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Abstract
Decomposing	the	Ѵife	track	of	an	animaѴ	into	behavioraѴ	segments	is	a	fundamentaѴ	
chaѴѴenge	for	movement	ecoѴogyĺ	The	proѴiferation	of	highŊresoѴution	dataķ	often	coѴŊ
Ѵected	many	 times	per	 secondķ	offers	much	opportunity	 for	understanding	animaѴ	
movementĺ	Howeverķ	the	sheer	size	of	modern	data	sets	means	there	is	an	increasing	
need	for	rapidķ	noveѴ	computationaѴ	techniques	to	make	sense	of	these	dataĺ	Most	
existing	methods	were	designed	with	smaѴѴer	data	sets	in	mind	and	can	thus	be	proŊ
hibitiveѴy	sѴowĺ	Hereķ	we	introduce	a	method	for	segmenting	highŊresoѴution	moveŊ
ment	trajectories	into	sites	of	interest	and	transitions	between	these	sitesĺ	This	buiѴds	
on	a	previous	aѴgorithm	of	Benhamou	and	RiotteŊLambert (2012)ĺ	Adapting	it	for	use	
with	highŊresoѴution	dataĺ	The	dataĽs	resoѴution	removed	the	need	to	interpoѴate	beŊ
tween	successive	Ѵocationsķ	aѴѴowing	us	to	increase	the	aѴgorithmĽs	speed	by	approxiŊ
mateѴy	two	orders	of	magnitude	with	essentiaѴѴy	no	drop	in	accuracyĺ	Furthermoreķ	
we	incorporate	a	coѴor	scheme	for	testing	the	ѴeveѴ	of	confidence	in	the	aѴgorithmĽs	
inference	Őhigh	Ʒ	greenķ	medium	Ʒ	amberķ	Ѵow	Ʒ	redőĺ	We	demonstrate	the	speed	and	
accuracy	of	our	aѴgorithm	with	appѴication	to	both	simuѴated	and	reaѴ	data	 ŐAѴpine	
cattѴe	at	Ɛ	Hz	resoѴutionőĺ	On	simuѴated	dataķ	our	aѴgorithm	correctѴy	identified	the	
sites	of	interest	for	ƖƖѷ	of	ľhigh	confidenceĿ	pathsĺ	For	the	cattѴe	dataķ	the	aѴgorithm	
identified	the	two	known	sites	of	interestĹ	a	watering	hoѴe	and	a	miѴking	stationĺ	It	
aѴso	identified	severaѴ	other	sites	which	can	be	reѴated	to	hypothesized	environmenŊ
taѴ	drivers	 Őeĺgĺķ	 foodőĺ	Our	aѴgorithm	gives	an	efficient	method	 for	 turning	a	 Ѵongķ	
highŊresoѴution	movement	path	into	a	schematic	representation	of	broadscaѴe	deciŊ
sionsķ	aѴѴowing	a	direct	Ѵink	to	existing	pointŊtoŊpoint	anaѴysis	techniques	such	as	opŊ
timaѴ	 foraging	 theoryĺ	 It	 is	 encoded	 into	 an	R	 package	 caѴѴed	SitesInterestķ	 so	
shouѴd	 serve	 as	 a	 vaѴuabѴe	 tooѴ	 for	making	 sense	 of	 these	 increasingѴy	 Ѵarge	 data	
streamsĺ

K E Y W O R D S

animaѴ	movementķ	bioѴoggingķ	highŊresoѴution	dataķ	movement	ecoѴogyķ	site	fideѴity

www.ecolevol.org
mailto:
https://orcid.org/0000-0002-2474-8051
https://orcid.org/0000-0002-8564-2904
http://creativecommons.org/licenses/by/4.0/
mailto:rdmunden1@sheffield.ac.uk


ƑՊ |Պ ՊՍ MUNDEN ET AL.

ƐՊ |ՊINTRODUC TION

The	Ѵife	track	of	an	animaѴ	has	the	potentiaѴ	to	reveaѴ	important	inŊ
formation	about	its	behaviorķ	as	weѴѴ	as	the	surrounding	environment	
ŐKaysķ	Crofootķ	Jetzķ	ş	WikeѴskiķ	ƑƏƐƔĸ	Nathan	et	aѴĺķ	ƑƏƏѶőĺ	Modernķ	
highŊresoѴution	bioѴogging	data	 ŐƾƐ	Hz	 resoѴutionő	 give	 insight	 into	
the	 fineŊgrained	 structure	 of	 this	 Ѵife	 track	 ŐBidder	 et	 aѴĺķ	 ƑƏƐƔĸ	
Brownķ	Kaysķ	WikeѴskiķ	WiѴsonķ	ş	KѴimѴeyķ	 ƑƏƐƒĸ	Nodaķ	Kawabataķ	
Araiķ	Mitamuraķ	ş	Watanabeķ	ƑƏƐƓĸ	WaѴker	et	aѴĺķ	ƑƏƐƔĸ	WiѴѴiams	et	
aѴĺķ	ƑƏƐƕĸ	WiѴmers	et	aѴĺķ	ƑƏƐƔĸ	WiѴsonķ	Shepardķ	ş	Liebschķ	ƑƏƏѶőĺ	
Howeverķ	these	data	are	often	so	big	and	detaiѴed	that	extracting	the	
important	information	is	a	formidabѴe	taskĺ

Many	studies	haveķ	in	varying	waysķ	suggested	that	the	Ѵife	track	
shouѴd	be	broken	down	into	different	scaѴesķ	each	representing	difŊ
ferent	behavioraѴ	modes	of	animaѴ	movement	Őeĺgĺķ	figure	Ɛ	in	Nathan	
et	 aѴĺ	 ŐƑƏƏѶőőĺ	 For	 exampѴeķ	 stateŊspace	modeѴing	 spѴits	 paths	 into	
predefined	 behavioraѴ	 stages	 of	 movementķ	 such	 as	 expѴoratoryņ
encamped	ŐMoraѴesķ	Haydonķ	Frairķ	HoѴsingerķ	ş	FryxeѴѴķ	ƑƏƏƓőķ	forŊ
agingņmigrating	 ŐJonsenķ	 FѴemmingķ	 ş	Myersķ	 ƑƏƏƔőķ	 or	 transientņ
resident	ŐPattersonķ	Thomasķ	WiѴcoxķ	Ovaskainenķ	ş	MatthiopouѴosķ	
ƑƏƏѶőĺ	 BehavioraѴ	 changepoint	 anaѴysis	 segments	 a	 path	 into	 secŊ
tions	 with	 different	 statisticaѴ	 features	 ŐBuchinķ	 DriemeѴķ	 KreveѴdķ	
ş	Sacrist࢙nķ	ƑƏƐƐĸ	Gurarie	et	aѴĺķ	ƑƏƐѵĸ	Gurarieķ	Andrewsķ	ş	Laidreķ	
ƑƏƏƖő	and	can	be	used	to	cѴassify	these	segments	into	distinct	beŊ
haviors	ŐNamsķ	ƑƏƐƓőĺ	OptimaѴ	foraging	theory	starts	with	the	idea	
that	paths	can	be	described	as	movements	either	between	or	within	
foraging	patchesķ	and	examines	why	animaѴs	make	betweenŊpatch	
movements	at	the	particuѴar	times	they	have	been	observed	to	do	so	
ŐCharnovķ	ƐƖƕѵĸ	Pykeķ	ƐƖѶƓőĺ	There	are	aѴso	more	generaѴ	techniques	
for	path	segmentation	that	have	arisen	in	subject	areas	beyond	ecoѴŊ
ogy	ŐDemar	et	aѴĺķ	ƑƏƐƔőĺ

