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Prologue	

•  Two	complementary	themes:	
–  Business	AnalyPcs:	efficiency,	profit/revenue,	cost,	
quality	of	service,	etc		

–  Risk	Analy+cs:	risk-return	profile,	resilience,	insurance,	
hedging/miPgaPon	strategy,	etc	

•  Personal	experience	over	the	last	three	years	
with	the	Financial	and	Business	Analy/cs	Center	
(about	60	affiliated	faculty	members	from	10	
departments)		at	Columbia	Data	Science	InsPtute.	



Outline	

•  Overview	of	several	projects/studies	I’ve	been	
involved	in:	
– Resiliency	studies	of	criPcal	urban	infrastructures	
– Supply	chain	risks	and	hedging	strategies	
– SecuriPzed	insurance	products	
– Financial	systemic	risks	



Extreme	Events	and	Cri+cal		
Urban	Infrastructures	

•  CollaboraPng	with	Columbia	Civil/Environmental	Engineering	
and	Columbia	LDEO	climate	scienPsts	in	the	broad	area	of	
studying	infrastructure	resilience	to	climate	and	weather	
extremes	---	from	hazard	characterizaPon	to	disaster/
contagion	dynamics	to	miPgaPon	strategies	

•  Key	components:	
–  Extreme	weather	events	(climate	science)	
– Hazards’	impact	on	infrastructures	(civil/environ	eng)	
– Disaster/contagion	dynamics	(stochasPc	modeling)	
–  Resilience,	miPgaPon	(securiPzed	insurance	products)	

•  From	sustainability	to	resiliency	



Key	Idea	

•  Think	of	interdependent	criPcal	infrastructures	
(ICI’s)	as	processing	networks	
–  i.e.,	to	capture	the	processing	capabiliPes	of	ICI’s	
in	providing	criPcal	services	under	normal	
operaPng	condiPons	

–  	and	the	performance	degradaPon	under	extreme	
events,	Pme/resource	for	recovery	etc	





Stochas+c	Processing	Network	

•  A	set	of	nodes	(indexed	by	i):	resources	that	
provides	a	processing	or	distribuPon	funcPon	
(e.g.,	power	plants,	transmission	substaPons,	
pumping	staPons)	

•  Each	node	has	a	processing	capacity:	service	rate	
•  Some	nodes	that	interact	with	the	outside	world	
will	have	an	exogenous	demand	input	rate	or	
arrival	rate		

•  A	rouPng/transiPon	matrix	P=[p_{ij}],	where	
p_{ij}		is	the	rate	of	output	from	node	i	going	to	
node	j		



Dynamics:	Skorohod	Problem	

•  For	each	node	i,	the	state	variable	is	z_i(t),	the	amount	of	
work	to	be	processed	at	Pme	t.	Let	z(t)	denote	the	vector	
state	process.	

•  z(t)=x(t)+y(t)*R,	where	R=I-P,	and	
–  x(t)	is	the	“netput”	process:	input	minus	output	(at	full	
capacity);	x(t)	depends	only	on	input	parameters,	a	“free”	
process	

–  y(t)	is	the	“regulator”:	by	canceling	out	the	lost	capacity	
from	the	x(t)	process,	it	makes	sure	that	the	z(t)	process	
stays	non-negaPve.	

–  thus,	the	complementarity,	z(t)dy(t)=0		
•  Chen	and	Yao	(2001),	Fundamentals	of	Queueing	Networks:	

Performance,	Asympto+cs,	and	Op+miza+on,	Springer-Verlag,	
New	York	



Solving	the	Skorohod	Problem	



Piecewise	Linear	Solu+ons	



More	General	Models	

•  While	the	above	is	so	far	a	determinisPc	“fluid	
network”,	adding	a	Brownian	component	to	
the	netput	x={x(t)}	will	make	it	a	diffusion	
model.	

•  Other	extensions	are	also	possible:	mulPple	
job	classes,	resource	control	decisions,	etc.	
More	on	this	later	….	



Derived	Performance	Measures	

•  The	performance	measures	returned	by	the	soluPon	
include	the	following:	
–  IdenPfying	bonleneck	and	non-bonleneck	nodes	(i.e.,	

overloaded	and	under-loaded	nodes).	
–  	Throughput:	the	rate	at	which	work	is	processed:	if	there	is	no	

bonleneck,	the	throughput	is	the	exogenous	input	rate;		when	
there	are	bonlenecks,	the	throughput	will	be	reduced	(by	the	
bonlenecks).	

–  CongesPon/inventory:	backlogged	work	at	each	node.		
–  Delay/response	Pme:	how	long	does	it	take		to	go	through	any	

given	set	of	nodes	and	through	the	whole	system.	(Delay	relates	
directly	to	congesPon	via	so-called	Linle's	Law.)		

–  Recovery	Pmes:	the	clearing	epochs,	or	how	long	to	clear	
backlogged	workload.	



