
1	

Creative	Convergence	
	

Tim	Davis	
	

Beyond	Engineering	Mathema2cs:		Teaching	Mathema2cs	and	Sta2s2cs	to	
Engineers	in	the	21stCentury	

Loughborough	University,	July	13,	2017	



What	is	engineering?	
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ABET	(Accredita2on	Board	of	Engineering	and	Technology	):	
“Engineering	 is	 the	 profession	 in	 which	 a	
knowledge	 of	 the	 mathema6cal	 and	
natural	 sciences,	 gained	 by	 study,	
experience,	 and	 prac6ce,	 is	 applied	 with	
judgment	 to	 develop	 ways	 to	 u6lize,	
economically,	 the	materials	 and	 forces	 of	
nature	for	the	benefit	of	mankind.”	

Deduc2on	

Induc2on	

ABET	is	a	(US)	non-governmental	organiza2on	that	accredits	
post-secondary	educa2on	programs	in	"applied	science,	
compu2ng,	engineering,	and	engineering	technology".	

I	would	like	to	make	the	case	today	that	sta2s2cal	science	should	be	
considered		as	an	engineering	technology	



A	more	formal	model	
[from	Mathema6cal	Model	Building	–	an	introduc6on	to	

engineering	-	CR	Mischke,	(1980)]	
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System	
	

Input	 Output	
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System	
	

Input	 Output	

Given...	 To	find...	 Skill	needed	 Name	of	the	Game	
System,	Input,	Laws	 Output	 Deduc2on	 Analysis	
System,	Output,	Laws	 Input	 Deduc2on	 Reverse	Analysis	

A	more	formal	model	
[from	Mathema6cal	Model	Building	–	an	introduc6on	to	

engineering	-	CR	Mischke,	(1980)]	



5	

System	
	

Input	 Output	

Given...	 To	find...	 Skill	needed	 Name	of	the	Game	
System,	Input,	Laws	 Output	 Deduc2on	 Analysis	
System,	Output,	Laws	 Input	 Deduc2on	 Reverse	Analysis	
Input,	System,	Output	 Laws	 Induc2on	 Science	

A	more	formal	model	
[from	Mathema6cal	Model	Building	–	an	introduc6on	to	

engineering	-	CR	Mischke,	(1980)]	
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System	
	

Input	 Output	

Given...	 To	find...	 Skill	needed	 Name	of	the	Game	
System,	Input,	Laws	 Output	 Deduc2on	 Analysis	
System,	Output,	Laws	 Input	 Deduc2on	 Reverse	Analysis	
Input,	System,	Output	 Laws	 Induc2on	 Science	
Input,	Output,	Laws	 System	 Synthesis	 Engineering	

A	more	formal	model	
[from	Mathema6cal	Model	Building	–	an	introduc6on	to	

engineering	-	CR	Mischke,	(1980)]	
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System	
	

Input	 Output	

Given...	 To	find...	 Skill	needed	 Name	of	the	Game	
System,	Input,	Laws	 Output	 Deduc2on	 Analysis	
System,	Output,	Laws	 Input	 Deduc2on	 Reverse	Analysis	
Input,	System,	Output	 Laws	 Induc2on	 Science	
Input,	Output,	Laws	 System	 Synthesis	 Sta2s2cal	Engineering	

A	more	formal	model	
[from	Mathema6cal	Model	Building	–	an	introduc6on	to	

engineering	-	CR	Mischke,	(1980)]	

or	



The	iteraHve	learning	process	
[GEP	Box,	Science	&	Sta6s6cs	(1976)]	

Theory/model	(physics,	geometry,	materials)	

Data	(observa2on,	experiment)	
Time	

• Sta2s2cal	Science	is	unique	–	it	provides	the	
catalyst	for	the	“crea2ve	reac2on”	between	
deduc2on	and	induc2on.	

• Context	is	crucial.	
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The	iteraHve	learning	process	
[TP	Davis,	Science,	Engineering,	&	Sta6s6cs	(2006)]	

Theory,	model	(physics,	geometry,	materials)	

Data	(observ
a2on,	experi

ment)	 Time	

Problem	
soluHon	

• Stuart	Pugh	Total	Design	–	“controlled	convergence,	with	a	
Product	Design	Specifica2on	in	mind,	thus	avoiding	“freedom	
without	responsibility”.	