The	modern	era	of	highŊresoѴution	data	offers	a	great	opportuŊ
nity	 to	make	better	 inference	of	 such	behavioraѴ	modesĺ	Howeverķ	
the	 sheer	 size	 of	most	modern	 data	 sets	makes	 statisticaѴ	 anaѴysis	
tricky	to	perform	in	a	reasonabѴe	time	frameĺ	Furthermoreķ	for	a	path	
where	 Ѵocations	are	recorded	many	times	per	secondķ	the	animaѴ	 is	
often	simpѴy	continuing	to	carry	out	a	decision	made	some	time	preŊ
viousѴyĺ	Thereforeķ	an	important	part	of	the	behavioraѴ	information	is	
contained	within	a	smaѴѴ	subset	of	the	data	stream	ŐPotts	et	aѴĺķ	ƑƏƐѶőĺ

The	 deveѴopment	 of	 techniques	 to	 infer	 behavioraѴ	 decisions	
from	highŊresoѴution	data	is	thus	timeѴy	and	necessaryĺ	Hereķ	we	aim	
to	describe	an	animaѴ	track	as	a	sequence	of	ľsites	of	interestķĿ	which	
are	areas	where	the	animaѴ	spends	a	disproportionateѴy	 Ѵong	timeķ	
together	with	movements	between	these	sitesĺ	Our	aѴgorithm	breaks	
a	Ѵong	data	stream	down	into	a	simpѴe	MarkovŊprocess	description	
of	movement	ŐsimiѴar	to	a	ľsemantic	trajectoryĿ	from	movement	anŊ
aѴytics	Demar	et	aѴĺ	ŐƑƏƐƔőőķ	which	has	the	potentiaѴ	to	be	anaѴyzed	
using	 existing	 pointŊtoŊpoint	 techniques	 such	 as	 optimaѴ	 foraging	
theory	ŐPykeķ	ƐƖѶƓő	or	step	seѴection	anaѴysis	 ŐAvgarķ	Pottsķ	Lewisķ	
ş	Boyceķ	ƑƏƐѵĸ	Fortin	et	aѴĺķ	ƑƏƏƔĸ	MerkѴeķ	Fortinķ	ş	MoraѴesķ	ƑƏƐƓőĺ	
Our	aѴgorithm	is	based	broadѴy	on	a	site	fideѴity	aѴgorithm	deveѴoped	
by	 Barraquand	 and	 Benhamou	 ŐƑƏƏѶő	 and	 Benhamou	 and	 RiotteŊ
Lambert	ŐƑƏƐƑőķ	but	adapted	for	use	with	Ѵargeķ	highŊresoѴution	dataĺ	

This	adaptation	requires	finding	ways	of	speeding	up	the	aѴgorithmķ	
but	we	can	take	advantage	of	the	fact	that	there	is	no	need	to	interŊ
poѴate	between	data	points	when	they	are	onѴy	a	few	seconds	apartķ	
or	Ѵessĺ	We	suppѴy	a	method	for	assigning	a	ѴeveѴ	of	confidence	to	our	
inference	of	the	number	of	sites	for	an	entire	trajectoryķ	dispѴayed	
as	a	trafficŊѴight	coѴorĺ	This	 indicates	when	further	anaѴysis	may	be	
necessary	and	gives	an	ad	hoc	goodnessŊofŊfit	testĹ	something	that	
is	often	missing	from	statisticaѴ	studies	of	animaѴ	movement	ŐPottsķ	
AugerŊM࣐th࣐ķ	Mokrossķ	ş	Lewisķ	ƑƏƐƓőĺ

We	 appѴy	 our	 aѴgorithm	 to	 both	 simuѴated	 dataķ	 where	 the	
sites	of	interest	are	knownķ	and	deadŊreckoned	Ɛ	Hz	tracks	of	catŊ
tѴe	movement	in	the	AѴps	ŐBidder	et	aѴĺķ	ƑƏƐƔőĺ	For	the	Ѵatter	data	
setķ	we	 aѴready	 know	 two	 pѴaces	 that	 ought	 to	 be	 identified	 as	
sites	of	interest	ŋ	a	miѴking	station	and	a	watering	hoѴeĺ	Thusķ	we	
can	test	both	whether	our	aѴgorithm	can	find	these	sitesķ	and	aѴso	
if	any	other	areas	are	uncovered	that	are	of	particuѴar	interest	to	
the	cattѴeĺ	We	show	how	our	aѴgorithm	can	be	used	to	describe	a	
compѴex	movement	path	as	a	sequence	of	visits	to	sites	and	tranŊ
sitions	between	those	sitesĺ	The	aѴgorithm	is	freeѴy	avaiѴabѴe	as	an	
R	package	SitesInterestķ	avaiѴabѴe	as	Supporting	Information	
and	 aѴso	 on	 CRAN ŐhttpsĹņņcranĺrŊprojectĺorgņwebņpackagesņ
SitesInterestņindexĺhtmѴőĺ	 This	 package	 wiѴѴ	 enabѴe	 users	 to	 exŊ
tract	fundamentaѴ	movement	information	from	Ѵongķ	highŊresoѴuŊ
tion	data	streamsĺ

ƑՊ |ՊMETHODS

ƑĺƐՊ|ՊThe ľsites of interestĿ aѴgorithm

Our	aѴgorithm	uses	a	sѴidingŊdisk	method	to	infer	areas	of	space	where	
an	animaѴ	spends	most	of	its	time	Őthis	is	simiѴar	to	the	method	used	by	
Benhamou	and	RiotteŊLambert	ŐƑƏƐƑő	to	caѴcuѴate	ľresidence	timeĿőĺ	
In	 particuѴarķ	 our	 method	 is	 designed	 to	 be	 used	 on	 Ѵarge	 sets	 Őof	
order 105	pointső	of	ƾƐ	Hz	resoѴution	dataĺ	Like	previous	approaches	
ŐBarraquand	 ş	 Benhamouķ	 ƑƏƏѶĸ	 Benhamou	 ş	 RiotteŊLambertķ	
ƑƏƐƑőķ	our	method	invoѴves	sѴiding	a	disk	of	radius	R	aѴong	the	animaѴĽs	
pathķ	Ѵooking	for	disks	where	the	animaѴ	spends	a	disproportionateѴy	
Ѵong	 time	 Ősee	Figure	Ɛ	of	Barraquand	and	Benhamou	 ŐƑƏƏѶő	 for	 a	
visuaѴ	iѴѴustrationőĺ	Modern	highŊresoѴution	paths	can	contain	miѴѴions	
of	Ѵocationsĺ	This	is	considerabѴy	more	than	those	for	which	the	aѴgoŊ
rithm	of	Benhamou	and	RiotteŊLambert	ŐƑƏƐƑő	was	deveѴoped	Őa	few	
thousandőĺ	As	suchķ	this	aѴgorithm	proves	to	be	prohibitiveѴy	sѴow	for	
highŊresoѴution	data	ŐSupporting	Information	Appendix	SƐőĺ

