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Abstract

Often	new	modeling	and	simulation	software	is	developed	from	scratch	with	no	or	only	little	reuse.	The	benefits	that	can	be	gained	from	developing	a	modeling	and	simulation	environment
by	using	(and	thus	reusing	components	of)	a	general	modeling	and	simulation	framework	refer	to	reliability	and	efficiency	of	the	developed	software,	which	eventually	contributes	to	the
quality	of	simulation	experiments.	Developing	the	tool	Mic-Core	which	supports	continuous-time	micro	modeling	and	simulation	in	demography	based	on	the	plug-in-based	modeling	and
simulation	framework	JAMES	II	will	illuminate	some	of	these	benefits	of	reuse.	Thereby,	we	will	focus	on	the	development	process	itself	and	on	the	quality	of	simulation	studies,	e.g.,	by
analyzing	the	impact	of	random	number	generators	on	the	reliability	of	results	and	of	event	queues	on	efficiency.	The	"lessons	learned"	summary	presents	a	couple	of	insights	gained	by
using	a	general	purpose	framework	for	M&S	as	a	base	to	create	a	specialized	M&S	software.
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	Introduction

1.1 If	modeling	and	simulation	studies	shall	be	executed,	either	a	custom	off	the	shelf	product	can	be	used	or	new	software	is	developed	to	support	these	studies.	If	a	new	software	product	is
needed	either	the	new	software	product	can	be	built	from	scratch	or	based	on	reuse.

1.2 On	a	first	glance	the	creation	of	a	new	software	tool	without	too	much	reuse	seems	to	be	easier:	one	does	not	need	to	learn	about	the	pre-built	software	packages	to	reuse,	one	does	not	need
to	trust	the	software	developed	by	others,	and	considering	the	plethora	of	software	products	dedicated	to	modeling	&	simulation	(M&S)	reviewing	these	might	get	expensive.	Finally,
developing	such	a	software	product	does	not	appear	too	difficult.	However,	recent	literature	about	the	quality	of	M&S	software	and	studies	performed	warn	against	the	dangers	of	this
approach	(Kurkowski	et	al.	2005;	Merali	2010).	Already	in	their	technical	report	about	SWARM,	Minar	et	al.	observe	that	"Unfortunately,	computer	modeling	frequently	turns	good	scientists
into	bad	programmers.	Most	scientists	are	not	trained	as	software	engineers."	(Minar	et	al.	1996,	p.2).	Software	development	involves	many	different	tasks	which	need	to	be	executed	with
care	and	which	consume	a	considerable	amount	of	time	(Sommerville	2007).	Thus	developers,	particularly	those	of	smaller	projects,	may	negate	the	need	for	(or	even	don't	know	of)	proper
software	engineering	until	it	is	"too	late"	(Hannay	et	al.	2009).	Also	(Merali	2010)	concludes	that	many	problems	in	scientific	computing	can	be	traced	back	to	the	fact	that	scientists	typically
are	neither	educated	nor	trained	as	software	engineers.

1.3 When	in	the	context	of	the	project	'MicMac	(	www.micmac-projections.org)	-	Bridging	the	micro-macro	gap	in	population	forecasting'	a	demographic	microsimulation	software,	i.e.,	the	Mic-
Core,	should	be	designed	for	being	used	by	governmental	institutions	these	considerations	needed	to	be	taken	into	account.

1.4 The	aim	of	the	MicMac-project	was	"to	develop	a	methodology	and	the	associated	software	that	offers	a	bridge	between	aggregate	projections	of	cohorts	(Mac)	and	projections	of	the	life
courses	of	individual	cohort	members	(Mic)."	(NIDI	2011).	In	demography	aggregated	projections	of	cohorts	are	the	conventional	way	to	conduct	population	projections.	The	standard
methodology	for	this	purpose	are	cohort	component	approaches	(also	denoted	as	macroprojections)	(van	Imhoff	1990),	which	commonly	forecast	population	numbers	according	to	age	and
sex	categories.	However,	often	these	methods	do	not	suffice	when	an	adequate	monitoring	and	forecasting	of	individual	lifestyle	and	life	courses	is	necessary	to	properly	capture	population
development.	Demographic	microsimulation	is	a	projection	method	that	is	suited	for	this	objective.	The	idea	of	the	MicMac	project	has	been	to	run	micro	and	macro	projections	in	tandem,	and
to	adjust	microsimulation	output	relying	on	macroprojection	output	and	vice	versa.	Our	work	has	been	focused	on	the	Mic	part	of	the	project.	Requirements	for	the	Mic	part	had	been:	open
source,	easily	portable,	scalable,	and	supporting	stochastic	continuous-time	micro	models.

1.5 In	general,	microsimulation	tools	are	built	from	scratch	and	tailored	for	specific	applications	(such	as	a	national	tax	or	pension	system).	Exceptions	are	microsimulations	implemented	using
the	generic	microsimulation	language	"ModGen"	which	is	a	shortcut	for	Model	Generator	(Statistics	Canada	2011).	ModGen	can	be	used	to	establish	microsimulation	models	that	are	variants
of	the	Canadian	microsimulation	LIFEPATH	(Gribble	et	al.	2003).	However,	it	exhibits	a	few	features	which	hampered	its	usage	to	implement	the	microsimulation	tool	of	the	MicMac	project.	It
requires	Visual	Studio	2008	which	is	a	commercial	and	complex	software	product,	and	therefore	implies	additional	expenses.	The	source	code	of	the	ModGen	library	is	not	accessible.
Furthermore,	any	new	microsimulation	application	necessarily	has	to	be	a	variant	of	LifePath,	with	all	its	pre-set	assumptions	and	variables.	As	the	MicMac	microsimulation	model	has	been
conceptualized	as	a	generic	model	(i.e.,	any	kind	of	model	parameters	should	be	freely	selectable),	ModGen	was	not	an	option	for	the	designers	of	the	Mic-Core.

1.6 Several	agent-oriented	modeling	and	simulation	tools	had	been	checked	referring	to	their	applicability	building	the	MicMac	microsimulation	tool.	However,	the	agent	metaphor	appeared	not
entirely	fitting	to	the	envisioned	continuous-time	micro	models	as	the	data	available	and	the	demographic	simulation	studies	neither	support	nor	require	rich	internal	decision	processes	and
sophisticated	interactions	between	individuals.	In	addition,	at	the	time	of	starting	the	project	it	was	doubtful	whether	those	would	be	sufficiently	scalable	to	handle	millions	of	individuals.	In	the
meanwhile	a	lot	of	research	efforts	have	been	dedicated	to	address	the	problem	of	scalability	in	agent-oriented	modeling	and	simulation	tools,	e.g.,	Repast	(Collier	&	North	2011),	though.

1.7 For	the	MicMac	microsimulation	the	conclusion	was	drawn	to	build	a	new	software	tool.	Thereby,	the	development	costs	should	be	as	low	as	possible	-	minding	the	fact	that	the	potential
developers	are	no	software	engineers	and	the	research	interests	had	not	been	the	software	as	such	but	the	insights	to	be	gained	by	using	the	software.

1.8 After	a	review	of	the	state-of-the-art,	JAMES	II	had	been	assessed	to	be	appropriate	for	the	implementation	of	the	microsimulation	tool.	In	contrast	to	libraries	like	SSJ	a	framework	like
JAMES	II	does	not	only	provide	specific	functionality	for	reuse.	It	supports	orchestrating	the	functionality	to	create	specialized	modeling	and	simulation	tools	(Himmelspach	2012).

1.9 In	the	following	we	will	describe	experiences	and	results	of	using	the	M&S	framework	JAMES	II	for	developing	the	specialized	M&S	tool	Mic-Core.	At	first	we	motivate	the	development	of	a
general	framework	for	M&S,	identify	requirements	and	needed	functionalities,	and	describe	the	plug-in	based	architecture	of	JAMES	II.	At	second	we	introduce	the	concepts	of	demographic
continuous-time	microsimulation,	which	need	to	be	implemented	in	a	M&S	tool.	Thereafter,	we	describe	the	realization	of	this	tool,	i.e.,	Mic-Core,	based	on	the	general	M&S	framework
JAMES	II.	Based	on	data	from	the	Netherlands,	we	construct	a	case	study.	Therefore,	several	experiments	have	been	conducted	which	illuminate	reliability,	scalability,	and	applicability	of	Mic-
Core.	Finally,	we	conclude	with	a	number	of	lessons	learned.

	Background

2.1 The	decision	to	realize	the	microsimulation	tool	of	the	MicMac	project	using	a	M&S	framework	brought	together	researchers	from	two	different	fields:	framework	developers	cooperated	with
demographers.	The	background	section	reflects	these	two	perspectives.	First,	we	discuss	the	needs	for	a	framework	for	M&S	and	we	describe	our	solution.	Then,	we	detail	the	application
side	and	describe	the	intended	type	of	model	and	the	usage	scenario.

A	framework	for	M&S

Software	design	considerations	for	M&S
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2.2 During	the	last	decades,	software	development	for	M&S	has	led	to	a	considerable	number	of	software	products.	Some	of	these	software	solutions	are	dedicated	to	single	modeling	means
(Moss	et	al.	1998;	Klügl	&	Puppe	1998),	others	are	dedicated	to	certain	computing	paradigms	(Park	&	Fujimoto	2007),	and	a	few	more	are	open	for	alternatives	(Clark	et	al.	2001;	Lee	2003;
Perumalla	2005).	Thereby,	independent	from	the	concrete	application	domains,	any	software	for	M&S	has	to	cope	with	a	number	of	basic	requirements	and	it	has	to	provide	a	set	of	basic
functionalities	(Himmelspach	2009).

2.3 Simulation	studies	include	developing	a	model	and	executing	experiments	with	the	model.	These	basic	tasks	determine	the	functionality	all	M&S	software	has	to	offer.	M&S	software	should
provide	means	to	support	building	models,	e.g.,	by	modeling	editors,	by	composing	models,	or	by	import	and	export	formats	to	model	repositories.