• Richard	Feynman	The	Character	of	Physical	Law	–	“what	we	
need	is	imagina2on,	but	imagina2on	in	a…	straightjacket”	
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CreaHve	convergence	



DeducHon	&	InducHon	
•  DeducHon:	argues	from	a	given	theory’s	general	principles	to	a	
specific	case	of	expected	data.	

•  InducHon:	argues	in	the	opposite	direc2on	to	deduc2on,	from	
actual	observed	data,	to	an	inferred	model,	from	the	specific	to	the	
general.		

In	addi2on,	If	we	let	H=hypothesis	&	D=data,	then	
•  Deduc2on	can	be	thought	of	Pr(D|H);	this	probability	has	a	
frequency	interpreta2on	due	to	randomness.	Also	called	aleotory	
uncertainty.		

•  Induc2on	can	be	thought	of	as	Pr(H|D);	this	probability	has	a	
degree	of	belief	interpreta2on,	due	to	a	lack	of	complete	
knowledge	of	the	underlying	system.	Also	called	epistemic	
uncertainty.	
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DeducHon	&	InducHon	
e.g.	H=the	coin	is	fair;	D=40	heads	in	100	tosses	
	
Pr(D|H)	
	 	à	is	deduc2ve	(the	conclusion	is	contained	in	the	premise)	

	à	no	enquiry	necessary	
	à	probability	theory	
	à	hypothesis	tes2ng	

	
Pr(H|D)	

	à	is	induc2ve	
	à	enquiry	necessary	
	à	staHsHcal	science	
	à	hypothesis	genera6on	

	

Sta2s2cs	is	the	science	of	making	inferences	through	induc2ve	
logic	and	reasoning	in	the	face	of	uncertainty.	
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There	are	three	main	areas	of	human	endeavour	through	which,	
by	interfering	with	the	natural	order	of	things,	we	ajempt	to	
make	life	bejer	for	mankind	–	these	are	
	

Medicine			|			Agriculture			|			Engineering	
	

The	important	role	that	sta2s2cal	science	has	played	in	the	
development	of	medicine	and	agriculture	has	long	been	
recognised.	
e.g.	in	medicine,	the	development	of	clinical	trials	to	evaluate	
drug	treatments,	and	uncovering	cause-and-effect	rela2onships	
such	as	smoking	and	lung	cancer;	
in	agriculture,	the	development	of	the	theory	of	design	of	
experiments	to	discover	ways	to	increase	the	yield	of	crops	to	
feed	ever-larger	popula2ons.	
	

Context	
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•  How	fundamentally	different	is	the	context	of	engineering	
compared	to	either	medicine	or	agriculture?	

•  For	example,	in	medical	and	agricultural	trials	and	
experiments,	the	calculated	sample	size	from	classical	
probability	theory	is	an	output	of	the	design	of	the	trial,	
whereas	in	engineering,	the	sample	size	available	is	usually	an	
input.	

•  It	is	no	use	probability	theory	saying	that	a	sample	size	of	22	
test	pieces	are	needed	for	a	trial,	when	there	are	only	6	
available!	

•  The	ques2on	has	to	be	asked	the	other	way	round	–	i.e.	what	
is	the	maximum	amount	of	informa2on	that	can	be	obtained	
from	these	6	test	pieces?	This	is	a	sta2s2cal	ques2on.		

Context	
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Context	
•  Addi2onally,	medical	trials	are	constrained,	quite	rightly,	with	

heavy	ethical	considera2ons	as	to	what	kind	of	experiment	or	
trial	can	be	done.	Agricultural	experiments,	by	virtue	of	the	
mo2on	of	our	planet	around	the	sun,	take	a	long	2me	to	
complete.	

•  On	the	other	hand,	in	engineering,	we	can	ooen	plan	quick,	
small	scale	experiments,	which	if	carefully	executed	can	be	
completed,	and	conclusions	quickly	confirmed,	without	some	
of	the	ethical,	safety,	and	2me	constraints	of	medical	and	
agricultural	trials.	