To	deaѴ	with	this	speed	issueķ	we	do	two	thingsķ	which	we	sumŊ
marize	hereķ	Ѵeaving	the	detaiѴs	for	Supporting	information	Appendix	
SƐĺ	Firstķ	we	do	not	sѴide	the	disk	over	every	recorded	point	 in	the	
pathĹ	potentiaѴѴy	miѴѴions	of	disksĺ	Ratherķ	we	start	with	a	disk	cenŊ
tered	at	the	first	data	pointķ	then	each	subsequent	disk	is	centered	at	
the	first	recorded	Ѵocation	after	the	animaѴ	first	Ѵeaves	the	previous	
diskķ	meaning	that	we	onѴy	need	to	anaѴyze	a	reѴativeѴy	smaѴѴ	number	
of	disks	ŐapproximateѴy	the	Ѵength	of	the	track	divided	by	R	for	reѴaŊ
tiveѴy	straight	trajectories	and	Ѵess	if	the	tortuousity	is	higherőĺ	This	

https://cran.r-project.org/web/packages/SitesInterest/index.html
https://cran.r-project.org/web/packages/SitesInterest/index.html
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dramaticaѴѴy	reduces	the	number	of	disks	examined	by	the	aѴgorithmķ	
whiѴe	ensuring	aѴѴ	of	the	space	that	the	animaѴ	covers	is	anaѴyzedĺ

Secondķ	when	Ѵooking	for	the	pѴaces	at	which	the	animaѴ	being	
studied	entered	and	Ѵeft	a	diskķ	we	subsampѴe	our	data	at	every	sŊth	
Ѵocation	Ősee	Supporting	information	Appendix	SƐőĺ	Once	an	entryŊ	
or	exitŊpoint	is	identifiedķ	say	between	the	iŊth	and	Ői + sőŊth	Ѵocationķ	
we	use	the	fuѴѴ	path	between	points	i	and	i + s	to	identify	the	exact	
position	 of	 entry	 or	 exitĺ	 The	 Ѵarger	we	 choose	 sķ	 the	 quicker	 the	
aѴgorithmĺ	Howeverķ	if	we	choose	s	to	be	too	highķ	we	are	in	danger	
of	missing	information	if	the	animaѴ	moves	in	and	out	of	a	disk	within	
s	time	stepsĺ	Thereforeķ	there	is	a	tradeŊoff	in	choice	of	sķ	which	uѴŊ
timateѴy	depends	on	the	data	being	anaѴyzedĺ	For	our	Ɛ	Hz	dataķ	we	
found	that	s	Ʒ	ƐƏ	gave	rapid	yet	accurate	resuѴts	ŐSupporting	inforŊ
mation	TabѴes	SƓ	and	SƔőĺ

Having	caѴcuѴated	the	usage time	for	each	diskķ	defined	to	be	the	
amount	of	time	spent	in	each	disk	across	the	whoѴe	timeŊperiod	over	
which	 the	path	 is	measuredķ	we	 rarefy	 the	 set	of	disks	 further	by	
removing	any	disk	that	overѴaps	with	another	disk	of	higher	usage	
time	 ŐSupporting	 information	Appendix	 SƐķ	 Figure	Ɛbőĺ	 The	 saѴient	

information	from	the	resuѴting	coѴѴection	of	nonoverѴapping	disks	is	
dispѴayed	 in	 a	 histogramme	of	 decreasing	 usage	 times	 ŐFigure	Ɛcőĺ	
This	is	superficiaѴѴy	simiѴar	to	a	scree	pѴot	from	principѴe	component	
anaѴysisķ	and	we	use	simiѴar	ideas	to	anaѴyse	the	pѴot	ŐJoѴѴiffeķ	ƐƖѶѵőĺ

In	essenceķ	we	want	to	find	a	point	at	which	the	heights	of	the	
bars	in	the	histogramme	ľdropŊoffĿ	rapidѴyķ	separating	out	comparaŊ
tiveѴy	weѴѴŊused	sites	Őto	the	Ѵeftő	from	transitory	ones	Őto	the	rightőĺ	
We	 Ѵook	at	each	adjacent	pair	of	bars	on	the	histogramme	for	 the	
greatest	percentage	difference	 in	the	usage	timesĺ	This	 is	 referred	
to	as	the	maximum percent drop	ŐMPDőĺ	The	sites	of	interest	are	deŊ
fined	to	be	disks	corresponding	to	the	bars	to	the	Ѵeft	of	this	MPD	
ŐFigure	Ɛcőĺ

The	 resuѴting	 set	 of	 identified	 sites	 depends	 very	 much	 on	 the	
choice	 of	Rķ	 the	 disk	 radiusĺ	As	 suchķ	we	need	 criteria	 to	 determine	
which	vaѴue	of	R	is	ľbestĿ	for	accurate	identification	of	sitesĺ	In	practiceķ	
we	 found	 that	no	 singѴe	 criterion	works	perfectѴy	 in	every	 situationĺ	
Insteadķ	we	give	a	technique	for	determining	a	vaѴue	of	Rķ	together	with	
a	 trafficŊѴight	 coѴor	 ŐRedķ	 Amberķ	Greenő	 denoting	 the	 ѴeveѴ	 of	 confiŊ
dence	we	have	in	our	aѴgorithm	having	found	the	actuaѴ	sites	of	interest	