2.4 Simulation	software	needs	to	provide	efficient	and	effective	support	for	experimenting	with	these	models.	Experiments	with	a	model	might	imply	a	single	simulation	run,	multiple	runs	(required
for	stochastic	models),	and	even	multiple	configurations.	E.g.,	to	search	for	a	particular	parameter	configuration	to	fulfill	a	certain	property,	different	parameter	configurations	have	to	be
calculated,	each	of	which,	in	the	case	of	a	stochastic	model,	might	imply	multiple	replications.	Single	runs,	multiple	runs,	and	multiple	configurations	need	to	be	analyzed.	E.g.,	to	determine
whether	one	run	has	already	reached	steady	state	and	thus	can	be	stopped,	to	determine	whether	the	number	of	replications	is	sufficient	according	to	the	determined	confidence	interval	or
further	replications	are	needed,	or	to	determine	whether	the	found	configuration	sufficiently	fulfills	the	goal	function	of	the	optimization.	In	most	cases,	the	simple	toy	duck	approach,	i.e.,	"to
wind	it	up	and	let	it	run",	will	not	be	sufficient,	thus	additional	support	is	needed.	Thus,	simulation	software	needs	to	provide	a	suitable	portfolio	of	diverse	methods	to	be	exploited	or	to	allow
an	easy	integration	of	new	methods.	In	the	best	case	they	should	offer	both.

2.5 Basic	requirements	that	all	M&S	software	share	are	ensuring	repeatability	of	experiments	and	employing	only	thoroughly	tested	and	highly	efficient	software	(Himmelspach	&	Uhrmacher
2009).

2.6 Similarly	to	experiments	in	physics	and	cell	biology,	experiments	performed	on	a	computer	with	a	formal	model	should	be	repeatable	or	at	least	reproducible.	Only	this	allows	readers	to	value
and	interpret	the	achieved	simulation	results.	This	implies	that	experiments	should	be	well	documented.	This	is	currently	often	not	the	case.	Pawlikowski	et	al.	(Pawlikowski	et	al.	2002)	and
Kurkowski	et	al.	(Kurkowski	et	al.	2005)	identified	insufficient	experiment	documentation	as	the	major	problem	of	M&S	studies	they	analyzed	and	one	central	reason	for	the	credibility	crises	of
M&S.	Interestingly,	most	of	the	documentation	Pawlikowski	et	al.	(Pawlikowski	et	al.	2002)	and	Kurkowski	et	al.	(Kurkowski	et	al.	2005)	missed	in	the	simulation	studies	could	have	been
retrieved	and	stored	automatically,	e.g.,	the	seeds	for	and	the	random	number	generators	used.

2.7 Efficiency	is	another	requirement	that	might	affect	the	quality	of	the	simulation	results	achieved.	E.g.,	in	extensive	experiments	Galan	and	Izquierdo	identified	validity	problems	in	a	model
published	by	Axelrod	(Galan	&	Izquierdo	2005).	At	the	time	of	Axelrod,	the	authors	state	this	type	of	extensive	experimentation	would	have	not	been	possible,	due	to	the	lack	of	computing
power.	However,	missing	computing	power	is	still	a	problem.	Thus,	lack	of	computing	power	or	lack	of	efficiency	might	endanger	the	validity	of	simulation	results	as	it	prevents	or	at	least
discourages	a	thorough	experimentation	even	nowadays.	To	respond	to	the	need	of	thorough	experimentation,	software	for	M&S	needs	to	be	scalable	(Himmelspach	et	al.	2010).	Often	one
cannot	predict	the	computational	needs	of	a	M&S	study	before	the	model	is	being	created.	Thus,	the	software	should	be	sufficiently	flexible	to	cope	with	the	computational	demands	arising
later	on.	A	general	domain	independent	approach	to	scalability	is	to	involve	parallel	computations	of	models.	These	might	be	parallel	computations	of	parameter	configurations	or	just	multiple
replications	in	parallel.	Another	approach	is	the	flexibility	to	replace	data	structures	or	algorithms	on	demand.	For	example,	an	event	queue	that	uses	only	the	main	memory	to	store	data	can
be	replaced	by	one	using	the	hard	disc	as	buffer	to	enable	the	computation	of	models	which	exceed	the	size	of	the	machine's	main	memory.

2.8 When	we	interpret	simulation	results,	we	depend	on	the	correct	functioning	of	the	software.	However,	how	can	we	be	sure	that	the	behavior	that	we	analyze	is	due	to	the	model	and	its	implied
semantics	rather	than	due	to	artifacts	introduced	by	the	used	software?	Software	development	for	M&S	needs	to	cover	the	steps	of	any	software	development	(Ribault	et	al.	2009),	including
the	definition	of	requirements,	design	decisions	(architecture	of	the	software),	team	formation,	validation	of	the	implementations,	documentation	and	so	on.	These	do	not	guarantee	a	good
software	product	but	they	are	steps	towards	improving	the	quality.

2.9 Considering	the	time	needed	to	come	up	with	a	reliable	software	product	for	M&S	that	offers	all	the	needed	functionalities,	the	question	arises	whether	there	is	not	a	solution	that	saves
development	time	and	at	the	same	time	helps	circumventing	some	of	the	aforementioned	problems.	One	answer	is	software	reuse,	see,	e.g.,	the	discussion	on	software	in	science	(Hannay	et
al.	2009;	Merali	2010)	and	for	M&S	software	(Ribault	et	al.	2009).	Minar	et	al.	(Minar	et	al.	1996)	wrote	1996	in	their	technical	report	about	SWARM:	"Once	a	field	begins	to	mature,
collaborations	between	scientists	and	engineers	lead	to	the	development	of	standardized,	reliable	equipment	(e.g.,	commercially	produced	microscopes	or	centrifuges),	thereby	allowing
scientists	to	focus	on	research	rather	than	on	tool	building.	The	use	of	standardized	scientific	apparatus	is	not	only	a	convenience:	it	allows	one	to	"divide	through"	by	the	common	equipment,
thereby	aiding	the	production	of	repeatable,	comparable	research	results."	Thus,	according	to	Minar	et	al.	reuse	is	a	reliable	way	to	allow	the	effective	production	of	credible	M&S	results.

2.10 Motivated	by	these	considerations	we	built	a	general	framework	for	M&S,	based	on	a	flexible	architecture	which	supports	both,	reuse	and	expendability.

Plug'n	simulate	-	A	framework	for	M&S:	JAMES	II

2.11 Numerous	software	architectures	can	be	used	to	realize	M&S	software	(Ribault	et	al.	2009).	We	decided	to	realize	a	modeling	and	simulation	framework	(JAMES	II)	based	on	a	plug-in	based
architecture,	shortly	named	"plug'n	simulate"	(Himmelspach	&	Uhrmacher	2007b).

Figure	1.	Overview	of	some	of	the	JAMES	II	(JII)	plug-in	types	and	their	internal	interplay.	The	figure	additionally	sketches	the	experimentation	layer	of	JAMES	II	which	controls	the	execution
of	experiments	making	use	of	all	the	plug-ins.
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2.12 The	architecture	allows	to	integrate	any	technique	for	M&S	into	the	framework	(and	into	any	software	built	based	on	the	framework)	via	so	called	plug-in	types	(extension	points)	which
provide	well	defined	interfaces	and	the	means	to	automatically	select	an	alternative	from	the	list	of	alternatives	installed	for	each	of	the	techniques.	Internally	JAMES	II	integrates	these
extensions	in	control	flows.	Extending	JAMES	II	by	yet	not	supported	functionality	means	to	integrate	a	new	plug-in	type	that	allows	including	the	functionality	as	a	plug-in.	Likewise,	providing
an	alternative	for	any	of	the	techniques	supported	can	be	done	by	adding	a	plug-in	(Himmelspach	&	Uhrmacher	2007b).	Any	such	extension	can	be	used	by	any	software	built	on	using
JAMES	II.

2.13 In	Figure	1	some	of	the	plug-in	types	created	for	JAMES	II	as	well	as	their	interplay	are	sketched.	Another	important	part	of	the	implementation,	the	experimentation	layer	(Himmelspach	et	al.
2008)	allows	full	control	over	experiment	types	(e.g.,	parameter	scans,	optimization),	and	associated	therewith	over	parameters	(e.g.,	computation	end	policies,	number	of	replications)	(Ewald
et	al.	2010).	This	experimentation	layer	combines	the	diverse	plug-in	types	(techniques)	involved	in	simulations	and	can	be	reused	for	any	application	out	of	the	box.	At	the	end	of	2011
already	more	than	600	extensions	for	about	80	extension	points	have	been	created.	Thereby	JAMES	II	does	not	enforce	any	reuse	of	its	parts.	Any	user	of	the	framework	is	free	to	choose
which	functionality	he/she	wants	to	apply.

2.14 The	core	JAMES	II	framework	does	only	depend	on	the	Java	JRE.	This	makes	it	easier	to	reuse	the	code	as	no	further	dependency	needs	to	be	taken	into	account.

2.15 Further	on	its	plug'n	simulate	architecture	lends	itself	to	experiments	with	algorithms.	Usually	algorithms	under	test	are	added	as	a	plug-in	to	the	system.	Thus,	during	testing	the	algorithms,
all	alternative	algorithms	can	be	plugged	in	and	evaluated	in	the	same	environment,	e.g.,	(Himmelspach	&	Uhrmacher	2007a;	Ewald	et	al.	2009).	Thereby,	trust	in	the	correct	functioning	of
newly	developed	plug-ins	and	insights	into	their	performance	can	be	gained.	As	the	performance	of	algorithms	depend	largely	on	the	model,	to	have	alternative	algorithms/data	structures
which	can	be	used	for	the	same	tasks	is	mandatory	for	achieving	"optimal"	performance	if	the	models	to	be	computed	vary	(see	paragraphs	4.14	-	4.19).	This	helps	on	the	scalability	issue	and
it	helps	to	create	efficient	specialized	M&S	software	based	on	JAMES	II.

