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Some	properties	of	infrastructure	networks	
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Traditional	network	theory	 Properties	of	real-world	infrastructures	

Nodes	and	links	in	discrete	states		 States	better	modeled	as	continuous	variables	

Unweighted	links	 Interactions	are	weighted	and	directed	
(Hub	and	Authority	scores)	Undirected	links	(Eigenvector	centrality)	

Static	network	topology	 Time-varying	network	topologies	
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[Traffic	Data:	NYC	Taxi	&	Limousine	
Commission]	

[Delay	Data:	Bureau	of	Transportation	Statistics]	
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A	network-centric	view	of	air	traffic	delays	
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Adjacency	matrix,	A: 

*  For	example,	delay	levels	on	edges	between	airports	
*  Weighted,	directed,	time-varying	networks	
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Simplistic	model	of	delay	dynamics	

6/4/16	[Gopalakrishnan	et	al.	CDC	2016,	sub.]	

*  Given	an	adjacency	matrix,	A =	[aij]	

*  “State”	of	system:	

*  Therefore,	for	given	network	topology:	
where	
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* Let	us	consider	two	different	networks,	A1	and	A2:			How	do	we	
measure	if	they	are	similar	or	different?	
*  Comparison	of	state	evolution	(delay	dynamics)	
*  Effect	of	network	topology		is	of	the	form	

																																														where	

*  Principal	eigenvector	of						forms	an	invariant	subspace	
*  Therefore,	dynamics	can	be	distinguished	by	the	principal	eigenvector	
and	spectral	radius	of		

*  Comparison	of	network-theoretic	properties	

Effect	of	network	topology	on	delay	dynamics	

6/4/16	
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* Strong	hubs	point	to	strong	authorities;	strong	authorities	are	
pointed	to	by	strong	hubs	(Kleinberg	1997)	
* Extension	of	eigenvector	centrality	to	directed	graphs	
* Hub	and	authority	scores	can	be	calculated	as	the	principal	
eigenvector	of	(Benzi	et	al.	2013)	

	

* Discrete	modes	determined	by	clustering	based	on:	
*  Inbound	and	outbound	delays	at	each	airport	
*  Hub	and	authority	scores	of	each	airport	
*  System-wide	delay	trend	(increasing/decreasing)	

Network	centrality:	Hub	and	Authority	scores	

6/4/16	[Gopalakrishnan	et	al.	ACC	2016]	
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*  Identify	set	of	characteristic	topologies	
(“discrete	modes	of	operation”)		
* Determine	linear	continuous	state	
dynamics	under	a	fixed	topology		
*  Switched	linear	system	with	Markovian	
transitions:	

*  Markov	Jump	Linear	System	(MJLS)	

Dynamics	with	switching	network	topologies	

6/4/16	
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[Gopalakrishnan	et	al.	CDC	2016,	sub.]	
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Individual	discrete	modes		
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*  “Physical	interpretation”:	Will	delays	increase	or	decrease	over	
time	(e.g.,	over	the	course	of	a	day)?	
* Almost-Sure	Stability:	A	system	is	said	to	be	almost-surely	stable	
if	the	state	tends	to	zero	as	time	tends	to	infinity	with	probability	
1,	that	is,	

			for	any	nonnegative	initial	condition								.	
* Derive	conditions	for	the	stability	of	a	discrete-time	Markov	
Jump	Linear	System	with	time-varying	transition	matrices	and	
continuous	state	resets	(depends	on	Γi’s,	πij(t)	and	Jij)	

Stability	of	MJLS	models	

6/4/16	[Gopalakrishnan	et	al.	CDC	2016,	sub.]	
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*  Check:	Data	suggests	answer	is	yes,	since	delays	dissipate	overnight	
*  Suppose	we	consider	an	“average”	mode	transition	matrix	for	each	

hour	

*  Resulting	MJLS	model	is	not	stable	

Is	the	MJLS	model	of	air	traffic	delays	stable?	

6/4/16	[Gopalakrishnan	et	al.	CDC	2016,	sub.]	
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Reality:	Transition	matrices	exhibit	temporal	patterns		
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*  Consider	stability	of	MJLS	model	with	periodic	time-varying	
mode	transition	matrices	(determined	by	hour	of	day)	

*  Resulting	MJLS	model	shown	to	be	stable	

*  System	appears	to	be	stabilized	by	the	temporal	variations	in	
the	mode	transition	matrices	

Stability	of	MJLS	model	

6/4/16	[Gopalakrishnan	et	al.	CDC	2016,	sub.]	
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*  Model	learned	using	2011	data;	validation	using	2012	data	

MJLS	model	validation	

6/4/16	



Page	14	

Measure	of	airport	resilience:	Delay	persistence	

6/4/16	
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*  Analysis	of	dwell	times	in	each	discrete	mode	
*  How	long	does	a	‘’delay	state”	tend	to	persist?	

*  Factors	that	trigger	mode	transitions	
*  Weather	impacts,	Traffic	Management	Initiatives	

*  Prediction	of	future	delays	and	delay	states	
*  Multi-layer,	multi-timescale	networks	
*  Cancellations,	operations,	capacity	impact	[ICRAT	2016]	
*  Interactions	between	networks	

*  Post-disruption	recovery	
*  and	finally,	revisiting	an	old	problem…	

Next	steps	and	open	challenges	

6/4/16	
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Revisiting	an	old	problem:	Interactions	between	
NextGen	and	legacy	infrastructures	

6/4/16	