F I G U R E  Ɛ ՊDemonstration	of	the	aѴgorithm	appѴied	to	simuѴated	dataĺ	PaneѴ	Őaő	shows	the	path	of	a	switching	OrnsteinŊUhѴenbeck	ŐOUő	
simuѴation	ŐSimuѴation	ƐƓ	in	Supporting	information	TabѴes	Sƒ	and	Sƕőĺ	PaneѴ	Őbő	shows	the	same	path	overѴaid	with	the	disks	we	examined	
for	sites	of	interestĺ	Maroon	circѴes	bound	the	disks	identified	as	sites	of	interestĺ	Of	the	remaining	circѴesķ	those	Ѵeft	after	overѴapping	disks	
have	been	removed	are	given	as	orange	coѴored	and	the	others	are	yeѴѴowĺ	PaneѴ	Őcő	gives	a	histogramme	of	the	maroon	and	orange	coѴored	
disks	in	ranked	orderĺ	MPD	is	the	vaѴue	of	the	maximum	percent	dropĺ	PaneѴ	Ődő	dispѴays	the	maximum	percent	drop	and	number	of	identified	
sites	as	a	function	of	the	disk	radiusķ	R
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for	the	animaѴķ	where	Green	is	highķ	Amber	is	intermediateķ	and	Red	is	
Ѵowĺ	We	then	suggest	 that	 the	user	suppѴements	 this	with	bioѴogicaѴ	
intuitionķ	especiaѴѴy	in	the	Red	and	Amber	casesķ	to	check	that	the	aѴgoŊ
rithm	has	returned	a	reasonabѴe	estimate	of	the	actuaѴ	sites	of	interestĺ

The	 starting	 point	 for	 finding	R	 is	 to	 caѴcuѴate	 the	MPD	 for	 a	
variety	of	different	Rsķ	pѴotted	 in	Figure	Ɛdķ	 and	 Ѵook	 for	 the	 first	
ѴocaѴ	maximum	of	this	graphķ	which	we	denote	RLMĺ	LocaѴ	maximaѴŊ
ity	suggests	that	the	sites	of	interest	can	be	identified	more	cѴearѴy	
with	R	Ʒ	RLM	than	with	cѴoseŊby	vaѴues	of	Rĺ	We	choose	the	first local 

maximumķ	rather	than	the	global	maximumķ	because	the	MPD	tends	
to	ƐƏƏѷ	as	R	becomes	Ѵarge	enough	so	that	the	most	oftŊused	disk	
contains	aѴmost	aѴѴ	of	the	pathĺ	We	then	appѴy	two	further	criteriaĺ

The	first	criterion	 insists	that	the	MPD	must	be	greater	than	a	
predefined	threshold	vaѴueķ	TMPDĺ	This	can	be	chosen	either	as	a	fixed	
vaѴue	 or	 as	 TMPD	Ʒ	minŐMPDő	Ƴ	kŐmaxŐMPDő	ŋ	minŐMPDőőķ	 where	
k	 is	 a	 constantķ	 referred	 to	 as	 the	 adaptive threshold	 vaѴueĺ	 Hereķ	
minŐMPDő	and	maxŐMPDő	areķ	respectiveѴyķ	the	minimum	and	maxiŊ
mum	MPDs	for	aѴѴ	vaѴues	of	R	tested	Ősee	eĺgĺķ	Figure	Ɛdőĺ	Brownian	
motion	 simuѴations	 can	 be	 used	 to	 derive	 a	 Ѵower	 bound	 for	 the	
threshoѴd	vaѴue	ŐSupporting	information	Appendix	SƐőĺ

The	 second	 is	 a	 stabiѴity	 criterionķ	 meaning	 that	 if	 the	 radius	 is	
changed	sѴightѴy	 from	R	Ʒ	RLMķ	 the	number	of	sites	 identified	wiѴѴ	 reŊ
main	unchangedĺ	Based	on	the	resuѴts	of	these	two	criteriaķ	a	coѴor	is	
assigned	depending	on	the	consistency	between	the	resuѴts	of	using	
each	criterionĺ	The	Green	ѴabeѴ	is	assigned	if	both	criteria	identify	the	
same	number	of	sites	and	radius	vaѴueķ	Amber	is	assigned	if	they	resuѴt	
in	the	same	number	of	sitesķ	but	different	radii	and	Red	is	assigned	if	
the	number	of	sites	are	different	Ősee	Supporting	information	Appendix	
SƐ	for	more	detaiѴsőĺ	This	gives	a	quaѴitative	ѴeveѴ	of	confidence	in	the	
aѴgorithmĽs	performance	and	couѴd	be	used	as	a	warning	signaѴ	to	sugŊ
gest	when	further	anaѴysis	wouѴd	be	heѴpfuѴĺ	The	compѴete	method	for	
finding	sites	of	interest	is	summarized	in	Figure	Ƒĺ

ƑĺƑՊ|ՊData

ƑĺƑĺƐՊ|ՊSimuѴated data

To	 test	 the	 efficacy	of	 our	 aѴgorithmķ	we	 constructed	 a	 coѴѴection	
of	simuѴated	paths	using	a	switching	OrnsteinŊUhѴenbeck	ŐOUő	proŊ
cess	ŐBѴackweѴѴķ	ƐƖƖƕĸ	TayѴor	ş	KarѴinķ	ƑƏƐƓőĺ	At	any	point	in	timeķ	an	

F I G U R E  Ƒ ՊA	fѴowchart	describing	how	
the	aѴgorithm	is	impѴemented

The user inputs data.

The user is asked

for a range of values

for the radius.

A graph of the num-

ber of sites and

maximum percent

drops is produced

(see Figure 1d).

The first local

maximum of the

percent drops is found.

The first local

maximum, which is

also stable is found.

The user is asked for

a threshold value.

The first local

maximum above this

threshold is found.

A colour is as-

signed to the path.

Red is assigned if

the number of sites

are not the same.

Amber is assigned if

the number of sites

are the same, but

the radii are not.

Green is assigned

if the number of

sites and radii

are the same.

The user uses intu-

ition to see if the

answer is reasonable.

The user chooses

a different range

of values for the

radius or applies the

algorithm on segments

of the trajectory.

The output is the

number of sites

identified and

their locations.

A schematic is

produced (see Figure 5).

Optional

User is not satisfied

User is satisfied
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object	foѴѴowing	a	switching	OU	process	has	a	center	of	attraction	
toward	which	it	is	movingĺ	Howeverķ	there	is	aѴso	a	certain	amount	
of	 ŐGaussianő	randomness	 in	the	movement	process	 Ősee	BѴackweѴѴ	
ŐƐƖƖƕő	and	BѴackweѴѴķ	Niuķ	Lambertķ	and	LaPoint	ŐƑƏƐѵő	for	more	deŊ
taiѴs	on	the	switching	OU	process	and	appѴications	to	animaѴ	moveŊ
mentőĺ	In	these	simuѴationsķ	the	ľreaѴĿ	sites	of	interest	are	defined	to	
be	the	centers	of	attraction	of	the	switching	OU	processĺ

We	ran	ƐƐƏ	OU	simuѴations	in	a	box	of	ƐƏ	by	ƐƏ	unitsķ	varying	
the	number	of	points	of	attraction	between	Ɛ	and	ƐƏĺ	We	aѴso	varŊ
ied	the	positions	of	these	points	and	the	ѴongŊterm	standard	deviaŊ
tion	about	these	points	of	attraction	Őiĺeĺķ	the	standard	deviation	of	
the	stationary	distribution	of	the	OU	processőĺ	DetaiѴs	are	given	in	
Supporting	information	TabѴes	SѵŋSƖķ	and	ƐƑ	exampѴes	are	shown	in	
Supporting	information	Figure	Sѵĺ	We	tested	whether	the	aѴgorithm	
correctѴy	picks	out	these	points	of	attraction	as	sites	of	interest	Őiĺeĺķ	
both	that	the	number	of	sites	is	identified	correctѴy	and	that	these	
sites	contain	the	centers	of	attraction	of	the	switching	OU	processĸ	
Figure	ƒőĺ