2.16 JAMES	II	is	already	being	used	in	various	application	areas.	Specific	modeling	means	have	been	developed	for	the	different	application	areas	and	are	provided	as	plug-ins	in	JAMES	II.	E.g.,
for	the	applications	in	the	area	of	systems	biology,	variants	of	the	stochastic	pi	formalism	have	been	developed,	e.g.,	(John	et	al.	2010),	as	well	as	rule-based	languages,	e.g.,	(Maus	et	al.
2011).	Variable	structure	variants	of	the	DEVS	formalisms	have	been	developed	which	are	currently	used	for	testing	software	in	virtual	environments	(Steiniger	et	al.	2012).	In	all	these
approaches,	a	similar	avenue	has	been	followed:	at	first	we	identified	what	shall	be	expressed	(the	intended	semantics),	then	we	looked	into	how	to	express	it	(the	syntax)	and	based	on	this,
support	for	modeling	and	for	computing	the	models	have	been	realized	in	JAMES	II	(if	no	suitable	modeling	approaches	and	computation	algorithms	already	exist	in	JAMES	II).

2.17 JAMES	II	can	be	downloaded	at	http://www.jamesii.org	and	is	distributed	under	the	JAMESLIC	license	which	allows	free	reuse	for	commercial	and	non-commercial	projects.

Application:	demographic	microsimulation

2.18 The	basic	idea	of	a	microsimulation	is	to	model	and	simulate	the	behavior	of	micro	units	in	order	to	get	insights	about	the	dynamics	of	a	system,	like	a	population	or	an	economy	(Orcutt	1957;
Orcutt	et	al.	1961).	In	a	demographic	microsimulation	the	central	micro	unit	is	the	individual	life	course,	which	is	characterized	by	a	sequence	of	demographic	events,	e.g.,	birth,	marriage,
death,	and	the	time	spans	between	these	events.	It	offers	the	functionality	to	study	individual	behavior,	inter-cohort	variation,	interaction	among	individuals,	and	interaction	between	individuals
and	macro	units	along	calendar	time	and/or	age.	Despite	a	considerable	regularity	of	demographic	behavior,	the	order	and	age-	and	period-specific	incidence	of	demographic	events	varies
between	individuals.	Therefore,	individual	life	courses	are	appropriately	modeled	by	stochastic	processes	(Bartholomew	1973;	Mayer	&	Tuma	1990).

2.19 In	microsimulations	time	can	be	treated	differently,	either	as	being	discrete	(usually	in	units	of	years	or	months)	or	as	being	continuous.	In	discrete-time	microsimulations,	time	advances	in
discrete	steps,	i.e.,	the	time	axis	is	discretized.	At	each	step	individual	attributes	and	behavior	are	updated.	In	contrast,	a	continuous-time	microsimulation	features	a	continuous	time	scale,
along	which	events	occur,	i.e.,	an	event	can	occur	at	any	instant	in	time.	Pros	and	cons	of	both	approaches	are	discussed	in	(Galler	1997)	and	(Zinn	et	al.	2009).	For	the	MicMac	project	the
continuous-time	approach	was	considered	to	be	the	appropriate	choice.

2.20 Each	demographic	microsimulation	comprises	a	virtual	population	and	a	stochastic	model	of	individual	behavior	(Willekens	2009).	The	virtual	population	consists	of	individuals	that	are
distributed	over	the	attribute	categories	of	the	model	(sex,	marital	status,	educational	attainment,	for	example)	and	across	ages	(commonly	given	in	single	years	of	age).	This	model	population
evolves	over	time,	individuals	experience	demographic	events	based	on	the	stochastic	model	over	their	lifetimes.	A	standard	approach	to	describe	in	a	continuous-time	microsimulation	setting
individual	behavior	is	using	a	continuous-time	multi-state	model	(Bartholomew	1973;	Andersen	&	Keiding	2002;	Gampe	&	Zinn	2007).	The	model	state	space	ψ	is	a	set	of	states	that	the
individuals	of	the	virtual	population	can	occupy.

2.21 The	state	space	is	determined	by	the	problem	to	be	studied	and	contains	the	relevant	demographic	states	that	need	to	be	considered.	An	obligatory	part	of	the	state	space	is	"dead",	a	risk	to
which	each	individual	is	always	exposed	to.	Any	demographic	event,	like	getting	divorced	or	childbirth,	changes	an	individual's	state.

2.22 Three	different	options	exist	for	an	individual	to	enter	the	model	population:	(1)	being	member	of	the	initial	population,	(2)	birth,	or	(3)	immigration.	An	initial	population	contains	the	distribution
of	population	members	according	to	the	states	that	they	occupy	at	simulation	starting	time.	Individuals	leave	the	population	either	by	death	or	by	emigration.

2.23 In	a	continuous-time	multi-state	model,	each	individual	life	course	is	formulated	as	a	trajectory	of	a	non-homogeneous	continuous-time	Markov	Chain	(NHCTMC)	Z(t),	t	≥	0,	where	t	maps	the
time	span	over	which	we	"observe"	an	individual	life-course.	The	time	t	is	set	to	zero	when	an	individual	enters	the	virtual	population.	As	long	as	the	individual	is	part	of	the	virtual	population,	t
evolves	along	the	individual	life	time.

2.24 Each	NHCTMC	is	fully	defined	by	the	two-dimension	process	(Jn,Tn)n∈N0.	Here	(Jn)n∈N0	is	a	Markov	Chain	that	maps	all	states	that	an	individual	occupies	and	(Tn)n∈N0	reports	the	sequence	of

the	corresponding	transition	times.	The	waiting	time	that	an	individual	remains	in	a	state	Jn	is	then	determined	by	Wn	=	Tn+1	-	Tn.

2.25 Distinct	from	the	process	time	Tn	are	calendar	time	and	age.	Depending	on	the	application	at	hand,	process	time	(indicated	by	the	transition	times	of	the	process)	can	be	mapped	into	age	and
calendar	time:	The	function	A(Tn)	maps	the	age	at	Tn	and	the	function	C(Tn)	the	calendar	time	at	Tn.

2.26 The	propensity	of	an	individual	to	change	his/her	current	state	si	at	model	time	Tn,	age	a	and	calendar	time	x	is	given	by	the	transition	rate	(or	hazard	rate)	λsi,sj(x,a),	si,sj	∈	ψ,	x,a	∈	R0
+,

associated	with	process	Z(t):

(1)

2.27 If	the	transition	rates	of	the	process	are	known,	the	distribution	functions	of	the	waiting	times	can	be	derived.	Assumed	an	individual	enters	at	calendar	time	x	and	age	a	a	state	si	that	is	not
the	death	or	the	emigration	state	then	the	individual	will	eventually	experience	a	further	transition	in	the	future.	Then	the	waiting	time	in	state	si	until	moving	to	another	state	sj	can	be
simulated	using	the	inversion	theorem	(Rubinstein	&	Kroese	2008).	We	denote	a	variate	of	a	standard	uniform	distribution	by	u.	A	random	waiting	time	wsi,sj	from	the	correct	distribution	can
be	obtained	by

(2)

where	si,sj	∈	ψ,	si≠sj	and

(3)

is	the	so	called	integrated	hazard.	According	to	a	competing	risk	setting	(Wolf	1986;	Galler	1997),	we	compute	for	all	possible	destination	states	waiting	times	and	pick	the	shortest	one	wsi,sj*

to	state	j*.	Consequently	the	individual	under	consideration	experiences	his/	her	next	state	transition	to	j*	at	age	a	+	wsi,sj*	and	calendar	time	x	+	wsi,sj*.	This	computation	of	the	"shortest"
waiting	times	is	repeated	for	each	individual	of	the	model	population	until	the	simulation	stop	time	has	been	reached	or	all	individuals	have	left	the	population	(due	to	death	or	emigration).
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2.28 In	order	to	forecast	population	numbers	using	the	presented	approach,	the	user	has	to	provide	an	initial	population	and	transition	rates	for	all	feasible	transitions	that	individuals	may
experience	during	their	lives.	Commonly,	for	their	estimation	statistical	methods	of	event	history	analysis	are	applied	to	retrospective	or	prospective	life	histories	reconstructed	from
longitudinal	data	and/or	vital	statistics.	Assumptions	about	future	rates/probabilities	then	define	the	projection	scenarios.	More	details	of	how	to	employ	a	continuous-time	multi-state	model	in
order	to	describe	a	microsimulation	are	given	in	(Gampe	&	Zinn	2007;	Zinn	et	al.	2009).

	Realization	of	the	microsimulation	based	on	JAMES	II

Implementation

3.1 Whenever	JAMES	II	shall	be	used	as	a	base	for	new	M&S	software	a	number	of	decisions	have	to	be	made	in	the	beginning:

Can	any	of	the	existing	modeling	means	be	reused	or	does	a	new	one	has	to	be	integrated?
Is	a	specialized	user	interface	needed?

3.2 If	none	of	the	existing	modeling	means	suffices,	at	least	an	"executable	model"	and	a	"computation	algorithm"	have	to	be	provided	as	plug-ins	installed	for	the	corresponding	plug-in	extension
points.	In	JAMES	II	"executable	models"	are	efficient	classes	that	hold	a	parameterized	instance	of	a	model	to	be	computed.	The	"computation	algorithm"	is	the	algorithm	which	computes	the
model.	For	the	Mic-Core,	we	had	to	integrate	these	two	parts	because	JAMES	II	did	not	provide	support	for	modeling	means	that	capture	the	intended	semantics	as	described	in	paragraphs
2.18	-	2.28	so	far.	In	addition,	the	decision	was	made	to	build	a	new,	specialized	and	thus	simpler	user	interface	than	the	one	that	JAMES	II	provides.	The	experiment	environment,	data	sinks,
data	storages,	and	basic	M&S	functionality	are	already	available	in	JAMES	II	and	ready	for	reuse.

Figure	2.	Overview	of	some	JAMES	II	functionality	that	the	Mic-Core	software	applies.

3.3 As	a	result,	the	Mic-Core	consists	of	two	plug-ins:	an	executable	modeling	plug-in	(see	Figure	2,	"modeling	means"),	and	a	computation	algorithm	plug-in	(see	Figure	2,	"algorithm
combinations	for	computation").

