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Abstract	

In	this	paper,	we	illustrate	the	use	of	discrete	event	simulation	to	evaluate	how	dynamic	planning	
methodologies	 can	be	best	applied	 for	 the	 collection	of	waste	 from	underground	 containers.	We	
present	a	case	study	that	took	place	at	the	waste	collection	company	Twente	Milieu,	located	in	The	
Netherlands.	Even	though	the	underground	containers	are	already	equipped	with	motion	sensors,	
the	planning	of	container	emptying’s	is	still	based	on	static	cyclic	schedules.	It	is	expected	that	the	
use	of	a	dynamic	planning	methodology,	 that	 employs	 sensor	 information,	will	 result	 in	a	more	
efficient	collection	process	with	respect	to	customer	satisfaction,	profits,	and	CO2	emissions.	In	this	
research	we	use	simulation	to	(i)	evaluate	the	current	planning	methodology,	(ii)	evaluate	various	
dynamic	 planning	 possibilities,	 (iii)	 quantify	 the	 benefits	 of	 switching	 to	 a	 dynamic	 collection	
process,	and	(iv)	quantify	the	benefits	of	investing	in	fill‐level	sensors.	After	simulating	all	scenarios,	
we	conclude	that	major	improvements	can	be	achieved,	both	with	respect	to	logistical	costs	as	well	
as	customer	satisfaction.	

1 INTRODUCTION	
The	collection	of	waste	 is	 a	highly	visible	and	 important	municipal	 service	 that	 contributes	 to	
environmental	pollution	and	traffic	congestion,	and	involves	large	expenditures.	Twente	Milieu,	
a	waste	collection	company	located	in	The	Netherlands,	wishes	to	 increase	its	corporate	social	
responsibility	 and	 therefore	 searches	 for	 innovative	 and	 more	 efficient	 collection	 strategies.	
Twente	Milieu	 is	 an	 important	 player	 in	 the	 field	 of	waste	 collection	 and	 the	maintenance	 of	
public	areas.	Its	main	activity	is	the	collection	of	household	refuse	and	in	this	area	the	company	
wants	 to	 improve	 the	 truck	planning	and	 container	 emptying	as	 to	 save	on	 fuel	 consumption,	
reduce	CO2	emission,	and	increase	customer	satisfaction.		

Twente	 Milieu	 operates	 different	 types	 of	 containers.	 The	 most	 important	 types	 are	 mini	
containers	 and	 block	 containers.	 Mini	 containers	 are	 located	 at	 every	 house	 and	 have	 to	 be	
emptied	on	pre‐specified	days,	because	residents	have	to	put	the	containers	along	the	side	of	the	
road.	 This	 is	 not	 the	 case	 with	 block	 containers,	 which	 are	 meant	 for	 a	 larger	 number	 of	
households	and	which	are	mostly	located	at	apartment	buildings	or	within	the	city	centre.	Since	
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2009,	 Twente	 Milieu	 also	 makes	 use	 of	 underground	 containers.	 At	 first,	 these	 underground	
containers	mainly	replace	the	block	containers	installed	at	apartment	buildings	and	commercial	
buildings	 (e.g.,	 at	 restaurants),	 but	 their	 use	 is	 now	 extended	 to	 all	 sorts	 of	 living	 areas.	 The	
underground	containers	offer	several	advantages:	(i)	they	have	a	relative	big	storage	capacity	of	
5m3	 which	 is	 roughly	 five	 times	 as	 big	 as	 the	 traditional	 block	 container,	 (ii)	 they	 are	 only	
accessible	 with	 an	 id‐card	 which	 prevents	 illegal	 waste	 deposits,	 (iii)	 due	 to	 solid	 locking	 it	
decreases	odour	nuisance,	and	(iv)	only	a	small	part	of	the	container	is	visible	which	makes	the	
container	suitable	for	use	in	public	areas	and	contributes	to	an	attractive	environment.		

Currently,	Twente	Milieu	is	unsatisfied	with	the	average	fill	rate	of	the	underground	containers	
upon	emptying.	 It	 is	expected	that,	on	average,	 the	underground	containers	are	 less	 than	50%	
full	 upon	 emptying.	 As	 a	 result,	 one	 would	 expect	 that	 it	 is	 possible	 to	 reduce	 the	 emptying	
frequency,	 which	 results	 in	 less	 mileage	 of	 the	 trucks	 and	 less	 CO2	 emissions.	 The	 current	
planning	methodology	for	emptying	the	containers	is	based	on	static	and	cyclic	schedules.	These	
schedules	describe,	 for	 each	 container,	 at	what	days	 it	 should	be	emptied	and	how	often,	 e.g.,	
every	Tuesday,	or	Wednesday	once	in	the	two	weeks.	Since	deposit	volumes	fluctuate	heavily,	a	
static	planning	methodology	requires	a	relative	 large	amount	of	slack	capacity.	As	a	result,	 the	
average	fill	level	upon	emptying	will	be	relatively	low.		