We	ran	each	of	the	OU	simuѴations	through	the	aѴgorithm	with	
radii	vaѴues	ranging	from	ƏĺƑ	to	ƒĺѶ	units	with	ƏĺƐ	units	between	conŊ
secutive	vaѴuesĺ	The	minimum	radius	vaѴue	was	chosen	so	that	it	was	
greater	than	the	greatest	distance	between	any	two	consecutive	ѴoŊ
cationsĺ	The	maximum	radius	vaѴue	was	chosen	so	that	it	wouѴd	be	
Ѵarger	than	any	potentiaѴ	siteĺ	Other	than	these	constraintsķ	the	radii	
were	 chosen	 bѴindѴy	 so	 as	 to	 simuѴate	 having	 no	 prior	 knowѴedge	
about	the	trajectoriesĺ

ƑĺƑĺƑՊ|ՊCattѴe data

CattѴe	data	were	coѴѴected	in	JuѴy	ƑƏƐƕ	from	a	group	of	cows	from	the	
French	AѴps	 in	 the	 Bauges	Mountains	 ŐMassif	 des	 Baugesķ	 ƓƔĺѵƐŦNķ	
ѵĺƐƖŦEőĺ	 The	 cattѴe	 were	 tagged	 with	 DaiѴy	 Diary	 tags	 Őwith	 triaxiaѴ	
acceѴerometers	 and	magnetometersĸ	WiѴdbytes	 TechnoѴogies	 httpĹņņ
wwwĺwiѴdbyteŊtechnoѴogiesĺcom	 and	 GipsyŊƔ	 tagsĸ	 TechnoSmArt	
Tracking	Systems	httpĹņņwwwĺtechnosmartĺeuőķ	pѴaced	inside	customŊ
buiѴt	 ƒD	 printed	 ABS	 pѴastic	 housings	 and	 attached	 to	 commerciaѴ	
nyѴon	cow	coѴѴars	ŐFearing	LifestyѴesķ	Durhamķ	UKőĺ	The	acceѴerometer	
readings	were	 recorded	 at	 a	 frequency	 of	 ƑƏ	Hz	 approximateѴy	 and	
ѵ	Hz	for	the	magnetometer	readingsĺ	Both	were	subsampѴed	to	Ɛ	Hzķ	
whereas	GPS	readings	were	recorded	every	ƐƔ	minĺ	The	path	was	then	

reconstructed	using	FrameworkƓ	ŐWaѴker	et	aѴĺķ	ƑƏƐƔőķ	which	uses	the	
Dead	Reckoning	procedure	ŐBidder	et	aѴĺķ	ƑƏƐƔőĺ

We	 focused	 on	 seven	 tenŊhour	 Ѵong	 pathsĺ	We	 ran	 each	 path	
through	our	aѴgorithm	with	radii	vaѴues	ranging	from	ƐƏ	to	ƐƏƏ	mķ	
with	Ɛ	m	between	consecutive	vaѴuesĺ	We	suggest	that	the	minimum	
radius	used	be	at	Ѵeast	haѴf	the	body	Ѵength	of	the	animaѴķ	to	have	any	
bioѴogicaѴ	meaningķ	and	typicaѴѴy	severaѴ	 times	more	than	thisĺ	We	
aѴso	ran	our	aѴgorithm	over	the	entire	coѴѴection	of	seven	pathsĺ	The	
Ѵatter	gives	us	information	about	sites	that	the	cattѴe	might	return	to	
dayŊbyŊdayķ	whereas	the	former	might	reveaѴ	sites	that	are	of	interŊ
est	to	particuѴar	cows	on	specific	daysĺ

ƒՊ |ՊRESULTS

ƒĺƐՊ|ՊSimuѴated data

Our	 aѴgorithm	correctѴy	 identified	 sites	of	 interest	 for	ƕƑѷ	of	our	
ƐƐƏ	simuѴated	paths	ŐFigure	ƒaőĺ	ѵƖĺƐѷ	of	these	paths	were	both	corŊ
rectѴy	 identified	 and	 given	 a	Green	 ѴeveѴ	 of	 confidenceĺ	 The	 aѴgoŊ
rithm	onѴy	misidentified	one	path	with	a	Green	outputķ	so	ƖѶĺƕѷ	of	
the	ƕƕ	paths	cѴassified	Green	identified	the	correct	number	of	sitesĺ	
This	suggests	that	if	a	Green	output	is	givenķ	we	can	be	reasonabѴy	
confident	that	the	sites	of	interest	have	been	identified	correctѴyĺ

Of	 those	 assigned	Amberķ	 onѴy	 two	 ŐƐĺѶѷő	were	 faѴseѴy	 identiŊ
fiedĺ	For	some	of	the	simuѴations	assigned	to	the	Red	categoryķ	using	
either	the	threshoѴd	criterion	or	the	stabiѴity	criterion	returned	the	
correct	 answer	 Ősee	 Supporting	 information	 TabѴes	 SƐƏŋSƐƒőĺ	 The	
resuѴts	presented	used	a	fixed	threshoѴd	vaѴue	of	TMPD	Ʒ	ѵƔѷ	as	this	
minimized	the	number	of	incorrect	Green	pathsĺ

ƒĺƑՊ|ՊResuѴts from CattѴe data

Figure	 ƒb	 summarizes	 the	 resuѴts	 of	 running	 our	 aѴgorithm	 over	
each	of	the	seven	cattѴe	trajectories	independentѴy	Ősee	Supporting	
information	TabѴe	SƐƓ	for	the	fuѴѴ	resuѴtsőĺ	These	resuѴts	came	from	
using	 a	 fixed	 threshoѴd	 vaѴue	 of	 TMPD	Ʒ	ƔƏѷķ	 which	was	 chosen	
so	 as	 to	minimize	 the	 number	 of	 paths	 assigned	 to	 the	 red	 catŊ
egory	and	was	aѴso	greater	than	the	Ѵower	bound	found	from	the	
Brownian	 motion	 simuѴations	 ŐSupporting	 information	 Appendix	
SƐőĺ	 The	 running	 time	 for	 each	 trajectory	 Őof	 ƒƏŋƓƏķƏƏƏ	 pointső	