3.4 A	model	based	on	the	Mic-Core	modeling	plug-in	consists	of	two	entity	types:	the	population	which	comprises	a	set	of	individuals.	Both	are	represented	as	interface	and	as
class((I)Population,	(I)Individual).	This	allows	employing	alternative	implementations	of	the	interfaces	at	later	stages,	e.g.,	if	models	cannot	be	completely	held	in	the	memory	of	the	computer
used	or	if	alternative	implementations	promise	a	speed-up.	The	algorithm	to	compute	the	model	is	based	on	the	classical	"hold"	loop.	In	an	event	queue	all	scheduled	events	for	the
individuals	are	hold	(at	most	one	event	per	individual).	The	template	for	simulation	algorithms	in	JAMES	II	requires	implementing	this	functionality	in	the	nextStep	method	(see	Algorithm	1).
This	method	computes	the	next	state	of	the	model	-	thereby	the	step	can	be	the	next	integration	point,	the	next	step	in	discrete	stepwise	model,	or	the	next	event	to	compute	in	a	discrete
event	based	model.	Everything	else,	i.e.,	run	control	(start,	stop,	pause),	looping	(including	computation	end	condition	evaluation),	a.s.o.	is	automatically	handled	by	corresponding
"computation	algorithm"	classes	in	JAMES	II.

public void nextStep() { 
  Event event = eventQueue.dequeue(); 
  List newEvents = computeTransition (event); 
  for each newEvent in newEvents do 
    eventQueue.enqueue (newEvent); 
  } 
}

Algorithm	1.	A	step	from	the	main	loop	of	the	computation	algorithm	comprises	event	fetching,	execution	of	the	transition,	scheduling	of	new	events.	This	refers	to	the	classical	"hold"
operation	in	discrete	event	based	computations.

3.5 In	each	step	we	have	to	dequeue	the	event	with	the	minimal	time	stamp,	compute	the	next	state	transition	of	the	related	individual,	and	enqueue	the	new	events.	The	computeTransition
method	determines	the	new	events	to	be	scheduled	based	on	the	continuous-time	multi-state	model	described	in	paragraph	2.18	-	2.28.	During	simulation	individuals	might	be	added	or	be
removed	from	the	population	(due	to	birth,	death,	or	migration).	Hence,	if	individuals	are	added	more	than	one	new	event	might	be	returned,	or	none,	if	an	individual	is	removed.	A	simulation
run	is	completed	when	either	all	individuals	are	removed	from	the	model	population	(the	event	queue	is	empty)	or	a	pre-set	simulation	stopping	time	or	condition	has	been	reached.
Subsequently,	after	a	completed	computation,	for	further	analysis	the	simulation	output	can	be	stored	using	an	adequate	data	sink	plug-in	that	is	provided	by	JAMES	II.
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3.6 Instrumenters	are	responsible	for	selecting	the	data	to	be	observed	and	to	be	recorded.	Thus,	not	all	data	are	necessarily	stored.	Data	recording	is	done	with	the	CSV-file	based	data	recording
mechanism	provided	by	JAMES	II.

3.7 A	more	detailed	description	of	the	implementation	of	the	Mic-Core	and	its	workflow	is	given	in	Zinn	et	al.	(2009).	The	Mic-Core	and	related	material	such	as	a	manual	and	data	examples	can
be	downloaded	at	http://www.demogr.mpg.de/cgi-bin/micmac/login.plx.	It	is	available	as	free	software	but	comes	with	a	license	that	fixes	its	usage	for	non-commercial	purposes	only.

Model	specification

3.8 Before	performing	an	actual	simulation	run,	the	microsimulation	model	has	to	be	specified.	For	this	purpose,	the	Mic-Core	requests

the	age	range,	over	which	the	population	shall	be	considered,	and	for	which	age-specific	transition	rates	have	to	be	provided,
the	period	over	which	the	simulation	should	be	run,	i.e.,	the	starting	year	and	the	end-year	for	the	simulation	run,
the	age-	and	time-specific	transition	rates	for	all	possible	transitions	in	the	model,
the	initial	population,	that	is,	the	number	of	individuals	in	the	different	states	of	the	model,	classified	by	age,	at	the	starting	point	of	the	simulation,	and	finally,
the	sex	ratio	(proportion	of	females	to	total	number)	that	shall	be	applied	to	determine	the	sex	of	a	newborn.

3.9 The	age-	and	time-specific	transition	rates	and	the	initial	population	have	to	be	provided	via	two	input	files.	The	consideration	of	immigration	flows	demands	two	further	input	files:	one	file
comprising	the	numbers	of	immigrants	given	according	to	immigration	date,	age	at	immigration,	and	attributes	of	immigrants.	The	other	file	contains	transition	rates	describing	the	behavior	of
immigrants	once	they	have	entered	the	population.	A	comprehensive	description	of	the	structure	and	the	content	of	these	files	can	be	found	in	Zinn	&	Gampe	(2011).	Here,	also	detailed
information	on	the	kind	of	the	input	data	required	by	the	Mic-Core	is	given.	Using	R	we	have	implemented	procedures	that	allow	deriving	the	empirical	input	data	for	the	simulation	and	to
construct	the	input	files.	(R	is	an	up-to-date	software	environment	for	statistical	computing.	It	is	free	and	open-source	and	can	be	downloaded	at	http://cran.r-project.org/.)	These	procedures
have	been	set	up	in	the	so	called	pre-processor	of	the	Mic-Core	(Gampe	et	al.	2010).	(The	pre-processor	and	a	corresponding	manual	can	freely	be	downloaded	at
http://www.demogr.mpg.de/cgi-bin/micmac/login.plx.)	By	means	of	a	simple	GUI	the	Mic-Core	asks	for	the	age	range,	the	simulation	time	horizon,	the	sex	ratio,	and	where	to	find	the	required
input	files.

3.10 An	instance	of	the	model	reading	mechanism	of	JAMES	II	is	used	to	read	the	input	data,	and	to	instantiate	the	model.	Thus,	the	model	to	be	experimented	with	can	be	exchanged	without	the
need	to	modify	in	the	Mic-Core	any	line	of	code.

Experiment	setup

3.11 JAMES	II	provides	an	experimentation	layer	which	allows	to	setup	and	to	control	experiments	(Himmelspach	et	al.	2008).	Figure	3	shows	a	number	of	parameters	of	experiments	in	JAMES	II
as	well	as	a	small	example	to	see	what	needs	to	be	done	to	alter	any	of	the	parameters.	For	example,	the	Mic-Core	uses	parameters	to	specify	a	stop	criterion,	a	data	base	to	read	input	data
from,	a	data	storage	for	storing	simulation	output,	an	event	queue,	and	a	random	number	generator.	All	parameters	set	in	JAMES	II	(pre-defined	or	computed	on	the	fly)	are	handed	over	to	a
sequential	or	parallel	computation	task	executor.	Such	proceeding	facilitates	the	reuse	of	an	experiment	definition	on	single	core	machines	as	well	as	on	machines	containing	more	cores	or
even	on	distributed	setups.	The	length	of	a	simulation	run	can	be	determined	by	specifying	either	a	simulation	stopping	time	or	conditions	e.g.,	reaching	the	steady	state.

3.12 The	number	of	replications	can	be	defined	in	advance	or	it	can	be	made	dependent	on	certain	characteristics	of	the	simulation	results	achieved	so	far,	e.g.,	by	using	a	confidence	interval.
JAMES	II's	experimentation	layer	allows	setting	for	each	model	parameter	combination	a	different	number	of	replications.

3.13 Experimenting	with	the	Mic-Core	requires	a	rather	simplistic	experiment	setup:	it	suffices	to	specify	only	a	single	parameter	set,	namely	transition	rates	and	an	initial	population.	Running	a
microsimulation	does	not	change	any	parameters	of	this	set.	Hence,	replicating	microsimulation	runs	with	identical	parameter	settings	only	renders	the	derivation	of	the	Monte	Carlo	variation
in	the	microsimulation	results.	Changing,	however,	between	microsimulation	runs	sub	and	input	parameters	allows	to	profit	from	the	functionality	of	JAMES	II's	experimentation	layer,	and	to
evaluate	different	simulation	setups.	Generally,	a	microsimulation	run	stops	if	a	pre-defined	simulation	end	date	has	been	reached.

Example of how to set a parameter of the experiment:

  // Data Storage 
  exp.setDataStorageFactory(new FileDataStorageAttributeFactory()); 
  exp.setDataStorageParameters((new 
ParameterBlock()).addSubBl(FileDataStorageAttributeFactory.PARAM_PATH, "./results"));

Figure	3.	Setting	experiment	parameters.	The	figure	shows	a	number	of	control	parameters	of	experiments	in	JAMES	II.	Currently	the	Mic-Core	computation	algorithm	uses	two	sub
parameters:	one	to	set	an	event	queue	and	one	to	define	a	random	number	generator.	The	parameters	in	italics	are	currently	unused	but	are	ready	for	Mic-Core	extensions.	In	addition,	a

code	snippet	(Java)	is	given	showing	what	needs	to	be	done	to	alter	the	experiment	definition:	Here	we	select	a	file	based	data	storage	for	storing	the	simulation	output.

	Experiments

4.1 To	illustrate	the	capabilities	of	the	Mic-Core	and	to	highlight	some	of	the	benefits	of	using	a	framework	regarding	validation	and	efficiency,	we	describe	in	this	section	three	different
experiments.	The	first	experiment	explores	whether	the	random	number	generator	used	introduces	a	bias	into	the	results,	and	the	second	experiment	deals	with	performance	issues	on
computing	the	model,	and	the	third	experiment	is	about	a	demographic	microsimulation	using	the	Mic-Core.	The	first	and	second	experiments	are	seen	as	examples	for	an	additional	potential
of	using	a	framework	as	a	base	for	new	software	instead	of	a	completely	self-made	software	tool:	alternatives	being	available	and	easily	usable.