For	 the	mini	 containers,	 a	 static	planning	 approach	 is	 required	because	 citizens	have	 to	place	
their	 containers	 at	 the	 street.	 However,	 for	 the	 underground	 containers,	 this	 approach	 is	 no	
longer	necessary.	Moreover,	the	containers	are	equipped	with	sensors	that	inform	the	company	
each	time	the	container	lid	is	opened.	Twente	Milieu	expects	that	the	introduction	of	a	dynamic	
planning	methodology,	that	employs	this	sensor	information	to	estimate	the	fill	levels,	results	in	
less	 frequent	 emptying	 and	 higher	 customer	 satisfaction.	 The	 additional	 advantage	 of	 using	 a	
dynamic	planning	methodology	is	the	possibility	to	adapt	the	schedules	to	weather	conditions	or	
public	holidays,	 to	 incorporate	 for	example	odour	nuisance	 in	warm	periods,	and	to	cope	with	
changing	patterns	in	deposit	behaviour.	Finally,	it	is	expected	that	additional	efficiencies	can	be	
achieved	by	investing	in	fill	level	sensors,	which	provide	more	accurate	estimates.		

In	this	research	we	look	at	the	different	possibilities	for	a	dynamic	planning	methodology	with	
the	aim	to	increase	logistical	efficiency	and	customer	service.	More	specifically,	we	aim	to	find	a	
method	 for	 container	 selection	 and	 routing	 that	 satisfies	 Twente	 Milieu’s	 standard	 to	 save	
resources	and	to	contribute	to	a	cleaner	environment.	The	goal	of	this	research	is	the	following:	

To	asses	in	what	way	and	up	to	what	degree	a	dynamic	planning	methodology	can	be	used	by	
Twente	Milieu	 to	 increase	 efficiency	 in	 the	 emptying	 process	 of	 underground	 containers	 in	
terms	of	logistical	costs,	customer	satisfaction,	and	CO2	emissions.	

To	reach	this	goal,	we	formulate	the	following	research	questions:	

1. How	should	a	dynamic	waste	collection	strategy	be	designed?	

2. What	would	be	the	benefits	of	changing	to	a	dynamic	waste	collection	strategy?	

3. What	would	be	the	added	value	of	investing	in	fill‐level	sensors?	

To	 answer	 these	 questions,	 we	 use	 a	 simulation.	 According	 to	 Law	 (2007),	 simulation	 is	 a	
suitable	tool	to	evaluate	complex	real‐world	systems	which	cannot	be	analysed	analytically	and	
where	experimenting	with	 the	real	system	 is	 impossible	or	 too	expensive.	Besides	 the	 fact	we	



face	 such	 a	 system,	 we	 use	 simulation	 because	 it	 allows	 us	 to	 (i)	 analyse	 a	 wide	 range	 of	
interventions,	 (ii)	perform	sensitively	analysis,	and	(iii)	benchmark	 to	current	way	of	working	
with	the	proposed	new	planning	methodology.	

The	remainder	of	this	paper	is	structures	as	follows.	First,	we	present	related	work	in	Section	3.	
In	 Section	 4	 we	 present	 the	 underground	 container	 project	 in	 more	 detail.	 The	 various	
possibilities	 for	 a	dynamic	planning	methodology	 are	presented	 in	 Section	5.	 In	 Section	6,	we	
present	our	simulation	model	and	we	present	our	numerical	results	 in	Section	7.	We	end	with	
conclusions	and	recommendations	in	Section	8.	

2 RELATED	WORK	
The	 problem	 we	 face	 is	 related	 to	 the	 so‐called	 Vehicle	 Routing	 Problem	 (VRP)	 and,	 more	
specifically,	 the	 Inventory	Routing	Problem	 (IRP).	 First,	we	provide	 a	 short	 review	on	 related	
research	 in	 these	 areas	 after	 which	 we	 present	 related	 research	 in	 the	 area	 of	 waste	
management.	We	end	this	section	with	a	statement	of	our	contribution.	

In	general,	the	problem	we	consider	here	belongs	to	the	broad	class	of	Vehicle	Routing	Problems	
(VRP).	The	VRP	involves	the	design	of	an	optimal	set	of	routes	for	a	fleet	of	vehicles	in	order	to	
serve	 a	 given	 set	 of	 customers.	 The	 VRP	 arises	 naturally	 as	 a	 central	 problem	 in	 the	 fields	 of	
transportation,	 distribution	 and	 logistics	 (Dantzig	 and	 Ramser,	 1959).	 It	 has	 been	 studied	
extensively	 during	 the	 last	 few	 decades,	 with	 solution	 methodologies	 ranging	 from	 exact	
mathematical	programming	techniques	to	heuristics.	For	an	overview	of	approaches	developed	
for	the	VRP	we	refer	to	Toth	and	Vigo	(2001).	

A	 specific	 instance	of	 the	VRP	which	 is	 related	 to	our	problem,	 is	 the	periodic	vehicle	 routing	
problem	(PVRP)	where	customers	may	require	service	on	multiple	days	during	a	given	planning	
horizon.	The	challenge	is	first	to	determine	service	frequencies	(e.g.,	a	customer	will	be	serviced	
twice	 per	 week)	 or	 service	 patterns	 (e.g.,	 a	 customer	 will	 be	 serviced	 every	 Monday	 and	
Thursday),	and	then	to	solve	the	VRP	each	day	using	the	assigned	customers	of	that	day.	Early	
formulations	of	 the	PVRP	were	motivated	by	municipal	waste	collection	and	are	developed	by	
Beltrami	 and	 Bodin	 (1974)	 and	 by	 Russell	 and	 Igo	 (1979).	 Usually,	 the	 PVRP	 is	 solved	
heuristically	 and	 often	 using	 a	 two‐stage	 approach	 consisting	 of	 a	 construction	 and	
improvement	step.	Chao	et	al.	(1995)	review	some	of	these	early	heuristics,	and	propose	a	new	
heuristic	to	overcome	issues	of	poor	local	optima.	More	recently,	Cordeau	et	al.	(1997)	propose	a	
tabu	 search	 algorithm	 for	 the	 PVRP.	 In	 all	 of	 these	 works,	 the	 service	 frequencies	 are	 pre‐
determined.	 Variants	 in	 which	 the	 service	 frequency	 is	 a	 decision	 variable	 can	 be	 found	 in	
Newman	 et	 al.	 (2005),	 Mourgaya	 and	 Vanderbeck	 (2007),	 and	 Francis,	 Smilowitz	 and	 Tzur	
(2006).	For	a	 literature	 review	on	 the	PVRP	and	 its	extensions,	we	refer	 to	Francis,	Smilowitz	
and	Tzur	(2008).	