F I G U R E  ƒ ՊThe	proportion	of	paths	
assigned	to	each	of	the	coѴor	categories	
for	the	switching	OU	simuѴations	ŐPaneѴ	
aő	and	daiѴy	cattѴe	paths	ŐPaneѴ	bőĺ	The	
numbers	denote	the	percentage	of	sites	
assigned	to	each	category

http://www.wildbyte-technologies.com
http://www.wildbyte-technologies.com
http://www.technosmart.eu
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was	Ѵess	than	a	minute	ŐSupporting	information	TabѴe	SƐőķ	whereas	
for	aѴѴ	seven	together	ŐƑƓƕķƏƏƏ	data	pointsőķ	it	took	just	over	Ɠ	min	
and	 the	aѴgorithm	appears	 to	 scaѴe	 ѴinearѴy	 ŐSupporting	 informaŊ
tion	Figure	SƐőĺ

AѴthough	onѴy	two	of	the	paths	gave	a	Green	ѴeveѴ	of	confidenceķ	
running	the	aѴgorithm	over	a	singѴe	trajectory	encompassing	aѴѴ	seven	
paths	reveaѴs	cѴear	sites	of	interest	ŐFigure	Ɠőĺ	If	we	choose	R	Ʒ	ƑƏķ	a	
reѴativeѴy	fineŊgrained	vaѴueķ	there	are	substantiaѴ	drops	after	the	Ɛst	
and	ƒrd	circѴesķ	but	both	of	these	missed	out	interesting	informationķ	
such	as	the	cattѴeĽs	movements	to	the	southeastĺ	So	instead	we	Ѵook	
at	the	drop	between	the	Ѷth	and	Ɩth	circѴes	ŐFigure	Ɠaķbķ	Supporting	
information	 Figure	 Sƕőĺ	 In	 actuaѴ	 factķ	 the	maximum	percent	 drop	
occurs	after	the	Ѷƒrd	circѴeĺ	Howeverķ	the	resuѴting	set	of	circѴes	is	
Ѵarge	and	hence	rather	uninformativeķ	so	we	define	the	sites	of	inŊ
terest	to	be	the	first	eight	disksĺ	Two	of	these	ŐA	and	Eő	occur	about	
the	watering	hoѴe	and	one	ŐCő	about	the	miѴking	stationĺ	We	wouѴd	

expect	cattѴe	to	use	these	two	Ѵocations	quite	frequentѴy	Őpieces	of	
saѴt	 Ѵicks	 are	provided	 for	 cows	 cѴose	 to	 the	miѴking	 stationőķ	 so	 it	
makes	sense	that	our	aѴgorithm	identifies	them	as	sites	of	interestĺ	
ImportantѴyķ	our	aѴgorithm	aѴso	reveaѴs	five	other	sites	of	interest	in	
ѴessŊexpected	pѴacesĺ	This	opens	up	the	question	of	why	the	cattѴe	
are	interested	in	these	Ѵocationsķ	and	heѴps	guide	future	data	anaѴysis	
to	examining	specific	areas	that	seem	to	be	vaѴuabѴe	to	the	animaѴs	
Őeĺgĺķ	habitat	features	and	food	avaiѴabiѴityőĺ

If	 we	 use	R	Ʒ	ƐƏƏķ	 a	 coarserŊgrained	 vaѴueķ	 we	 found	 six	 sites	
which	again	covered	the	majority	of	the	pathķ	so	was	not	a	very	inŊ
formative	 set	of	 sitesĺ	Howeverķ	 from	 the	histogrammeķ	 there	 is	 a	
substantiaѴ	drop	after	four	disks	ŐFigure	Ɠcőĺ	These	encompass	six	of	
the	eight	sites	identified	by	using	R	Ʒ	ƑƏķ	incѴuding	both	the	miѴking	
station	and	the	watering	hoѴeĺ	It	aѴso	suggests	that	the	pair	of	sites	
ŐGķHő	from	Figure	Ɠb	might	actuaѴѴy	be	a	singѴe	siteķ	and	this	warrants	
further	fieѴd	investigationĺ	A	simiѴar	Ѵesson	hoѴds	for	the	pair	ŐAķEőĺ

F I G U R E  Ɠ Պ Identification	of	sites	for	seven	paths	of	cattѴe	movements	obtained	using	a	radius	of	R Ʒ	ƑƏ	in	PaneѴs	Őaķbő	and	R	Ʒ	ƐƏƏ	in	
PaneѴs	Őcķdőĺ	Sites	of	interest	were	identified	from	the	bar	chartsķ	by	sight	for	R	Ʒ	ƑƏ	and	R	Ʒ	ƐƏƏĺ	The	bars	are	ѴabeѴed	aѴphabeticaѴѴyķ	with	A	
being	the	circѴe	with	the	greatest	usage	timeķ	aѴѴ	of	which	correspond	to	the	maroon	circѴes	in	the	right	hand	pѴots
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AѴthough	 the	R	Ʒ	ƐƏƏ	 case	 is	 in	 some	ways	better	 than	R	Ʒ	ƑƏ	
since	it	recognizes	the	watering	hoѴe	as	a	singѴe	site	rather	than	twoķ	
its	 coarseness	 Ѵeads	 to	 a	 potentiaѴѴy	missed	 site	 of	 interest	 in	 the	
middѴeŊѴeft	of	the	area	ŐFigure	Ɠbķdőĺ	The	R	Ʒ	ƑƏ	case	picks	this	out	
Ősites	B	and	F	from	Figure	Ɠbőĺ	This	suggests	that	visuaѴѴy	examining	
the	aѴgorithm	output	for	more	than	one	vaѴue	of	R	can	be	vaѴuabѴeĺ

As	weѴѴ	 as	 identifying	 sites	 of	 interestķ	 our	 resuѴts	 enabѴe	 simŊ
pѴification	 of	 a	 compѴex	movement	 path	 into	 a	 schematic	 diagram	
refѴecting	 the	 main	 behavioraѴ	 decisions	 made	 by	 the	 animaѴĺ	 In	
Figure	Ɣķ	we	iѴѴustrate	this	with	three	exampѴe	paths	of	cattѴe	moveŊ
ment	Ősee	Supporting	information	Figure	SѶ	for	aѴѴ	sevenőĺ	The	sites	
of	interest	are	those	four	identified	in	Figure	Ɠd	for	the	R	Ʒ	ƐƏƏ	caseĺ	
This	schematic	breaks	up	a	compѴex	movement	trajectory	into	a	simŊ
pѴe	Markov	processķ	enabѴing	users	to	ask	questions	about	why	the	
animaѴ	transitions	between	the	different	sites	at	the	times	 it	doesķ	
which	 couѴd	 be	 answered	 by	 using	 existing	 pointŊtoŊpoint	 techŊ
niques	 such	 as	 optimaѴ	 foraging	 theory	 or	 step	 seѴection	 anaѴysisĺ	
This	 is	 simiѴar	 in	 fѴavor	 to	 the	 semantic trajectories	defined	by	Yanķ	
Chakrabortyķ	Parentķ	Spaccapietraķ	and	Aberer	ŐƑƏƐƒőĺ