Demographic	microsimulation:	data	and	scenario

4.2 To	test	different	implementations	in	the	Mic-Core	we	use	data	of	a	synthetic	population	that	resembles	the	Dutch	population.	Here	synthetic	population	means	a	population	that	evolves	from	a
starting	population	built	from	different	data	sources,	but	still	mimics	reported	attributes	of	the	real	Dutch	population.	In	our	experiments,	starting	at	January	1,	2008,	life	courses	of	five	cohorts
are	generated:	individuals	born	in	1960,	1970,	1980,	1990,	and	2000.	The	related	total	population	numbers	have	been	taken	from	EuroStat	(EuroStat	2012):

born	in	2000 born	in	1990 born	in	1980 born	in	1970 born	in	1960 total

females 100946 99892 100843 129992 123748 555421
males 105151 105077 101407 131719 125923 569277
total 206097 204969 202250 261711 249671 1124698

4.3 We	simulate	synthetic	cohorts	that	correspond	to	one,	two,	ten,	twenty,	fifty,	and	one	hundred	percent	of	the	number	of	actual	individuals.	The	simulation	starting	time	is	January,	1,	2008,	and
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the	simulation	stops	at	December	31,	2050.	Individuals	who	belong	to	the	cohort	born	in	1960	are	47	years	and	individuals	born	in	2000	are	7	years	old	at	simulation	starting	time.	In	this
example	we	focus	on	fertility	behavior	and	changes	in	the	marital	status/living	arrangement.	As	at	older	ages	the	marital	and	fertility	history	is	usually	completed,	we	consider	life	courses	only
until	age	63.	The	state	space	of	the	considered	model	comprises	the	following	individual	attributes:

State	variable Possible	values

sex female,	sex
educational	attainment only	primary	school,	lower	secondary	school,

upper	secondary	or	tertiary	education
marital	status	&	living	arrangement single,	cohabiting,	married
fertility	status up	to	four	children
mortality alive,	dead

Figure	4.	We	consider	five	cohorts:	individuals	born	in	1960,	1970,	1980,	1990,	and	2000.	The	graphs	depict	the	distribution	of	the	five	initial	cohorts	at	simulation	starting	time.	The	graph	on
the	top	left	shows	the	cohorts	according	to	educational	attainment;	coding:	low	(only	primary	school),	medium	(lower	secondary	school),	high	(upper	secondary	or	tertiary	education).	The	top
right	graph	shows	the	females	of	the	initial	cohorts	according	to	children	ever	born.	Cohort	numbers	according	to	marital	status/living	arrangement	are	given	in	the	lower	graph;	coding:	PH

(living	at	parental	home),	SI	(living	alone),	CO	(cohabiting),	MA	(being	married).

4.4 For	each	initial	cohort,	we	have	estimated	population	numbers	cross-classified	by	sex,	educational	attainment,	marital	status/living	arrangement,	and	fertility	status	using	the	method	of
iterative	proportional	fitting.	The	marginal	distributions	required	for	this	purpose	have	been	taken	from	the	Family	and	Fertility	Survey	of	the	Netherlands	(FFS_NL)	and	from	EuroStat	(EuroStat
2012).	Figure	4	shows	the	respective	distribution.	During	simulation	women	can	become	mothers.	Both	men	and	women	might	increase	their	educational	level,	or	experience	changes	in	their
marital	status.	Individuals	can	leave	the	parental	home,	marry,	cohabitate,	become	single,	etc.	The	assumed	transition	pattern	concerning	changes	in	the	marital	status/living	arrangement	is
given	in	Figure	5.

4.5 All	individuals	are	always	exposed	to	death.	For	estimating	fertility	rates	and	transition	rates	of	changing	the	marital	status/the	living	arrangement,	we	have	applied	MAPLES.	This	method
estimates	age	profiles	from	longitudinal	survey	data	and	had	been	developed	during	the	MicMac	project	(Impicciatore	&	Billari	2011).	The	FFS_NL	has	served	as	data	basis.	Estimated	fertility
rates	and	rates	of	changing	the	marital	status/living	arrangement	vary	with	age,	but	are	hold	constant	over	calendar	time,	using	the	year	2003	as	reference	year.	Mortality	rates	have	been
taken	from	EuroStat2008	projections	for	the	Netherlands	(baseline	scenario).	They	vary	with	age	and	calendar	time.	To	quantify	an	individual's	propensity	of	changing	his/her	educational
attainment,	we	have	used	data	provided	in	(KC	et	al.	2010).	For	readability,	all	applied	transition	rates	are	given	in	the	appendix.	Generally	the	Mic-Core	allows	the	consideration	of	migration,
however,	for	reasons	of	simplicity	we	only	concentrate	on	persons	who	were	born	in	the	Netherlands.
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Figure	5.	Transition	pattern	concerning	changes	in	the	marital	status.

Conducting	experiments	with	a	stochastic	model

4.6 The	repeatability	of	simulation	results	on	different	machines	and	with	different	implementations	has	been	recognized	as	sine	qua	non	for	the	reliability	of	simulation	models	(Edmonds	&	Hales
2003).	If	the	model	to	be	computed	or	the	computation	algorithm	contains	stochastics	one	has	to	take	special	care	of	the	pseudo	random	number	generator	(PRNG).	Starting	from	a	pre-
specified	seed,	a	PRNG	produces	always	the	same	sequence	of	pseudo	random	numbers.	The	period	is	the	maximum	length	of	that	sequence	before	the	PRNG	begins	to	repeat	numbers.
Therefore,	the	period	length	p	of	a	PRNG	is	crucial	for	its	applicability.	Many	different	PRNG	have	been	invented	so	far	and	often	they	have	been	considered	to	be	faulty	after	a	while,	e.g.,
because	of	unwanted	correlation	patterns	between	random	number	variates.	For	example,	the	linear	congruental	generators	(LCG)	cause	serial	correlation	between	successive	random
number	variates,	and	it	is	recommended	to	no	longer	use	those	(Press	et	al.	2007).	Despite	of	their	deficiencies,	these	days	LCG	are	still	rather	popular	because	they	are	very	efficient	in
terms	of	speed,	easy	to	implement,	and,	correspondingly,	portable	code,	parameters,	and	test	toolkits	are	available.	Many	versions	and	enhancements	have	been	done	to	counter	the
unwanted	features	of	LCGs:	The	order	of	recursion	has	been	increased	from	order	one	to	a	higher	order,	the	length	of	periods	has	been	enlarged,	different	types	of	PRNG	have	been
combined,	etc.

4.7 To	generally	avoid	any	regularities	in	the	pattern	of	the	employed	pseudo-random	numbers,	(L'Ecuyer	&	Hellekalek	1998)	suggest	drawing	less	than	√p	pseudo-random	numbers.	That	is,	if
an	application	requires	drawing	many	more	random	numbers	than	the	square	root	of	the	period	of	the	used	PRNG	is	long,	simulation	results	might	be	distorted.	Commonly,	however,	no
general	statement	can	be	made	about	the	quality	of	a	PRNG,	as	its	suitability	depends	on	structure	of	a	particular	problem.	Minding	this	fact,	we	have	checked	whether	different	PRNGs	have
any	influence	on	the	results	computed	in	the	described	use	case.	We	have	tested	the	following	three	PRNGs:

RANDU	which	is	an	outdated	LCG	with	a	period	of	231	(	√p	≈	46341),
Java	random	number	generator	which	is	a	LCG	with	a	period	of	approximately	248	(√p	≈	16777216),

Mersenne	Twister	which	is	based	on	a	matrix	linear	recurrence	over	a	finite	binary	field,	and	in	its	commonly	used	variant,	MT19937,	it	has	a	period	of	219937	-	1	(29968	<	√p	<	29969).

4.8 To	facilitate	comparability	each	PRNG	has	been	initialized	with	the	same	(arbitrarily	chosen)	seed.	Considering	our	example,	the	average	number	of	random	numbers	that	have	to	be	drawn
can	be	computed	as	the	product	of	the	average	number	of	individuals	n	that	are	considered	during	simulation,	the	average	number	of	events	e	that	they	will	experience	over	their	life-course,
and	the	average	number	c	of	competing	risks	per	state	transition.	For	different	values	of	n,	e	and	c,	the	table	below	gives	an	estimation	of	the	amount	of	random	numbers	needed:

Size	of	initial	population c	=	3,	e	=	3 c	=	3,	e	=	5

100%	:	n0	=	1124698 10122282 16870470

10%	:	n0	=	112470 1012230 1687050

1%	:	n0	=	11247 101223 168705

4.9 In	the	table	the	size	of	the	initial	population	n0	has	been	chosen	as	a	lower	bound	of	the	average	population	size,	i.e.,	individuals	that	enter	the	population	during	simulation	are	not	counted	in.

4.10 All	the	numbers	in	the	table	are	remarkably	higher	than	the	square	root	of	the	period	of	RANDU.	On	the	contrary,	the	square	roots	of	the	periods	of	the	java	random	number	generator	and	of
the	Mersenne	Twister	exceed	in	almost	all	cases	the	required	amount	of	random	number	variates.	We	are	aware	of	the	fact	that	taking	n0	=	1124698	and	c	=	3,	e	=	5	yields	an	amount	of
needed	random	variates	that	is	close	to	the	square	root	of	the	period	of	the	java	random	number	generator.	Notwithstanding,	for	our	example,	we	expect	overall	no	significant	differences
between	the	results	that	are	obtained	using	the	java	random	and	the	Mersenne	Twister	generator.	The	situation	differs	in	case	of	RANDU:	here	a	tuple	of	three	in	series	drawn	random	number
variates	is	always	highly	correlated	(Marsaglia	1968;	Hellekalek	1998),	and	this	defect	might	bias	the	simulation	results.

4.11 All	the	listed	generators	are	available	as	plug-ins	in	JAMES	II;	thus	corresponding	experiments	can	easily	be	done.	The	random	number	generator	to	be	used	is	simply	handed	over	to	the
computation	from	the	experimentation	layer.

4.12 We	run	the	Netherlands	example	using	ten	percent	of	the	total	size	of	the	five	cohorts	and	three	different	random	number	generators.	Each	experiment	has	been	executed	three	times.	As
seeds	we	have	(arbitrarily)	chosen	213423,	5689,	and	628164.	That	is,	in	total	we	have	conducted	nine	simulation	runs:	one	run	per	seed	and	studied	PRNG.	The	average	of	random	number
variates	produced	per	run	was	1817524	numbers.	Between	different	runs	we	could	not	make	any	significant	differences	in	the	amount	of	computed	random	numbers.
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Figure	6.	Comparison	of	empirical	event	time	distributions.