Features	of	the	Model	

•  		A	“low-maintenance”	model	in	terms	of	
required	data:	a	set	of	nodes	(resources),		
endowed	with	processing	capaciPes	(service	
rates),	along	with	a	network	configuraPon	in	the	
form	of	the	rouPng	(P)	matrix.		

•  	It	is	a	dynamic	model:	given	the	exogenous	work	
requirements	and	the	iniPal		state	z(0)	--	
backlogged	workloads,	the	algorithm	computes	
the	clearing	epochs	--	Pme	to	clear	the	backlog,	
and	thereby	idenPfying	any	bonlenecks.	



	In	Equilibrium	

•  Under	normal	operaPng	condiPons,	the	network	
should,	by	design,	be	devoid	of	any	bonlenecks.		

•  Thus,	aqer	a	while,	the	network	will	reach	
equilibrium	(input	equals	output).	

•  This	is	built	into	the	design,	via	specifying	key	
system	parameters:	
–  	exogenous	input	rates	(customer	demand,	work/
service	requirement)	

–  node	capaciPes	(processing	speed/power,	degree	of	
redundancy	or	backup)	

–  transiPon	matrix	(network	configuraPon).				



Under	Extreme	Events	

•  When	shock	or	certain	extreme	event	
happens,	suppose	a	subset	of	nodes	is	
damaged.	The	work	load	originally	handled	by		
the	subset	of	down	nodes	will	be	redistributed	
to	the	other	nodes	–	contagion	dynamics.	

•  Re-run	the	algorithm	to	re-solve	the	SP,	with	
the	reconfigured	network;		in	parPcular,	to	
idenPfy	any	bonlenecks	and	compute	the	
clearing	epochs	–	recovery	Pmes.	



Under	Extreme	Events	(cont’d)	

•  This	will	determine:	
–  	whether	the	survived	resources	can	provide	a	service	
funcPon	at	a		reduced	level	but	sPll	adequate;	

–  	if	not,	what	addiPonal	resource/capacity	should	be	added	
to	any	of	the	new	bonleneck	nodes	so	as	to	bring	the	
quality	of	service	to	a	proper	level.	

•  Furthermore,	the	re-computed	clearing	epochs	will	
indicate	how	quickly	it	will	take	for	the	re-configured	
system	to	get	back	to	normalcy,	an	important	measure	
of	resiliency.		

•  Thus,	a	stress-test	tool	for	infrastructure	resiliency.	









More	General	Models	

•  Adding	a	Brownian	component	to	the	netput	
x={x(t)}	

•  Allowing	mulPple	job	classes	

•  Resource	sharing	among	the	job	classes	at	
each	node	

•  Simultaneous	occupancy	of	mulPple	resources	

•  Resource	control	at	each	node	can	follow	
some	general	uPlity-maximizing	scheme		
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Securi+za+on:	Tap	into	the		
Capital	Market	

•  Example:		the	catastrophe	(CAT)	bond	issued	by	the	NYC	in	the	
wake	of	super-storm	Sandy.		

•  How	the	bond	works:	If	a	certain	natural	disaster	occurs	over	
a	given	period	at	a	certain	locaPon	and	above	a	specified	
intensity,	the	bond	investors	will	lose	their	investment;	
otherwise,	they	will	get	back	the	principal,	in	addiPon	to	
receiving	a	stream	of	relaPvely	high	interest	payments	(4.5%	
above	Treasury)	over	the	period.		

•  No	correlaPon	with	most	other	asset	classes	in	the	market;	
hence,		an	excellent	diversificaPon	tool.		

•  Very	different	from	the	usual	policy-premium	business	model	
of	insurance/reinsurance	companies.	

•  To	price	the	CAT	bond	requires	risk	analyPcs	tools.	



Risk	Analy+cs	for	Supply	Chains	

•  ProducPon	with	risk	hedging	
– With	Liao	Wang	(PhD	student,	Columbia/IEOR)	

– A	new	demand	model		
– Mean-variance	hedging,	shor}all	hedging	
–  Improved	risk-return	profile/efficient	fronPer	







New	Demand	Model	--	Mo+va+on	







OpPmal	Hedging	Strategy	





Related	Literature	



Financial	Systemic	Risk	

•  Financial	insPtuPons	are	connected	
–  Directly	via	counterparty	relaPons	
–  	indirectly	connected		via	the	market	

		The	asset	fire	sale	by	a	distressed	firm	will	create	a	
significant	negaPve		externality	for	the	rest	of	the	
system	

•  As	the	last	(2007/08)	financial	crisis	reveals,	
these	two,	direct	and	indirect	but	mutually	
enhancing,	channels	play	an		important	role	
in	the	development	of	systemic	risk.	



A	Stochas+c	Network	Approach	

•  take	publically	available	data	--	e.g.,	from	ECB	
(European	Central	Bank)	stress	test	results	to	
build	a	network	of	financial	insPtuPons		

•  characterize		analyPcally	how	the	topological	
structure	of	a	financial	network	and		the	
market	liquidaPon	of	assets	interact	with	each	
other	–	the	contagion	and	the	amplificaPon	
factors	
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