system.	Other	industries	could	adopt	these	strategies	
to	build	a	scaled	system	with	centralized	and	shared	knowledge	across	multiple	business	segments	and	
silos.		

Additionally,	the	success	of	the	CertTracker	can	largely	be	attributed	to	the	Agile	development	
methodology	employed.	By	having	one	concrete	use	case	to	take	on	while	maintaining	scalability	for	
the	future,	the	development	and	business	teams	were	able	to	create	a	useable	tool	within	one	quarter	
instead	of	trying	to	take	on	all	segments	at	once	in	a	several	years-long	effort.	This	incremental	
software	development	approach	would	enable	teams	to	develop	a	global	tool	in	a	rapid	pace.			
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