4.13 To	find	out	whether	potential	regularities	in	the	pattern	of	drawn	random	variates	bias	the	simulation	outcome,	we	have	analyzed	the	empirical	distributions	of	all	events	that	have	occurred
within	the	simulation	period.	Empirical	event	distributions	have	been	computed	for	each	random	number	generator	and	each	selected	seed	separately.	Figure	6	shows	the	results.	In
summary,	a	comparison	of	the	empirical	event	distributions	achieved	using	the	three	different	PRNGs	does	not	reveal	any	remarkable	differences	in	the	simulation	results.

Performance	issues

4.14 The	performance	of	M&S	software	depends	on	a	variety	of	factors.	In	this	section	we	focus	on	the	impact	of	a	single	sub	data	structure	used	by	the	computation	algorithm.	Primarily	the	model
is	crucial:	depending	on	its	structure	different	data	structures	or	algorithms	perform	better	than	others	(Jeschke	&	Ewald	2008).	In	the	subsequent,	for	our	example	setting	we	analyze	how	well
event	handling	is	managed	by	different	data	structures.	The	continuous-time	microsimulation	models	are	essentially	discrete	event	models	whose	computation	is	based	on	event	queues	(see
Algorithm	1).	In	the	Mic-Core	the	event	queue	is	integrated	into	the	computation	algorithm	using	the	plug-in	mechanism	of	JAMES	II.	Therefore,	event	queues	can	easily	be	exchanged	for
each	new	computation	without	the	need	to	modify	any	code.	JAMES	II	comprises	several	event	queue	realizations	(Himmelspach	&	Uhrmacher	2007a).	As	in	our	application	events	have	only
to	be	enqueued	into	and	dequeued	from	an	event	queue,	our	review	does	not	comprise	any	event	queue	extensions	that	include	requeue	operations	(which	allow	to	update	the	time	of	an
already	enqueued	event).	For	our	experiments	we	have	selected	the	following	four	implementations	of	event	queues	from	JAMES	II:

MList,
CalendarQueue,
Heap	based,	and
SimpleQueue.

4.15 The	MList,	the	calendar	queue,	and	the	heap	queue	are	well-known	event	queues	and	are	comprehensively	described	in	literature	(Brown	1988;	Goh	&	Thng	2003;	van	Emde	Boas	et	al.
1977).	The	simple	event	queue	is	a	data	structure	that	employs	an	unsorted	list	to	maintain	events.	In	our	study	it	serves	as	a	reference	to	evaluate	the	performance	of	the	other	queue
implementations	considered.	By	experimental	evaluation	supported	by	JAMES	II	we	have	analyzed	which	of	the	listed	queues	performs	best	for	the	example	scenario.	Figure	7	illustrates	the
corresponding	experiment	specification	in	JAMES	II.

4.16 We	have	executed	the	experiments	on	a	desktop	workstation	equipped	with	two	Xeon	quad	core	CPUs,	activated	hyper	threading,	deactivated	automated	CPU	overclocking,	equipped	with
32GB	of	RAM	achieving	a	Windows	Experience	index	of	7.8	for	CPU	and	memory	and	Java	Sci	mark	(using	Java	VM	1.6.0	(64	bit)).	We	have	run	each	experiment	four	times	to	eliminate	the
impact	of	further	concurrent	processes	on	the	machine.	In	the	Mic-Core	data	collection	is	done	using	a	file	based	storage.	Any	outcome	data	is	kept	in	memory,	and	to	avoid	any	side	effects,
written	after	a	simulation	run	has	been	finished.	In	our	experiments	we	have	used	the	Mersenne	Twister	as	PRNG,	initialized	with	seed	10991.

Example of how to set the MList event queue and the Mersenne Twister PRNG with the seed 10991:

  exp.getParameters().getParameterBlock() 
   .addSubBl(ProcessorFactory.class.getName(), 
     new ParameterBlock("MicCoreProcessorFactory"). 
       addSubBl("eventqueue", "MListFactory"). 
       addSubBlock("RNGGenerator", "MersenneTwisterGeneratorFactory"). 
         addSubBl("seed", 10991)));

Figure	7.	Example	of	setting	experiment	parameters.	In	this	exercise	the	performance	of	different	event	queue	implementations	(MList,	CalendarQueue,	SimpleQueue,	and	heap	based
queue)	has	been	studied.	The	schema	and	the	code	snippet	(Java)	illustrate	how	the	accordant	experiment	has	been	specified.

4.17 The	subsequent	table	shows	the	mean	execution	times	(in	seconds)	of	our	experiment	setup.

Population	size 1% 2% 20% 100%
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Event	Queue

MList 4.06	(0.17) 5.17	(0.27) 29.50	(2.59) 134.32	(4.53)
HeapEventQueue 4.12	(0.30) 5.32	(0.47) 30.25	(2.08) 145.24	(6.23)
CalendarQueue 4.40	(0.31) 6.42	(0.48) 135.66	(1.92) 4101.41	(329.99)
SimpleEventQueue 12.60	(0.72) 2210.34	(142.96) NaN NaN

4.18 Each	experiment	has	been	executed	four	times.	In	brackets	the	standard	deviation	is	given.	All	values	have	been	rounded	to	two	digits	after	the	decimal	comma.	The	"NaN"	notation	shows
that	corresponding	runs	have	been	interrupted	because	of	enormously	long	run	times.	The	times	clearly	show	that	the	event	queue	implementation	has	a	considerable	impact	on	the	overall
runtime.	That	is,	using	the	"wrong"	queue	results	in	a	remarkable	performance	loss.	In	our	setting,	the	simple	event	queue	performs	particularly	poor.	For	the	Mic-Core	we	deem	the	MList
event	queue	as	being	the	most	efficient	choice.

4.19 As	our	experiments	have	been	executed	with	one	model	only,	we	redid	experiments	with	two	further	models	and	those	confirmed	our	conclusion.

Demographic	microsimulation:	some	results

4.20 In	this	section	we	present	only	very	few	findings	which	can	be	gained	from	our	example.	That	is,	the	analysis	conducted	from	the	microsimulation	results	is	far	from	being	exhaustive.	The
purpose	is	to	give	a	flavor	of	the	variety	of	questions	and	implications	that	can	be	studied	by	means	of	a	demographic	microsimulation.	A	more	extensive	illustration	of	the	capacities	of	the	Mic-
Core	can	be	found	elsewhere	(Zinn	et	al.	2009;	Ogurtsova	et	al.	2010).	To	demonstrate	Mic-Core's	capabilities	we	use	ten	percent	of	the	initial	Dutch	cohorts.	The	Mersenne	Twister	random
number	generator,	initialized	with	seed	10911,	has	served	as	PRNG.	Further,	we	have	used	the	MList	event	queue	to	collect	events	and	event	times.	After	a	simulation	run	is	completed,	Mic-
Core	stores	the	information	on	the	simulated	life	courses	in	two	files:	an	ASCII	file	containing	the	birth	dates	of	all	simulated	individuals,	and	an	ASCII	file	containing	the	dates	of	transitions
and	the	corresponding	destination	states	for	all	simulated	individuals.	These	files	have	a	well-defined	format,	which	can	be	accessed	and	managed	further	by	arbitrary	tools.	The	format	of	the
output	files	is	comprehensively	described	in	the	manual	of	the	Mic-Core	(Zinn	&	Gampe	2011).	We	have	implemented	in	the	statistical	environment	R	a	comprehensive	palette	of	instruments
in	order	to	evaluate	and	illustrate	the	output	of	a	microsimulation	run.	We	call	this	palette	the	"post-processor"	of	the	Mic-Core.	The	post-processor	and	a	corresponding	manual	can	be
downloaded	at	http://www.demogr.mpg.de/cgi-bin/micmac/login.plx.	It	is	freely	available.

4.21 At	first	we	use	the	post-processor	to	convert	the	microsimulation	output	into	a	format	resembling	event	history	data.	This	format	eases	further	computation.	In	Figure	8,	typical	life-courses	of
four	simulated	individuals	are	given,	already	transformed	by	the	post-processor.	Each	record	describes	one	event	that	an	individual	has	experienced	during	simulation.	A	record	gives	an
individual's	identification	number	and	his/her	birth	time,	the	transition	date,	the	transition	age,	and	the	state	to	which	the	individual	has	made	a	transition.	The	first	transition	date	of	individuals
who	are	part	of	the	initial	cohorts	corresponds	to	the	simulation	starting	time,	and	the	state	to	which	an	individual	moves	in	this	case	is	the	initial	state.	Likewise,	the	first	transition	time	of	a
newborn	corresponds	to	his/her	birth	date	and	the	state	to	which	a	newborn	moves	is	the	state	that	he/she	occupies	at	birth.	(The	assignment	of	newborns	to	the	state	space	is
comprehensively	described	in	the	manual	of	the	Mic-Core.)

Figure	8.	The	simulated	life-courses	of	four	individuals.	The	column	'Birth	date'	gives	the	birth	dates	of	the	individuals,	'Transition	date'	contains	the	transition	dates,	and	'Age	at	transition'	the
corresponding	transition	ages.	'New	state'	gives	the	states	that	individuals	enter	when	they	undergo	an	event;	coding:	male	(male),	fem	(female),	PH	(living	at	parental	home),	SI	(living

alone),	MA	(married),	CO	(cohabiting),	noChild	(childess),	firstChild	(mother	of	one	child),	lowEdu	(primary	school),	medEdu	(lower	secondary	school),	highEdu	(upper	secondary	or	tertiary
education).

4.22 Using	the	microsimulation	data	converted	in	this	way	allows	easily	studying	individual	life	courses.	An	example	is	the	analysis	of	life	courses	that	were	simulated	most	frequently.	Figure	9
shows	the	distribution	of	the	transition	ages	in	the	most	frequently	simulated	life	courses	of	individuals	born	in	2000.
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Figure	9.	Distribution	of	the	transition	ages	in	the	most	frequently	simulated	life	course	of	individuals	born	in	2000.	Females	are	depicted	in	the	left	graph	and	males	are	shown	in	the	right
graph.	The	most	frequently	simulated	life	course	of	females	and	males,	respectively,	involves	that	living	at	parental	home	(PH)	females/males	undergo	education	until	reaching	the	highest

level	(from	'lowEdu'	over	'medEdu'	to	'highEdu').	Subsequently,	they	leave	parental	home	to	live	alone	(nSI).	Males	continue	by	marrying	for	the	first	time	(nMA),	while	females	more
frequently	stay	single.