•  Addi2onally,	engineering	is	ooen	about	selec6on	rather	than	
es6ma6on.	Therefore,	we	argue,	engineering	should	be	a	more	
exci2ng	field	to	work	in	than	either	medicine	or	agriculture!	
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A	few	exciHng	(!)	examples	of	
staHsHcal	engineering	from	my	career	
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•  Designing	test	protocols	for	pneuma2c	2res	to	induce	par2cular	
failure	modes	(This	work	led	to	my	PhD)	

•  Improving	the	reliability	of	an	automa2c	transmission	
•  Improving	the	ability	of	an	ICE	to	start	under	various	condi2ons	

related	to	weather	and	fuel	quality.	
•  Formula2ng	the	Engineering	Quality	plan	of	the	Mk	I	Ford	Focus	

(the	first	non-Japanese	car	to	win	the	TÜV	reliability	award	for	~20	
years)	

•  Reducing	the	size	of	Engine	mapping	experiments	
•  Figuring	out	the	root	cause	of	the	Firestone	2re	crisis	that	caused	

300	fatali2es	
•  Determining	the	op2mal	geometry	and	tensions	in	the	OLE	for	the	

electrifica2on	of	the	GWML	
•  Tender	submission	for	HS2	with	Sta2s2cal	Engineering	posi2oned	

as	a	key	enabler	



How	does	engineering	work?	
An	engineer	has	to	be	able	to	
	
•  Recognise	need	
•  Define	problems	
•  Conceive	alterna2ves	
•  Predict	consequences	
•  Design	experiments	and	draw	inferences	
•  Test	and	evaluate	
•  Delineate	solu2ons	
•  Understand	produc2on	and	distribu2on	
•  Be	intellectually	honest	

This	list	is	from	the	classic	text	by	Mischke.	It	should	also	apply	
to	sta2s2cians	working	in	industry!	
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The	Engineering	Process	
Engineering	Phase	of	
Product	&	Technology	
Development		

PotenHal	Failure	Modes	caused	by	
•  VariaHon	
•  Poor	data	analysis	
•  Wrong	conclusions		

Design	Defini2on	 •  Mis-understood	customer	requirements	
•  Poorly	defined	customer	requirements	

Design	Characteriza2on	 •  Over-complicated	designs	
•  Unnecessary	changes	to	designs	that	work	

Design	Op2miza2on	 •  Lack	of	robustness	to	noise	factors	
•  Making	mistakes	

Valida2on	 •  Unrepresenta2ve	tes2ng	and	design	evalua2on	

Produc2on	Prepara2on	&	
Produc2on	

•  Lack	of	process	control	(common	&	special	
causes	of	varia2on)	

•  process	tampering	

Sales	 •  Shipping	units	just	to	keep	the	factory	going	

Service	&	field	experience	 •  Poor	root	cause	analysis	 17	



Release	
Part	A	

Product	&	Technology	development	
Asynchronous	material	and	informaHon	flow	
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Release	
Part	B	

Release	
Part	C	

Release	
Part	D	

Easy	to	detect	
hard	to	fix	
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2me	

①	release	drawings	 ②	build	&	detect	 ③	fix	



Hard	to	detect	
easy	to	fix	 19	

②	release	drawings	 ③	build	①	detect	&	fix	

Easy	to	detect	
hard	to	fix	
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Product	&	Technology	development	
Synchronous	material	and	informaHon	flow	

Part	A	

Part	B	

Part	C	

Part	D	



• Engineering	(New	Product	Development)	is	about,	at	its	most	
fundamental	level,	disturbing	the	current	state	of	nature	to	create	
something	tomorrow	that	does	not	exist	today.	

• We	are	therefore	taking	on	Mother	Nature	at	her	own	game;	but	she	
made	up	the	rules,	they	are	very	strict,	and	because	of	scale	&	
interac2on,	we	don't	always	know	exactly	how	they	will	turn	out	in	
every	case.	

• The	crea2on	of	poten2al	failure	modes	while	we	do	engineering	is,	
therefore,	inevitable	(Pahl	&	Beitz,	Engineering	Design	–	a	Systema6c	
Approach	p52).	This	slows	down	development	2me	and	causes	
divergence.	

• This	is	par2cularly	true	in	many	applica2ons	where	there	are	

—  Rapid	produc2on	rates	e.g.	1	or	more	unit	per	minute	
—  uncontrolled	demand	space	of	the	product	in	the	field	together	with	incomplete	field	records	
—  product	complexi2es	(wide	“opera2ng	windows”,	many	interfaces,	and	interac2ons,	between	

components)	

	all	combine	to	make	the	task	of	engineering	technically	difficult.	