A	distinguishing	feature	of	our	problem	compared	to	the	PVRP,	is	that	the	service	frequency	is	
not	something	we	have	to	determine	at	the	beginning	of	a	given	planning	horizon.	Instead,	each	
day	we	have	to	select	the	customers	to	visit	using	actual	sensor	information.	In	a	way,	the	static	
planning	methodology	as	currently	used	by	Twente	Milieu,	can	be	seen	as	a	solution	to	the	PVRP.	
The	 problem	 class	 that	 combines	 vehicle	 routing	with	 inventory	management	 is	 the	 so‐called	
Inventory	Routing	Problem	(IRP).	In	an	IRP,	the	following	trade‐off	decisions	are	considered:	



 At	which	point	in	time	should	a	customer	be	delivered	to	fill	up	its	stock?	(selection)	

 How	much	ought	to	be	delivered	in	that	situation?	(demand	determination)	

 What	 is	 the	 best	 order	 and	 therefore	 route	 to	 deliver	 the	 set	 of	 selected	 customers?	
(routing)	

The	IRP	differs	from	the	VRP	because	it	is	based	on	the	usage	of	customers	rather	than	just	the	
number	 of	 customer	 orders.	 As	 a	 result,	 solution	 methodologies	 for	 the	 IRP	 are	 suitable	 for	
planning	the	emptying’s	of	sensor‐equipped	waste	containers.	The	containers,	ideally,	should	be	
full	upon	emptying,	but	at	the	same	time	they	should	not	overflow.	Our	problem	can	be	seen	as	a	
reverse	 IRP,	 or	 an	 IRP	 where	 the	 product	 to	 be	 replenished	 is	 empty	 space	 (air);	 we	 collect	
waste	by	filling	the	containers	with	empty	space.	The	most	important	decision	here	is	when	to	
serve	a	customer.	

Solving	 an	 IRP	 is	 difficult	 and	 even	 gets	 more	 complicated	 with	 the	 number	 of	 customers	
(Campbell	et	al.,	1998).	A	crucial	decision	in	IRPs	is	the	choice	which	customers	to	include	in	the	
routes	 of	 the	 current	 period.	With	 this	 short‐term	decision,	we	 have	 to	 take	 into	 account	 the	
long‐term	 effects	 of	 this	 decision	 since	 a	 short‐term	 approach	 might	 postpone	 as	 many	
customers	 as	 possible	 to	 the	 next	 period	 (Campbell	 et	 al.,	 1998).	 Therefore,	 Campbell	 et	 al.	
(1998)	propose	two	solution	methodologies,	(i)	an	integer	program	with	a	relative	long	horizon	
where	subsets	of	delivery	routes	and	aggregation	of	time	periods	are	used	to	keep	the	program	
computationally	tractable	and	(ii)	an	infinite	horizon	Markov	decision	process	(MDP).	 Jaillet	et	
al.	(1997)	take	a	rolling	horizon	approach	to	tackle	the	differences	between	short‐term	and	long‐
term	solutions.	They	do	 this	by	determining	a	schedule	 for	 two	weeks,	but	only	 implementing	
the	 first	week.	A	 common	heuristic	 approach	 for	 the	 IRP	 is	 to	distinguish	between	 customers	
that	 have	 to	 be	 served	 in	 the	 current	 period	 (which	we	 indicate	 as	MustGo’s)	 and	 those	 that	
might	 be	 served	 (which	 we	 indicate	 by	 MayGo’s).	 To	 determine	 which	 customers	 should	 be	
served	first,	Golden	et	al.	(1984)	use	the	ratio	of	tank	inventory	to	tank	size.	When	this	ratio	is	
smaller	than	some	threshold,	customers	are	excluded	from	service	for	that	day.	Campbell	et	al.	
(1998)	use	a	ratio	of	urgency	to	extra	time	required	for	the	selection	of	customers.	In	this	paper,	
we	 use	 a	 similar	 approach	 with	 MustGo’s	 and	 MayGo’s.	 For	 a	 further	 literature	 review	 on	
inventory	routing,	we	refer	to	Andersson	et	al.	(2010).	