Note	that	we	can	define	the	process	of	choosing	patches	such	
that	 the	 probabiѴity	 of	 an	 animaѴ	 to	 either	 change	 or	 not	 change	
sites	is	based	pureѴy	on	the	current	state	of	both	the	animaѴ	and	the	

environmentĺ	As	such	it	can	aѴways	be	framed	as	a	Markov	processķ	
whereby	the	decision	to	move	at	time	t	is	based	on	the	state	of	the	
system	at	time	tĺ	For	exampѴe	 in	Figure	Ɣķ	suppose	the	cow	is	curŊ
rentѴy	grazing	at	site	Cķ	butķ	at	some	point	 in	 timeķ	becomes	suffiŊ
cientѴy	thirsty	to	necessitate	a	move	to	the	watering	hoѴe	at	Site	Aĺ	
AѴthough	the	causaѴ	chain	Ѵeading	to	this	decision	may	be	arbitrariѴy	
Ѵongķ	the	decision	to	move	from	C	to	A	is	simpѴy	based	on	the	present	
state	of	the	animaѴ	ŐparticuѴarѴy	thirstķ	but	aѴso	maybe	hungerķ	mobiѴŊ
ity	etcĺő	and	the	environment	Őeĺgĺķ	distance	from	C	to	Aķ	effort	or	risk	
of	moving	from	C	to	A	and	so	forthőĺ

ƓՊ |ՊDISCUSSION

This	 paper	 introduces	 an	 efficient	 aѴgorithm	 for	 decomposing	 a	
Ѵongķ	highŊresoѴution	data	stream	of	animaѴ	 Ѵocations	 into	a	simpѴe	
MarkovŊprocess	 description	 of	 animaѴ	 movement	 decisionsĺ	 We	
have	appѴied	our	aѴgorithm	to	both	simuѴated	and	reaѴ	data	ŐFigure	ƒőķ	
showing	that	it	is	effective	in	recognizing	known	sites	of	interestķ	but	
can	aѴso	reveaѴ	otherķ	ѴessŊexpected	pѴaces	that	the	animaѴ	is	visiting	
frequentѴy	ŐFigure	Ɠőĺ	Such	information	opens	up	questions	as	to	why	
each	of	these	sites	is	particuѴarѴy	interesting	to	the	animaѴķ	and	why	

F I G U R E  Ɣ ՊThree	particuѴar	exampѴes	of	cattѴe	paths	Őaŋcő	with	the	corresponding	schematic	pѴots	beѴow	Ődŋfőĺ	The	schematics	represent	
simpѴifications	of	the	fuѴѴ	path	that	highѴight	the	broadscaѴe	movement	decisions	made	by	each	cowĺ	The	centers	of	sites	of	interest	are	
defined	by	the	red	dots	and	their	boundary	by	the	red	hoopsĺ	The	fѴowchart	represents	the	movements	of	CattѴe	Path	ѵ	between	sites	of	
interestĺ	The	Ѵetters	represent	the	sites	of	interestķ	corresponding	to	the	same	Ѵetters	in	PaneѴ	Őfőĺ	The	number	in	brackets	give	the	number	
of	minutes	the	cow	spends	at	that	site	for	that	particuѴar	visitĺ	The	arrows	represent	the	cow	moving	from	one	site	to	the	nextķ	with	the	
associated	numbers	representing	the	number	of	minutes	the	cow	spends	moving	between	these	sites
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it	makes	the	decision	to	move	between	these	sites	at	the	particuѴar	
times	it	doesĺ	These	Ѵatter	questions	can	then	be	examined	by	existŊ
ing	pointŊtoŊpoint	techniquesķ	such	as	step	seѴection	anaѴysis	ŐAvgar	
et	aѴĺķ	ƑƏƐѵĸ	Fortin	et	aѴĺķ	ƑƏƏƔőķ	conditionaѴ	entropy	ŐRiotteŊLambertķ	
Benhamouķ	ş	ChamaiѴѴ࣐ŊJammesķ	ƑƏƐѵőķ	sequence	anaѴysis	methods	
ŐDe	Groeve	et	aѴĺķ	ƑƏƐѵőķ	or	optimaѴ	foraging	theory	ŐPykeķ	ƐƖѶƓőĺ

UnѴike	 modeѴŊbased	 approachesķ	 our	 aѴgorithm	 makes	 no	 asŊ
sumptions	 about	 why	 sites	 may	 be	 of	 particuѴar	 interestķ	 just	
that	 they	 are	 smaѴѴ	 areas	which	 are	weѴѴ	 used	 in	 comparison	with	
other	areas	of	equaѴ	sizeĺ	 It	 is	broadѴy	based	on	previous	works	of	
Barraquand	and	Benhamou	ŐƑƏƏѶőĸ	Benhamou	and	RiotteŊLambert	
ŐƑƏƐƑő	 that	 find	areas	of	highŊintensity	usage	by	sѴiding	a	circѴe	of	
fixed	radiusķ	Rķ	aѴong	the	path	ŐsimiѴar	questions	were	aѴso	addressed	
by	SiѴaŊNowicka	et	aѴĺ	 ŐƑƏƐѵőőĺ	Howeverķ	 the	size	and	resoѴution	of	
our	 data	 require	 that	 these	 aѴgorithms	 be	 significantѴy	 adaptedķ	
which	is	a	key	contribution	of	our	workķ	having	increased	the	aѴgoŊ
rithmĽs	speed	by	approximateѴy	two	orders	of	magnitudeĺ	Movement	
ecoѴogy	is	increasingѴy	deaѴing	with	such	high	Ősubsecondő	resoѴution	
dataķ	so	such	adaptations	are	becoming	ever	more	vaѴuabѴeĺ

As	 weѴѴ	 as	 appѴicabiѴity	 to	 higherŊresoѴution	 dataķ	 our	 aѴgoŊ
rithm	has	 some	 quaѴitative	 differences	 to	 that	 of	 Benhamou	 and	
RiotteŊLambert	 ŐƑƏƐƑő	 that	 are	 worth	 highѴightingĺ	 These	 resuѴt	
from	sѴightѴy	different	aimsĺ	Hereķ	our	interest	is	in	finding	patches	
that	are	used	for	a	disproportionateѴy	 Ѵarge	amount	of	 time	comŊ
pared	to	other	areas	of	the	Ѵandscapeĺ	In	contrastķ	Benhamou	and	
RiotteŊLambert	 ŐƑƏƐƑő	 seek	 to	describe	 space	use	patterns	more	
generaѴѴyĺ	 As	 suchķ	 their	 work	 focuses	 on	 constructing	 various	
ľheat	mapsĿ	 representing	 different	 aspects	 of	 space	 useķ	 nameѴy	
the	UtiѴization	distributionsķ	 Intensity	 distributionķ	 and	Recursion	
distribution	Ősee	Benhamou	and	RiotteŊLambert	ŐƑƏƐƑő	for	definiŊ
tions	of	these	quantitiesőĺ	For	our	aimsķ	we	found	it	more	beneficiaѴ	
simpѴy	to	 identify	high	usage	sitesĺ	That	saidķ	 it	may	be	beneficiaѴ	
in	 certain	 circumstances	 to	 perform	 some	 postprocessing	 of	 the	
identified	sites	to	see	if	any	are	betterŊdescribed	by	noncircuѴar	geŊ
ometriesķ	for	exampѴeķ	by	using	Ѵeast	cost	paths	ŐLongķ	ƑƏƐѵő	to	see	
if	there	are	particuѴar	regions	within	a	site	which	are	Ѵess	weѴѴŊused	
than	othersĺ