4.23 We	find	that	the	life	course	that	ranges	on	the	second	position	of	the	list	of	the	most	frequently	simulated	life	courses	concerns	individuals	with	only	primary	school	education	(see	Figure	10):
after	having	finished	primary	school	('lowEdu'),	these	individuals	leave	the	parental	home	('PH')	to	stay	alone	('SI'),	and	to	marry	('MA')	after	a	short	while.	After	having	married,	females	quickly
start	their	fertility	carrier	('firstChild','secondChild').

Figure	10.	Life-courses	that	range	on	the	second	position	of	the	most	frequently	simulated	life-courses	for	females	and	males.	The	average	age	of	each	event	is	given	below	the	respective
event	(the	corresponding	standard	derivations	are	added	in	parenthesis);	coding:	PH	(living	at	parental	home),	SI	(living	alone),	MA	(married),	lowEdu	(primary	school),	noChild	(childess),

firstChild	(mother	of	one	child),	secondChild	(mother	of	two	children).

4.24 In	a	further	step,	we	analyze	the	frequency	distribution	of	the	states	that	individuals	who	are	born	in	1980	occupy	at	the	beginning	of	each	calendar	year.	We	are	interested	how	this	frequency
distribution	changes	over	time.	Figure	11	depicts	the	results	of	our	analysis.	At	first	glance	it	might	be	surprising	that	over	simulation	time	many	women	marry,	either	after	having	been	single
before	or	subsequent	to	cohabitation.	If	we	mind	that	at	simulation	starting	time	the	women	who	are	born	in	1980	are	between	27	and	28	years	old,	the	result	is	not	very	surprising.	The	males
who	are	born	in	1980	show	a	similar	behavior.

4.25 A	highly	topical	research	question	that	could	be	studied	with	our	setting	is	the	question	of	mechanisms	behind	male	and	female	family	differences	and	their	future	implications	for	society.	This
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is	particularly	interesting	with	respect	to	the	availability	of	informal	carers	to	take	on	a	caring	role	at	older	ages	or	in	case	of	disability.	We	find	that	men	seem	mostly	to	stay	with	their	first
marriage,	while	women	undergo	more	often	higher	order	marriages	(second,	third,	etc.	marriages).	This	result	suggests	that	women	tend	to	have	wider	access	to	informal	carers	than	men.

Figure	11.	Frequency	distribution	of	states	that	individuals	who	are	born	in	1980	occupy	at	the	beginning	of	each	fifth	calendar	year.

	Summary:	Lessons	learned

5.1 The	development	team	of	the	Mic-Core	consisted	of	two	persons:	one	acting	as	the	chief	developer	(P1)	of	the	Mic-Core	and	the	other	one	being	the	assistant	with	in	depth	knowledge	about
JAMES	II	(P2).	Due	to	the	close	partnership	and	the	usage	of	a	common	repository	for	exchange	any	problems	encountered	have	been	resolved	in	a	relatively	short	time	(often	in	less	than	an
hour	and	at	most	a	day).	Using	a	library	or	a	framework	always	imposes	some	overhead:	the	user	has	to	understand	the	way	the	designers	of	the	library/framework	built	it	and	how	he/she	can
make	use	of	the	functionality	provided	in	there.	This	discrepancy	between	the	functionality	wanted	and	the	functionality	provided	by	JAMES	II	had	been	the	major	problem	in	the	beginning	of
the	project.	In	line	therewith,	in	the	early	development	stages	of	the	Mic-Core	the	designer	P1	faced	the	challenge	to	overview	and	to	comprehend	this	extensive	set	of	functionality.	The
extensive	usage	of	interfaces	and	the	consequent	employment	of	the	plug-in	concept	throughout	the	framework	make	the	learning	curve	quite	steep:	once	the	user	understands	how	it	works,
it	is	the	same	for	all	the	rest.

5.2 The	core	development	of	the	Mic-Core	was	done	after	twenty	weeks	-	ending	with	fully-fledged	M&S	software	-	principally	supporting	the	principles	and	techniques	described	in	(Himmelspach
2009).	During	the	main	realization	phase	of	the	Mic-Core,	P1	has	learned	to	appreciate	the	benefits	of	using	a	framework.	One	example	is	the	possibility	to	try	alternative	event	queue
implementations.	In	summary,	for	the	Mic-Core	the	following	functionalities	provided	by	JAMES	II	have	been	reused	so	far:

the	experimentation	layer	(experiment	definition	and	automated	execution;	replications),
the	data	sinks	(storages),
random	number	generation/distributions,
random	sampling	methods,
the	event	queues,	and
some	further	utility	methods.

5.3 For	the	designers	of	the	Mic-Core	using	JAMES	II	meant	to	considerably	save	development	costs	because	there	was	no	need	to	build	existing	functionalities	newly.	They	could	profit	from	the
high	expert	M&S	knowledge	that	is	included	in	JAMES	II,	and	implementation	work	done	by	others.

5.4 In	addition,	due	to	the	huge	number	of	state	transitions	to	be	recorded	while	the	simulation	is	being	executed,	it	turned	out	that	besides	efficient	data	structures	and	algorithms	the	need	for
efficient	data	sinks	(and	alternative	storages)	is	very	high.	In	the	beginning	of	the	project	the	data	sinks	had	not	been	optimized	sufficiently	and	caused	a	significant	slowdown	of	the
computation.	This	insight	started	new	research	on	further	optimizations	of	the	data	recording	process	(Himmelspach	et	al.	2010).

5.5 The	experiences	we	made	during	this	endeavor	are	presented	in	the	subsequent	summary.

P1 P2

The	development	of	Mic-Core	was	possible	in	a	relatively	short	time. Good	documentation	needed	-	otherwise	"too"	many	problems	will	prevent	usage.
Not	all	software	development	needs	had	been	known	in	advance. Framework	had	been	usable	as	expected.
The	requirements	of	the	project	have	been	fulfilled. Framework	provided	more	than	needed/wanted	but	some	of	these	things	proved	to	be	beneficial

later	on.
Potential	impacts	of	implementations	can	be	checked	which	otherwise	would	have	(most
likely)	remained	unexplored.

Good	argumentation	for	solutions	required	(e.g.,	why	strict	separation	of	concerns).

It	was	worth	investing	the	time	to	get	acquainted	with	JAMES	II. Release	management	required	to	decouple	development	of	the	framework	from	the
development	of	software	based	on	it.

To	use	a	framework	helps	to	stay	up	to	date	-	improvements	of	algorithms/data	structures
used	come	for	free.

Usage	scenario:	Framework	(software	based	on	it)	as	tool	in	a	pipes	and	filter	chain.
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Using	a	framework	was	helpful	as	more	time	was	available	for	validation. Data	sinks	can	make	up	a	huge	part	of	the	overall	runtime.
Differing	definitions	of	basic	terms	-	barrier	for	reuse.

5.6 We	can	state	that	using	a	framework	for	M&S	software	to	build	new	M&S	software	products	can	significantly	ease	the	development.	Such	processing	reduces	the	costs	and	makes	it	much
easier	to	get	a	mature	software	product	providing	support	for	a	variety	of	state	of	the	art	techniques	in	the	end.	The	time	to	be	invested	to	get	in	touch	with	the	framework	seems	to	be	more
than	compensated,	if	we	account	for	the	benefit	that	we	take	from	reusing	well-tested	software	components.	In	conclusion,	we	deem	it	not	being	advisable	to	start	the	development	of	software
products	for	M&S	from	scratch.	Too	many	M&S	techniques	might	be	required.	In	the	beginning	developers	might	not	even	be	aware	of	all	functionality	needed,	which	might	lead	to	intensive
refactorings	of	the	software	developed	so	far	later	on.	Finally,	software	validation	and	maintenance	seems	to	be	intractable	for	small	teams.

	Outlook

6.1 The	modeling	and	simulation	framework	JAMES	II	offers	several	features	that	are	useful	for	further	developments	of	the	MicMac	microsimulation	tool	and	to	build	up	extensions	of	it.	JAMES	II
provides	workflow	support	for	executing	more	sophisticated	experiments	than	the	ones	described,	like	optimization	experiments	(Himmelspach	et	al.	2010).	Furthermore,	to	borrow
functionality	from	other	software	JAMES	II	permits	interfaces,	e.g.,	to	the	statistical	environment	R.	It	allows	different	parameterizations	of	the	data	sinks	used/usable,	and	the	GUI	of	JAMES	II
can	be	used	as	a	framework	for	the	creation	of	a	more	specialized	GUI.	JAMES	II's	toolbox	holds	techniques	for	automated	algorithm	selection,	parallel	jobs,	and	parallel	replications.	For
example,	the	costs	for	adding	support	for	parallel	replications	in	Mic-Core	are	very	low:	just	a	single	parameter	has	to	be	exchanged	in	the	experimentation	layer	used.	Filling	a	second
parameter,	a	so	called	master	server	can	be	used	to	execute	the	parallel	replications	on	remote	computers.	Also	in	another	direction	JAMES	II's	experimentation	layer	offers	a	considerable
facilitation:	For	population	projections,	assumptions	about	(possible)	prospective	developments	have	to	be	made.	One	way	to	describe	such	developments	is	the	use	of	if-then	scenarios,
which	allow	demonstrating	the	consequences	of	hypothetical	conditions,	such	as	different	policies.	To	obtain	a	comprehensive	picture	of	possible	future	population	dynamics,	a
microsimulation	has	to	be	parameterized	accordingly;	i.e.,	for	each	envisaged	"if-then	scenario"	a	set	of	prospective	transition	rates	has	to	be	prepared.	It	is	challenging,	however,	to	formulate
options	about	changes	in	the	future	as	changes	of	particular	model	parameters.	Usually,	experts	asked	for	their	assessment	estimate	prospective	parameter	values	only	roughly	(Lutz	2009).
That	is,	modelers	are	often	confronted	with	statements	like:	in	2050	the	total	fertility	rate	in	Germany	ranges	between	1.2	and	1.5.	Such	statements	require	running	a	huge	number	of
microsimulation	models	and	to	evaluate	an	immense	amount	of	microsimulation	output.	The	experimentation	layer	of	JAMES	II	allows	automatically	performing	such	an	endeavor.