A	growing	amount	studies	are	dedicated	specific	to	waste	collection	strategies.	As	McLeod	and	
Cherrett	 (2008)	 state,	 efficient	 waste	 collection	 strategies	 are	 not	 only	 vital	 from	 economic	
perspective,	but	also	from	an	environmental	perspective	with	reductions	in	emission	and	traffic	
congestions.	The	common	approach	to	model	the	waste	collection	process	is	to	use	the	VRP;	see,	
for	example,	Chang	and	Wei	(2002),	Kim	et	al.	(2006),	and	Nuortio	et	al.	 (2006).	Nuortio	et	al.	
(2006)	propose	a	stochastic	variant,	because	the	amount	of	waste	in	the	bins	is	highly	variable.	
For	solving	the	problem,	they	use	a	node	routing	approach.	This	approach	makes	it	possible	to	
consider	each	bin	separately.	Kim	et	al.	 (2006)	describe	a	VRP	that	uses	 time	windows.	These	
time	windows	include	stops	for	lunch	breaks	and	disposal	operations.	For	solving	the	problem,	
they	 use	 a	 clustering	 based	 algorithm.	McLeod	 and	 Cherrett	 (2008)	 describe	 the	 routing	 and	
scheduling	 problem	 as	 an	 capacitated	 VRP,	 which	 has	 constraints	 on	 vehicle	 capacity	 and	
working	hours	and	they	propose	different	ways	to	solve	this	waste	collection	problem,	such	as	
tabu	search,	a	genetic	algorithm,	and	fuzzy	logic	methods.	Karadimas	et	al.	(2007)	also	point	out	
the	 importance	 of	 an	 efficient	 collection	process,	 because	60‐80%	of	 the	 total	 costs	 are	 spent	



during	the	waste	collection	process.	To	solve	the	problem,	they	use	an	ant	colony	system.	Here,	
artificial	ants	(trucks)	are	searching	 the	area	 for	 the	optimal	route	 for	a	given	set	of	container	
locations.	This	 is	done	by	 initially	random	cycling	 through	 the	area	and	 leaving	a	 “pheromone	
trail”	 in	 the	 intensity	 of	 the	 found	 solution	 value	 of	 travelled	 kilometres.	 A	 route	with	 a	 high	
pheromone	density	is	more	likely	to	be	followed	by	the	other	artificial	ants	so	that	better	routes	
are	 found.	 Chalkias	 &	 Lasaridi	 (2009)	 use	 a	 geographic	 information	 system	 (GIS)	 in	 their	
optimization	of	municipal	solid	waste	collection.	For	the	formulation	of	a	model,	they	collected	
data	 about	 roads	 and	 bin	 locations.	 They	 state	 that	 the	 success	 of	 decision	 making	 depends	
largely	on	the	quality	and	quantity	of	the	available	data,	 in	which	the	geodatabase	can	be	very	
helpful.	 One	 remarkable	 conclusion	 is	 that	 fuel	 consumption	 relates	 more	 to	 the	 time	 of	
operation	and	the	number	of	stops	than	to	distance	travelled.	The	reason	for	this	is	that	most	of	
the	time	is	spent	for	loading	and	emptying.	

In	 our	 problem,	 the	 travel	 distances	 are	 relatively	 small	 and	 drivers	 appear	 to	 have	 enough	
driving	experience	within	the	region	such	that	the	routing	aspect	has	a	lower	priority.	Instead,	
our	 focus	 is	mainly	 on	 the	 selection	of	 containers	 to	be	emptied	 in	 the	 current	period.	 In	 this	
area,	 the	most	 closely	 related	 research	as	 that	of	 Johansson	 (2005).	This	work	 focuses	on	 the	
dynamic	collection	of	waste	 from	3300	containers	(aboveground)	 in	 the	Swedish	city	Malmoe.	
Similar	as	in	our	research,	they	use	discrete	event	simulation	and	analytical	modelling	in	order	
to	 access	 the	 performance	 of	 the	 waste	 collection	 procedures	 proposed.	 They	 conclude	 that	
dynamic	routing	decreases	the	operating	costs	and	hauling	distances,	increases	the	length	of	the	
collection	cycle	per	container,	and	causes	a	reduction	in	labour	costs.	The	containers	considered	
by	Johansson	(2005)	have	two	infrared	optical	sensors	that	provide	real‐time	access	on	the	fill	
status	of	each	container,	which	can	be	used	to	access	a	MayGo	 level	and	a	MustGo	 level.	 If	 the	
inventory	in	a	container	reached	its	MustGo	level,	it	should	be	emptied	within	a	fixed	period	of	
time.	Containers	with	a	waste	 level	below	the	MayGo	 level	were	not	allowed	to	be	 included	 in	
the	emptying	routes.	Different	policies	where	considered	varying	 from	static	 to	dynamic.	They	
conclude	 that	 with	 relative	 large	 systems	 (>100	 containers),	 the	 ‘most’	 dynamic	 variant	
(dynamic	 scheduling,	dynamic	 routing,	 and	always	using	MayGo’s)	performs	best.	 It	 is	 further	
concluded	that	the	highest	savings	of	this	dynamic	policy	are	achieved	in	unstable	environments	
with	high	demand	fluctuation.	