Product	&	Technology	Development	
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	There	are	two	primary	(high-level)	root	causes	for	failure	modes	
in	engineering	design	(Clausing)	

1.  Lack	of	Robustness	
•  Lack	of	robustness	is	sensi2vity	of	func2on	to	noise	factors	

	Capacity	Noises 	 	 	 	 	 	Demand	Noises	
	1)	Produc2on	varia2ons	 	 	 	 	3)	Customer	duty	cycles	
	2)	Wear-out	and	drio	over	2me 	 	 	4)	Environment	
	 	 	 	 	 	 	 	 	 	5)	Component	interac2ons	

	
2.  Mistakes	
•  The	occurrence	of	mistakes,	par2cularly	in	large	organiza2ons,	is	the	entropic	

state	(i.e.	If	something	can	go	wrong	it	will	go	wrong	-	“when	Murphy	speaks,	
listen”).	

•  A	mistake	is	either	not	adop2ng	a	known	counter-measure	for	a	known	failure	
mode,	or	mis-interpre2ng	informa2on	during	the	NPDS	process,	and	engineering	
the	wrong	thing.	

•  The	counter-measure	for	mistakes	(i.e.	avoiding	mistakes)	is	primarily	a	majer	of	
vigilance.	

Failure	Modes	–	Root	Causes	
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Exploit	low	gradients	in	transfer	func2ons	(via	curvature	[leo]	or	
interac2ons	[right])	to	reduce	variability	in	the	system	output	

Principles	of	Robustness	
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Note:	reduce	variability	first	–	then	adjust	to	target.	
Like	many	profound	ideas	this	is	the	reverse	of	the	“obvious”	order	



1999	RAEng	Engineering	
Manufacturing	Lecture	

“The	combina6on	of	
engineering	science	(the	
study	of	physics,	[geometry]	
and	materials)	and	sta6s6cal	
science	(the	empirical	
modelling	of	variability)	is	
necessary	to	achieve	what	is	
demanded	from	us	by	our	
customers	-	a	consistent	level	
of	superla6ve	performance.”	
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Previous	ini2a2ves	at	integra2ng	sta2s2cs	into	engineering	
curricula	include	a	June	2013	collabora2on	between	the	
Royal	Academy	of	Engineering	and	the	Royal	Sta2s2cal	
Society		
	

•  Reduc2on	of	design	complexity	through	bejer	use	of	
transfer	func2ons	

•  Computer-based	experiments	
•  Robustness	and	the	problem	of	transmijed	varia2on	
•  Dimensional	Analysis	as	an	aid	to	efficient	experimenta2on	
•  Risk	assessment	of	fielded	product	
•  Produc2on	stability	in	mass	produc2on	(with	emphasis	on	

i4.0)	
•  Managing	large	data	sets	generated	by	sensors	and	

recording	systems	(so-called	Big	Data)	

RAEng/RSS	collaboraHon	
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RAEng/RSS	interim	Conclusions	
•  Engineers	need	to	understand	the	basis	of	any	sta2s2cal	

analysis	and	any	sooware	used	to	implement	such	an	
analysis.	It	is	important	that	teaching	of	the	fundamental	
principles	is	not	squeezed	out.		

•  Graphical	techniques	should	be	presented,	taught	and	used	
alongside	analy2cal	and	numerical	methods.		

•  Pre-requisite	knowledge	for	the	applica2on	of	sta2s2cs	
should	be	recognised	(principally,	but	not	en2rely	
mathema2cal).		

•  The	list	of	sta2s2cal	topics	needs	to	reflect	the	wide	diversity	
of	context	in	engineering	applica2ons,	and	the	teaching	of	
sta2s2cs	should	avoid	ar2ficial	constructs	such	as	shuffling	
cards	and	rolling	dice.	