6.2 When	performing	population	projections,	simulated	population	totals	are	often	claimed	to	match	benchmark	values	of	official	statistics	(Harding	2007).	That	is,	microsimulation	output	has	to	be
aligned	to	external	projections	of	aggregated	or	group	variables.	This	claim	usually	requires	to	adapt	the	specification	of	the	considered	microsimulation	model,	for	example,	to	adapt	the	input
transition	rates.	The	Mic-Core	does	not	account	for	this	need.	JAMES	II	can	be	applied	to	overcome	this	drawback:	it	allows	to	thoroughly	exploring	huge	parameter	spaces	in	short	time,	e.g.,
by	using	concepts	of	experimental	model	validation	(Leye	&	Uhrmacher	2012).

6.3 Currently,	the	Mic-Core	produces	synthetic	life	courses	of	all	members	of	a	virtual	population	which	can	later	be	analyzed	by	using,	e.g.,	the	post-processor	of	the	MicMac	software	(Gampe	&
Zinn	2011).	Recently,	an	instrumentation	language	has	been	integrated	into	JAMES	II	that	allows	specifying	declaratively	what	information	about	simulation	runs	shall	be	collected	(Helms	et
al.	2012).	By	using	the	language,	instrumenters	are	assigned	to	models	and	specific	variables	of	a	model	can	be	observed.	Depending	on	certain	properties,	variable	values	can	be	sampled
according	to	certain	temporal	patterns.	Aggregates	can	be	calculated	on	the	fly.	Such	functionality	allows	for	example	to	only	observe	population	subgroups	of	interest	(such	as	childless
women	or	people	older	than	sixty).	Storing	synthetic	life	courses	of	all	population	members	is	not	any	longer	necessary.	Consequently,	the	overall	amount	of	memory	required	to	store	the
microsimulation	output	can	be	reduced.	Furthermore,	using	such	a	language	makes	parts	of	any	microsimulation	post-processing	software	obsolete.

6.4 Simulating	individual	life	courses	independently	is	the	usual	starting	point	for	demographic	microsimulations,	but	realistic	population	modeling	cannot	get	away	from	considering	so	called
'linked	lives'.	People	cohabit	or	marry,	have	children	and	live	in	families;	and	this	environment	has	an	impact	on	their	demographic	behavior.	This	implies	that	some	individual	demographic
events	require	that	other	individuals	are	linked	to	a	person,	and	the	relationship	between	linked	individuals	may	modify	their	future	behavior	(i.e.,	the	behavioral	model	describing	concordant
life-courses).	Due	to	its	rigid	structure	the	Mic-Core	implementation	referred	to	here,	however,	hampers	extending	the	MicMac	microsimulation	accordingly.	Therefore,	using	JAMES	II	for	the
MicMac	microsimulation	also	a	DEVS	(discrete	event	specification)	model	has	been	specified	and	implemented	(Zinn	et	al.	2010).	The	DEVS	formalism	offers	all	the	functionalities	that	are
necessary	to	formulate	population	dynamics	in	the	required	way.	First	steps	towards	the	inclusion	of	linked	lives	have	already	been	performed	(Zinn	2012).

6.5 As	soon	as	a	micro	model	accounts	for	interaction	and	linkage	patterns	between	individuals	-	besides	the	micro	level	of	a	population	-	also	a	group	level	becomes	emergent,	the	meso	level.
Here	interacting	individuals	are	grouped	according	to	the	type	of	interaction,	e.g,	into	households,	families,	firms,	or	even	party	membership.	Generally,	complex	dynamic	systems,	like
populations,	can	be	specified	at	three	different	structural	levels:	micro,	meso,	and	macro.	The	latter	gives	the	conditions	under	which	the	target	system	is	considered:	If	a	human	population	is
studied,	macro	conditions	are,	e.g.,	the	political	and	the	economic	system,	distinct	policies,	the	taxation	and	benefit	system,	the	environmental	conditions	etc.	In	conjunction	with
microsimulations	the	concept	of	meso	levels	has	de	facto	never	been	described	as	such.	Also	the	dynamics	of	macro	structures,	like	a	changing	political	system,	are	not	modeled	-	usually	the
macro-level	is	measured	as	aggregates	of	individual	attributes	(Gilbert	&	Troitzsch	2008).	A	feedback	from	the	individual	behavior	on	the	macro	condition	is	hence	not	foreseen.	In	order	to
make	a	step	towards	a	multi-level	approach,	a	set	of	challenges	have	to	be	met	to	specify	and	implement	a	demographic	microsimulation	that	allows	interaction	among	individuals,	and
between	individuals	and	their	environment.	In	particular,	a	suitable	and	approachable	simulation	development	bench	is	needed.	JAMES	II	fulfills	these	requirements.	It	exhibits	a	highly
perspicuous	work	bench;	new	models	and	simulators	can	be	implemented	on	a	plug-in	basis,	and	therefore	be	easily	re-used	and	exchanged.	A	multi-level	simulation	very	likely	becomes	a
very	complex	system	requiring	extensive	facilities	for	data	storage,	statistical	analysis,	and	visualization	modules.	In	this	direction	JAMES	II	offers	many	useful	features.

	Appendix:	Transition	rates	used	to	specify	the	model

7.1 In	paragraphs	4.1	-	4.25	we	describe	an	application	for	a	population	which	closely	resembles	the	contemporary	Netherlands.	In	this	appendix	we	present	the	age-profiles	of	the	transition	rates
used	in	this	application.

7.2 Transition	rates	related	to	changes	in	living	arrangement	and	marital	status	are	given	in	Figures	12,	13,	14,	15,	16	(for	females),	and	also	in	Figures	19,	20,	and	21	(for	males).	Figure	17	and
Figure	18	top	show	the	birth	rates	of	females.	While	we	assume	that	during	simulation	transition	rates	for	changing	the	marital	status	and	parity	vary	with	age,	they	are	held	constant	over
calendar	time.	Figure	18	bottom	shows	the	transition	rates	of	females	to	a	higher	level	of	educational	attainment,	while	Figure	21	bottom	shows	the	corresponding	rates	for	males.
Furthermore,	the	following	assumptions	were	made	to	simplify	the	model	and	to	reduce	the	number	of	required	transition	rates.

For	both	sexes	the	rates	to	leave	parental	home	do	not	depend	on	the	presence	of	children.
Additionally,	for	males	the	transition	rates	to	leave	parental	home	because	of	marriage	are	independent	of	their	educational	attainment.
Divorce	rates	are	independent	of	the	marriage	order.
Females	move	into	cohabitation	after	living	alone,	once	they	have	left	parental	home,	independent	of	the	presence	of	children.
For	both	sexes	the	transition	rates	from	cohabitation	to	marriage	do	not	depend	on	the	partnership	order.
The	propensity	to	move	into	cohabitation	after	a	previous	partnership	is	independent	of	the	type	of	the	former	partnership	(marriage	or	cohabitation).
For	both	sexes	the	risk	to	split	up	is	independent	of	the	partnership	order	and	the	presence	of	children.
Rates	that	describe	a	transition	to	parity	three	or	more	do	not	depend	on	the	marital	status	or	the	living	arrangement	of	the	woman.
The	probability	to	change	the	educational	attainment	is	independent	of	marital	status	and	living	arrangement,	and	also	of	the	presence	of	children.

7.3 Mortality	rates	are	given	in	Figure	22.
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Figure	12.	Transition	rates	of	females	who	leave	parental	home	and	marriage	rates	of	females	(by	educational	attainment);	lowEdu:	only	primary	school,	medEdu:	lower	secondary	school,
highEdu:	upper
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Figure	13.	Rates	of	splitting	up,	marriage	and	remarriage	rates	of	females	(by	educational	attainment);	lowEdu:	only	primary	school,	medEdu:	lower	secondary	school,	highEdu:	upper
secondary	or	tertiary	education.

http://jasss.soc.surrey.ac.uk/16/3/5.html 14 15/10/2015



Figure	14.	Marriage	rates	of	females	(by	educational	attainment);	lowEdu:	only	primary	school,	medEdu:	lower	secondary	school,	highEdu:	upper	secondary	or	tertiary
education.
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Figure	15.	Marriage	rates	of	females	(by	educational	attainment),	part	2;	lowEdu:	only	primary	school,	medEdu:	lower	secondary	school,	highEdu:	upper	secondary	or	tertiary
education.
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Figure	16.	Divorce	rates	of	females,	and	birth	rates	(by	educational	attainment);	lowEdu	(only	primary	school),	medEdu	(lower	secondary	school),	highEdu	(upper	secondary	or	tertiary
education).
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Figure	17.	Birth	rates	by	educational	attainment;	lowEdu:	only	primary	school,	medEdu:	lower	secondary	school,	highEdu:	upper	secondary	or	tertiary	education.

Figure	18.	Birth	rates	by	educational	attainment	and	transition	rates	to	higher	educational	attainment;	lowEdu:	only	primary	school,	medEdu:	lower	secondary	school,	highEdu:	upper
secondary	or	tertiary	education.
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Figure	19.	Rates	to	leave	parental	home	and	divorce	rates	of	males	(by	educational	attainment);	lowEdu:	only	primary	school,	medEdu:	lower	secondary	school,	highEdu:	upper	secondary	or
tertiary	education.
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Figure	20.	Marriage	and	remarriage	rates	of	males,	and	rates	of	splitting	up	(by	educational	attainment);	lowEdu:	only	primary	school,	medEdu:	lower	secondary	school,	highEdu:	upper
secondary	or	tertiary	education.
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Figure	21.	Marriage	rates	of	males	and	rates	of	males	to	cohabitation	(by	educational	attainment),	as	well	as	transition	rates	to	higher	educational	attainment;	lowEdu:	only	primary	school,
medEdu:	lower	secondary	school,	highEdu:	upper	secondary	or	tertiary	education.
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Figure	22.	Image	plot	of	log-mortality	rates	of	females	and	males.
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