As	seen	in	the	short	summary	of	existing	literature	on	waste	collection,	most	articles	are	about	
routing	 problems;	 finding	 the	 optimal	 route	 along	 a	 set	 of	 containers.	 For	 Twente	Milieu,	 the	
main	emphasis	 is	put	on	 the	 selection	of	 containers	 to	be	emptied	 since	driving	distances	 are	
relatively	 small	 and	 drivers	 are	 familiar	with	 the	 area	 they	 drive	 in.	 This	means	 that	 existing	
literature	 in	 the	 area	of	waste	 collection	 is	 less	 applicable	 to	 our	problem.	Also	 in	 the	area	of	
inventory	 routing,	 relative	much	 attention	 is	 given	 to	 the	 routing	 aspect.	 Especially	 in	 dense	
areas,	where	the	travel	distances	are	relatively	small,	the	selection	of	customers	might	even	be	
more	 important	 than	 the	 routing	 decisions.	 The	 main	 focus	 of	 this	 paper	 is	 on	 customer	
selection;	especially	in	the	area	of	waste	collection,	this	is	a	new	research	area.	The	theoretical	
contribution	of	this	work	is	to	show	how	models	for	the	IRP	can	be	used	to	improve	the	waste	
collection	process	and	to	quantify	the	benefits	of	such	an	approach.	

	 	



3 CASE	DESCRIPTION	
To	be	able	to	make	a	thorough	suggestion	about	how	a	dynamic	way	of	planning	should	look	like	
and	how	it	should	be	implemented,	it	is	important	to	have	a	good	understanding	of	the	current	
way	of	working.	This	section	describes	the	different	aspects	Twente	Milieu	deals	with	in	relation	
with	 the	 process	 of	 emptying	 the	 underground	 containers.	We	 start	with	 a	 description	 of	 the	
company	(Section	3.1)	and	the	underground	container	project	(Section	3.2).	We	then	present	the	
planning	methodology	as	currently	used	by	 the	company	(Section	3.3)	and	end	with	our	main	
findings	from	the	data	analysis	(Section	3.4).	

3.1 COMPANY	DESCRIPTION	
Twente	Milieu	 is	a	government‐oriented	enterprise	owned	by	six	municipalities	 located	 in	 the	
The	 Netherlands.	 The	 main	 activity	 of	 Twente	 Milieu	 is	 waste	 collection	 and	 processing,	 but	
Twente	Milieu	also	operates	 in	 the	cleaning	of	 streets	and	sewers,	mowing	of	verges,	 road	 ice	
control,	 and	 the	 control	 of	 plague	 animals.	 Twente	Milieu	 belongs	 to	 one	 of	 the	 largest	waste	
collectors	 in	 the	 Netherlands	 when	 it	 comes	 to	 the	 number	 of	 household	 connected	 to	 their	
network.	In	2009,	Twente	Milieu	was	serving	a	total	population	of	ca.	399,000	inhabitants;	the	
vast	majority	of	them	(77%)	living	in	the	three	bigger	cities	Enschede,	Hengelo,	and	Almelo.	In	
2009,	ca.	215,000,000	kg	of	refusal	was	collected;	this	amount	is	expected	to	increase	in	the	near	
future.	

The	mission	of	Twente	Milieu	is	to	offer	high	societal	value	at	low	costs	and	the	preservation	of	
natural	resources.	To	do	so,	Twente	Milieu	tries	to	reduce	waste	wherever	possible,	encourage	
citizens	to	segregate	waste,	and	to	increase	recycling	opportunities	in	various	manners.	Twente	
Milieu	 has	 the	 vision	 to	 become	 and	 stay	 on	 of	 the	 pioneers	 in	 effective,	 fair,	 and	 societal	
responsible	waste	 collection.	 This	 also	 forms	 the	drive	 for	 the	 underground	 container	 project	
and	the	desire	to	become	one	of	the	first	Dutch	waste	collectors	that	are	actually	working	with	a	
dynamic	 routing	methodology	 in	 order	 to	 reduce	 costs,	 increase	 customer	 satisfaction,	 and	 to	
reduce	the	CO2	footprint.	

3.2 THE	UNDERGROUND	CONTAINER	PROJECT	
The	 underground	 container	 project	 is	 one	 of	 the	 most	 prestigious	 and	 ambitious	 projects	 of	
Twente	Milieu.	As	mentioned	in	the	introduction,	the	underground	containers	have	a	number	of	
advantages	 over	 mini	 containers	 and	 block	 containers.	 However,	 there	 are	 still	 several	
advantages	that	are	not	fully	exploited	yet,	namely	that	fact	that	(i)	we	no	longer	need	to	make	
appointments	with	citizens	on	the	timing	of	emptying’s	and	(ii)	the	sensors	provide	information	
that	enable	Twente	Milieu	to	retrieve	deeper	insights	into	the	speed	of	the	container	fill	process.		