One	of	the	chaѴѴenges	of	deveѴoping	such	a	windowŊsѴiding	aѴgoŊ
rithm	is	to	determine	the	ľcorrectĿ	size	of	the	windowķ	Rĺ	FauchaѴd	
and	Tveraa	ŐƑƏƏƒő	suggested	using	the	ѴogŊvariance	of	the	resident	
times	between	circѴesķ	to	give	a	varianceŊscaѴe	curve	as	a	function	
of	Rĺ	The	maximum	of	this	curve	gives	an	indication	of	the	ideaѴ	winŊ
dow	size	to	useĺ	This	was	met	with	severaѴ	criticisms	by	Barraquand	
and	Benhamou	ŐƑƏƏѶőĺ	NonetheѴessķ	Kapotaķ	DoѴevķ	and	SaѴtz	ŐƑƏƐƕő	
revisited	the	varianceŊscaѴe	curve	method	and	improved	on	it	in	sevŊ
eraѴ	waysķ	 specificaѴѴy	 addressing	 the	concerns	of	Barraquand	and	
Benhamou	 ŐƑƏƏѶőĺ	 In	principѴeķ	 these	 techniques	 couѴd	be	used	 in	
combination	with	 our	 usageŊtime	 aѴgorithm	 if	 the	 user	 is	 particuŊ
ѴarѴy	concerned	in	identifying	sizes	of	the	sites	of	interestĺ	Howeverķ	
we	 found	 that	a	combination	of	bioѴogicaѴ	 intuition	and	examining	
pѴaces	where	there	was	a	cѴear	drop	in	the	usage	time	histogramme	
ŐFigure	Ɛcő	was	a	simpѴe	and	effective	method	of	doing	the	same	job	
to	a	reasonabѴe	degree	of	accuracyĺ

Many	of	the	existing	statisticaѴ	and	theoreticaѴ	tooѴs	avaiѴabѴe	to	
movement	ecoѴogists	were	made	when	coarser	data	were	the	normĺ	
As	suchķ	it	is	not	aѴways	triviaѴ	to	adapt	these	techniques	to	the	new	
worѴd	of	highŊresoѴution	dataĺ	For	exampѴeķ	many	methods	in	the	ѴiterŊ
ature	are	based	on	distributions	of	step	Ѵengths	and	turning	angѴes	beŊ
tween	successive	data	points	ŐAvgar	et	aѴĺķ	ƑƏƐѵĸ	Ironside	et	aѴĺķ	ƑƏƐƕĸ	
MoraѴes	et	aѴĺķ	ƑƏƏƓőĺ	Howeverķ	when	the	ľstepsĿ	are	onѴy	a	fraction	
of	a	second	apartķ	there	are	not	a	Ѵot	of	sensibѴe	bioѴogicaѴ	inferences	
that	can	be	made	about	stepŊwise	ľdecisionsķĿ	as	animaѴs	are	unѴikeѴy	
to	be	making	discrete	decisions	at	such	a	high	frequencyĺ	One	other	
improvement	 has	 been	 the	 addition	of	 the	 quantification	of	 uncerŊ
tainty	 ŐtrafficŊѴight	 coѴor	 assignmentőķ	which	warns	users	when	perŊ
forming	further	checks	wouѴd	be	appropriateĺ	This	is	a	noveѴ	aspect	
of	our	method	that	as	far	as	we	knowķ	has	not	been	used	beforeĺ	If	
the	assignment	comes	up	as	ľredĿ	or	ľamberķĿ	it	may	be	vaѴuabѴe	to	inŊ
vestigate	whether	carefuѴѴy	chosen	subsections	of	the	path	may	give	
better	inferenceĺ	For	exampѴeķ	if	there	is	an	overwheѴmingѴy	dominant	
site	of	interest	Őeĺgĺķ	a	sѴeeping	siteőķ	it	may	be	vaѴuabѴe	to	run	our	aѴgoŊ
rithm	over	periods	of	time	when	the	animaѴ	is	not	ѴikeѴy	to	be	asѴeepĺ

Once	 sites	 of	 interest	 have	 been	 identifiedķ	 together	with	 the	
transition	points	between	them	ŐFigure	Ɣőķ	a	weaѴth	of	opportunity	
opens	 up	 for	 answering	 questions	 concerning	 routine	 movement	
behavior	ŐIronside	et	aѴĺķ	ƑƏƐƕĸ	Peronķ	FѴemingķ	PauѴaķ	ş	CaѴabreseķ	
ƑƏƐѵőĺ	 For	 exampѴeķ	 RiotteŊLambertķ	 Benhamouķ	 and	 ChamaiѴѴ࣐Ŋ
Jammes	 ŐƑƏƐƒő	examined	periodicity	within	an	animaѴĽs	movement	
pattern	and	identified	using	waveѴet	anaѴysisĺ	The	same	authors	Ѵater	
used	conditionaѴ	entropy	to	quantify	the	predictabiѴity	of	repeating	
movement	patterns	between	sites	of	interest	ŐRiotteŊLambert	et	aѴĺķ	
ƑƏƐѵőĺ	Questions	reѴated	to	trapŊѴiningķ	path	recursionķ	and	predator	
prey	studies	were	reviewed	by	BergerŊTaѴ	and	BarŊDavid	ŐƑƏƐƔőĺ	AѴѴ	
of	these	are	forms	of	movement	recursion	that	couѴd	make	use	of	the	
sort	of	schematic	descriptions	of	movement	typified	in	Figure	Ɣķ	esŊ
peciaѴѴy	if	the	paths	are	Ѵonger	so	the	movement	sequences	contain	
more	detaiѴed	informationĺ

The	aѴgorithmĽs	output	aѴso	enabѴe	users	to	examine	differences	
in	the	betweenŊ	and	withinŊsite	movement	patternsĺ	These	path	segŊ
ments	can	then	be	anaѴyzed	in	isoѴationķ	for	exampѴeķ	by	identifying	
smaѴѴerŊscaѴe	turning	points	ŐPotts	et	aѴĺķ	ƑƏƐѶőĺ	In	summaryķ	our	aѴŊ
gorithm	 turns	 Ѵongķ	 compѴicated	 streams	of	data	 into	 simpѴe	 scheŊ
matic	decisions	of	broadscaѴe	behavioraѴ	decisionsĺ	This	 technique	
gives	 a	 foundationaѴ	 basis	 for	 tractabѴe	 anaѴysis	of	highŊresoѴution	
movement	dataĺ
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