•  Type	III	errors	



A	possible	(high	level)	curriculum	
Engineering	Phase	
of	Product	&	
Technology	
Development		
	

IntenHon	 PotenHal	Failure	
Modes*	to	avoid	

Useful	StaHsHcal	Methods	&	Ideas	
that	help	to	avoid	the	failure	
modes**	

Pre-requisite	knowledge	

GENERAL	 		 		 Induc2ve	&	Deduc2ve	logic	
Popula2on	vs.	Process	
Exploratory	Data	Analysis	
Emphasis	on	graphical	methods	
Probability	distribu2ons	

The	scien2fic	method	
Mathema2cal	underpinnings	
Basic	computer	literacy	
Exploratory	Data	Analysis	

Design	DefiniHon	 Understand	customer	
requirements	&	translate	
into	engineering	data	
measured	with	SI	units	

⁻  Mis-
understood	
requirements;	

⁻  Poorly	defined	
requirements;	

⁻  Unmeasurable	
requirements.	

		

Survey	design	
Customer	clinic	design/Choice	experiments	

Probability	distribu2ons	
Apprecia2on	of	fi~ng	empirical	
Matrix	algebra	
Regression	analysis	

Design	
CharacterizaHon	

To	choose	and	configure	
hardware	and	sooware	to	
deliver	the	requirements	
as	specified	

⁻  Over-
complicated	
designs	(e.g.	
too	many	
moving	parts);	

⁻  Unnecessary	
changes	to	
designs	that	
already	work	

Response	surface	methods	
Dimensional	analysis	
Variability	propaga2on	
Measurement	uncertainty	
Design	&	Analysis	of	computer	
experiments	(DACE)	

Matrix	Algebra	
Integral	Calculus	
Regression	analysis	
		

Design	OpHmizaHon	 To	minimize	errors	in	
technical	execu2on	

⁻  Mistakes	
⁻  Lack	of	

robustness	

FMEA***	
Designed	experiments	with	noise	factors	
Simula2on	with	e.g.	Monte	Carlo	methods	

Regression	Analysis	
Matrix	Algebra	
Basic	Computer	programming	

ValidaHon	 A	final	check	on	all	the	
above	phases	prior	to	
commi~ng	the	design	to	
produc2on	

		 Reliability	methods	
Accelerated	tes2ng	
Robustness	metrics	

Basic	informa2on	theory	
Regression	analysis	

ProducHon	 Mistake	free	opera2on	 Lack	of	process	control	 Shewhart	Control	Charts	
Cusum	methods	
Automa2c	Process	Control	methods	(incl.	
auto-correla2on)	

Basic	computer	literacy	
Exploratory	data	analysis	

Sales	 To	only	make	what	is	
sold	

Over	stocked	unsold	
units	

Queueing	theory	
Inventory	Control	

Probability	distribu2ons	

Service	&	Field	
experience	

Monitor	field	experience	
to	check	and	learn	for	
next	project	

		 Regression	analysis	
Residual	Analysis	
Time	series	analysis	
Failure	rate	analysis	(hazard	plo~ng)	

Probability	distribu2ons	
Basic	computer	literacy	
Exploratory	data	analysis	



Theory,	model	(physics,	geometry,	materials)	

Data	(observ
a2on,	experi

ment)	 Time	

Problem	
soluHon	

The	role	(actually,	responsibility)	of	sta2s2cal	collaborators	in	
engineering	inves2ga2ons,	technology	development,	and	

process	op2miza2on,	is	to	

a) encourage	creaHvity,	
and		

b) to	ensure	convergence.	 27	
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Things	that	stand	in	the	way	of	
convergence	

•  Ge~ng	stuck	in	deduc2ve	mode	when	an	empirical	approach	
requiring	induc2on	with	sta2s2cal	science	is	required	and	vice	
versa.	

•  Too	much	data	collec2on/analysis	devoted	to	elimina2ng	“root	
cause	theories”	that,	through	deduc2on,	can	be	shown	not	to	be	
true,	which	slows	down	progress	in	problem	solving.	

•  Ini2a2ves	such	as	Six	Sigma	have	not	helped;	they	have	failed	to	
teach	the	dis2nc2on	between	induc2on	and	deduc2on.	

•  Data	thrown	into	computer	packages	and	groping	around	in	the	
output	looking	for	significant	“p-values”.	

•  Complicated	theories	put	forward	to	fit	the	facts	“There	are	
mul2ple	root	causes	for	this	problem”	–	the	engineering	
equivalent	of	a	conspiracy	theory.	Apply	Occam’s	Razor.	
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