In	March	 2011,	 Twente	Milieu	 operates	 677	 underground	 containers.	 This	 number	 increases	
continuously	and	it	is	expected	that	within	a	few	years	this	number	increases	to	1500.	Most	of	
the	 containers	 are	 equipped	with	 a	motion	 sensor	which	 counts	 the	 number	 of	 lid	 openings.	
Once	 a	 day,	 the	 number	 of	 lid	 openings	 is	 communicated,	 using	 GPRS,	 to	 a	 central	 container	
registration	system.	Furthermore,	the	containers	are	equipped	with	a	digital	lock	that	can	only	
be	 opened	 by	 a	 participant‐owned	 RFID‐card.	 This	 enables	 the	 future	 introduction	 of	 Diftar,	
which	stands	for	differentiated	tariff	for	waste	deposits.	Most	of	the	container	locations	have	one	
container	per	 location.	However,	 there	are	also	 locations,	mainly	at	 large	apartment	buildings,	
that	have	two	or	more	containers	at	one	spot.		
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checks	 whether	 the	 surrounding	 area	 needs	 cleaning.	 Any	 possible	 failures	 or	 other	
irregularities	 to	 the	 container	 are	 reported	 to	 the	 service	 department;	 the	 driver	 does	 not	 fix	
these	problems	himself.	Emptying	one	underground	container	takes	around	four	minutes.	When	
the	waste	from	the	container	is	disposed	into	the	truck,	a	press	is	activated	to	reduce	the	volume	
of	waste	with	a	factor	five.	In	the	current	way	of	working,	a	truck	can	empty,	on	average,	close	to	
thirty‐five	containers	before	its	capacity	is	reached.	When	the	truck	is	full	or	when	the	driver	has	
finished	his	 complete	 route,	 the	driver	 goes	 to	 the	waste	processing	 centre,	 called	Twence,	 to	
dump	 the	waste.	The	 truck	 is	weighed	at	 arrival	 and	departure.	The	difference	between	 these	
two	is	the	total	weight	of	waste	collected	from	the	containers.	After	a	tour	through	one	city,	first	
a	trip	to	the	waste	processing	centre	has	to	be	made,	before	continuing	to	another	city.	This	is	
because	the	different	municipalities	have	to	pay	for	the	discarding	of	the	waste.	At	the	end	of	the	
day,	 the	 trucks	have	 to	 return	 empty	 to	 the	depot.	On	 average,	 the	 trucks	will	 visit	 the	waste	
processing	centre	twice	per	day.	A	normal	workday	has	eight	hours	 from	half	past	seven	until	
four	o’clock,	with	a	lunch	break	of	half	an	hour.	

3.4 DATA	ANALYSIS	
For	our	simulation	study,	we	need	input	data	with	respect	to	fleet	characteristics,	driving‐	and	
handling	times,	distances,	and	information	on	deposit	frequencies	and	volumes.	Most	of	the	data	
is	 readily	 available.	 However,	 the	 information	 on	 deposit	 frequencies	 and	 deposit	 volumes	
requires	a	further	analysis,	which	we	describe	in	this	section.	

To	get	information	on	the	deposit	frequencies	and	volumes	for	each	of	the	containers,	we	make	
use	of	the	container	registration	systems	(different	systems	are	in	use	since	Twente	Milieu	uses	
different	 types	 of	 underground	 containers).	 These	 registration	 systems	 record	 for	 each	
connected	container,	 the	number	of	 times	 the	 lid	of	 the	 container	 is	opened	and	closed	again.	
During	our	analysis,	we	found	several	errors	and	inconsistencies	in	the	registration	systems.	In	
addition,	these	registration	systems	provide	only	information	on	lid	openings	whereas	we	also	
need	 information	 on	 the	 volume	 of	 waste	 disposals.	 Therefore,	 we	 had	 to	 collect	 more	
information	via	a	number	of	other	channels:	

1. Deposits	at	the	waste	processing	centre	

2. One	week	of	weighing	the	emptying’s	

3. One	week	of	visual	checks	for	(almost)	full	containers	

4. Interviews	and	brainstorm	sessions	with	employees	

First,	 we	 retrieved	 the	 data	 on	 lid	 openings	 in	 2009	 for	 all	 containers	 from	 the	 registration	
systems.	 This	 gives	 us	 an	 idea	 about	 the	 waste	 disposal	 frequency	 for	 all	 these	 containers.	
Second,	 we	 combined	 this	 data	 (for	 a	 part	 of	 the	 network)	 with	 records	 from	 the	 waste	
processing	centre.	This	enables	us	to	relate	lid	openings	with	the	average	weight	of	a	disposal.	
Third,	we	performed	an	experiment	for	one	week	with	a	collection	truck	that	is	able	to	weight	
the	containers	upon	emptying.	This	provides	another	source	to	relate	the	lid	openings	with	the	
average	weight	of	waste	disposals.	From	this	analysis,	 it	became	clear	that	average	weight	per	
deposit	differs	a	lot	for	the	different	containers.		

Figure	 2	 shows	 the	 wide	 spread	 of	 the	 number	 of	 lid	 openings	 in	 relation	 to	 the	 weight	
measured.	 The	 arrow	 in	 Figure	 2	 shows	 the	 weight	 of	 waste	 for	 containers	 that	 have	



approximately	 the	same	number	of	 lid	openings	of	75	 times.	We	see	 large	differences	 ranging	
from	115kg	to	475kg.	It	should	be	noted	that	some	of	the	deviations	can	be	explained	from	the	
fact	that	some	containers	require	a	manual	reset	of	the	counter	for	lid	openings,	and	sometimes	
drivers	forget	to	do	this.	Further,	it	is	more	likely	that	the	density	is	different	per	unit	of	weight,	
which	 will	 decrease	 the	 previously	 mentioned	 observation.	 Still,	 the	 huge	 differences	 would	
result	 in	 unreliable	 estimates	 of	 the	 container	 volumes	 solely	 based	 on	 the	 number	 of	 lid	
openings.	

	

Figure	2	‐	Weight	of	waste	as	a	function	of	the	number	of	lid	openings	

At	this	point,	we	are	still	not	able	to	relate	lid	openings	to	volume.	Assuming	more	or	less	equal	
deposit	volumes,	 the	number	of	 lid	openings	provides	an	 indication	of	 the	 fill	 level.	Currently,	
the	 company	assumes	 that	every	 time	 the	 lid	of	 the	 container	 is	opened	and	closed	again,	 the	
output	 ratio	 is	 raised	 by	 1%.	 This	means	 that	 a	 container	 is	 considered	 to	 be	 ‘full’	 after	 100	
deposits.	To	verify	this,	we	perform	a	one	week	field	experiment	in	which	we	visually	check	the	
actual	volume	stored	in	containers	that	are	full	or	almost	full.	This	provides	us	with	insight	on	
the	 ratio	 between	 lid	 openings/weight/volume.	 From	 our	 analysis,	 it	 appears	 that	 the	 1%	
assumption	is	not	correct	and	the	deposit	volumes	differ	a	lot	per	container.	However,	based	on	
our	one	week	field	experiment,	we	expect	that	the	deviations	in	deposit	volumes	are	relatively	
small	compared	to	the	variations	in	weight,	which	means	that	the	density	varies.	

To	summarize	our	findings,	we	obtained	the	following	insights:	

 On	average,	one	cubic	meter	of	waste	weighs	110	kilos,	the	average	volume	of	a	deposit	
is	48	litre,	and	the	average	fill	level	upon	emptying	is	50%.	The	effective	capacity	of	5m3	
containers	is	only	4000	litre	because	the	top	part	of	the	container	is	filled	in	the	shape	of	
a	cone.	On	average,	containers	are	emptied	56.63	times	on	a	yearly	basis.	This	conclusion	
will	 be	 helpful	 in	 the	 verification	 phase	 of	 the	 system	 performance	 of	 the	 simulation	
model.		
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 There	are	huge	differences	in	deposit	volumes	between	the	different	container	locations.	
For	 example,	 containers	 near	 stores	 have	 higher	 deposit	 volumes	 than	 containers	 for	
households.	Also,	there	are	huge	differences	in	deposit	 frequencies	between	containers	
that	 are	 on	 the	 same	 location.	 This	 indicates	 that	 the	 alignment	 of	 the	 containers	
influences	the	speed	of	the	filling	process	(closest	to	the	entrance	is	full	earliest).		

 The	number	of	deposits	seems	to	fluctuate	heavily	from	weekday	to	weekday	and	from	
week	to	week.	Seasonal	fluctuations	became	visible	as	well.	Regarding	seasonal	patterns,	
we	 see	 a	 weekly	 pattern	 (relative	 many	 deposits	 on	 Monday	 and	 few	 deposits	 on	
Sunday),	 a	 less	 visible	monthly	pattern	 (slightly	more	deposits	 at	 the	beginning	of	 the	
month),	and	huge	random	variation	from	day	to	day.	These	deviations	already	provide	a	
good	 argument	 to	 switch	 to	 a	 dynamic	 routing	 approach,	 since	 a	 static	 planning	
approach	would	empty	too	less	in	peak	periods	and	too	much	in	other	periods.			

Although	we	do	not	include	all	the	data	resulting	from	our	data	analysis,	we	do	provide	some	of	
the	results	in	our	section	on	input	settings	(Section	6.2).	

4 PROBLEM	DESCRIPTION	
We	face	an	infinite	horizon	planning	problem	in	which	we	have	to	empty	N	different	containers	
at	different	points	in	time.	Container	i	receives	waste	deposits	with	an	average	volume	of	ai	per	
day.	 Upon	 a	 given	 decision	moment,	 an	 estimate	 of	 the	 actual	waste	 volume	 in	 container	 i	 is	
given	by	vi.	The	capacity	of	container	i	is	Qi.	The	expected	number	of	days	left	before	container	i	
becomes	full	is	given	by	di,	which	is	given	by	 / .	When	the	container	is	full,	new	
deposits	to	this	container	are	placed	outside	the	container	(overflow)	which	will	be	cleaned	after	
emptying	 this	 container.	 To	 empty	 these	 containers,	 a	 fleet	 of	 M	 homogeneous	 trucks	 is	
available,	each	having	a	capacity	of	K.	We	introduce	r	as	the	number	of	routes	to	use,	and	L	as	a	
maximum	on	the	number	of	containers	to	empty	per	day.	

We	use	the	common	distinction	between	MustGo’s	and	MayGo’s.	MustGo	containers	have	to	be	
emptied	and	the	MayGo	containers	may	be	emptied	if	they	can	efficiently	be	incorporated	in	the	
routes.	We	 introduce	 the	 following	sets:	 (i)	C	 consisting	of	all	 containers,	 (ii)	Cm	 containing	all	
MustGo’s,	and	(iii)	Cn	containing	all	MayGo’s.	We	define	MustGo’s	as	those	containers	i	for	which	
di≤Dm,	 with	 Dm	 being	 a	 threshold	 on	 the	 number	 of	 working	 days.	 Here	 we	 explicitly	 state	
working	days	since	we	have	to	take	into	account	the	weekends	since	no	emptying’s	will	be	done	
on	Saturday	and	Friday.	As	an	example,	if	Dm=1,	we	select	all	containers	that	are	expected	to	be	
full	 before	 the	 next	working	 day.	 On	 a	 Thursday	morning,	Cm	 contains	 all	 containers	 that	 are	
expected	to	be	 full	before	Friday	morning.	But	on	a	Friday	morning,	Cm	contains	all	containers	
that	are	expected	to	be	full	before	Monday	morning.	The	MayGo’s	are	defined	similarly,	having	
di≤(Dm+Dn).	

For	the	purpose	of	this	simulation	study,	we	make	the	following	assumptions:	

 Each	truck	can	only	be	assigned	to	one	job	at	a	time	and	a	job	can	be	assigned	to	at	most	
one	truck.	Each	truck	has	finite	capacity.	

 Truck	 drivers	 have	 a	maximum	working	 time	 per	 day.	 Lunch	 breaks	 are	 ignored	 (we	
reduce	 the	 time	of	 a	workday	with	 the	 time	 required	 for	breaks)	 as	well	 as	additional	



trips	required	for	fuelling.	All	trucks	depart	from	the	depot	and	return	to	the	same	depot	
at	the	end	of	the	day.	

 Containers	 are	 always	 entirely	 emptied.	 There	 are	 no	 time	 windows	 for	 empting	 the	
containers.	When	a	container	is	full,	deposits	are	placed	next	to	the	container,	which	we	
denote	as	overflow.	

 All	times	are	considered	to	be	deterministic.	This	involves	time	for	traveling,	loading,	and	
unloading	at	the	waste	processing	centre.	

 Costs	for	trucks	and	drivers	are	not	taken	into	account.	As	a	result,	the	algorithm	might	
decide	to	use	multiple	vehicles	and	drivers	for	only	a	few	hours	per	day.	

 A	 natural	 approach	 to	 model	 the	 waste	 deposits	 would	 be	 to	 use	 a	 Poisson	 arrival	
process.	 However,	 the	 huge	 variance	 in	 deposit	 frequencies	 cannot	 accurately	 be	
described	 by	 a	 Poisson	 distribution.	 To	 model	 the	 arrival	 process,	 we	 use	 a	 Gamma	
distribution	 for	 the	 number	 of	 deposits	 per	 day,	 and	 then	 uniformly	 distribute	 the	
arrivals	 over	 the	 day.	 A	 chi‐square	 test	with	 α=0.05	 does	 not	 result	 in	 a	 reject	 of	 our	
hypothesis	 that	 the	 number	 of	 deposits	 per	 day	 follows	 a	 Gamma	 distribution	 (see	
Section	 6.2).	 The	 size	 of	 the	 deposits	 (deposit	 volumes)	 also	 follows	 a	 Gamma	
distribution	(see	Section	6.2).	

The	 expectations	 of	 using	 a	 dynamic	 routing	 methodology	 are	 rather	 high.	 First,	 it	 should	
increase	 customer	 satisfaction	 and	 avoid	 waste	 overflow.	 Second,	 it	 should	 reduce	 the	
operational	costs	of	emptying	the	containers.	The	initial	objective	was	to	empty	the	containers	
as	close	to	their	due	dates	as	possible	achieving	an	increase	in	service	level	(the	percentage	of	
containers	emptied	on	time).	However,	emptying	a	container	that	is	 far	from	full	might	still	be	
efficient	when	a	truck	just	passes	this	container.	Therefore,	the	main	objective	is	to	reduce	the	
mileage	of	trucks	in	the	long	run,	the	total	working	time	required	to	empty	all	containers,	and	to	
increase	customer	satisfaction	with	respect	to	waste	overflow.	Variability	in	the	waste	disposal	
pattern	has	to	be	minded	in	the	new	approach,	since	it	is	already	expected	that	the	true	demand	
of	 waste	 collection	might	 vary	 strongly	 because	 of	 external	 events	 like	 weekly,	monthly,	 and	
seasonal	 patterns,	 special	 occasions,	 and	 holidays.	 Given	 the	 problem	 description	 and	 the	
assumptions	made	in	this	section,	we	now	present	the	planning	approaches	themselves.	

5 PLANNING	METHODOLOGIES	
Independent	on	 the	 type	of	planning	methodology	we	use,	we	always	create	a	planning	at	 the	
beginning	of	a	day	for	the	whole	day.	The	advantage	of	this	that	it	 is	relatively	easy	to	execute	
and	truck	drivers	know	the	work	they	have	to	do	on	that	day	(just	as	in	the	current	situation).	
However,	we	 still	 need	 to	 be	 able	 to	 perform	 replanning	 since	 plans	might	 become	 infeasible	
during	the	day.	The	latter	might	be	the	result	of	travel	delays	or	of	collecting	more	garbage	than	
expected,	which	 requires	 scheduling	a	 trip	 to	 the	waste	processing	 centre	earlier.	 In	next	 two	
subsections	 we	 describe	 the	 static	 planning	 methodology	 as	 currently	 used	 by	 the	 company	
(Section	0)	as	well	as	our	proposed	dynamic	planning	methodology	(Section	5.2).	

	 	



5.1 STATIC	PLANNING	METHODOLOGY	
Currently,	a	static	planning	methodology	is	used.	This	policy	is	described	in	Section	3.3.	For	the	
purpose	of	our	simulation	study,	we	need	to	model	this	policy.	We	have	to	model	it	in	such	a	way	
that	static	plans	are	created	automatically,	based	on	experimental	settings	such	as	the	number	of	
containers,	deposit	frequencies,	and	volumes.		

In	essence,	static	plans	are	based	on	a	desired	time	between	emptying’s	(delivery	frequencies).	
This	time	between	emptying’s	 is	computed	by	dividing	a	target	fill	 level	upon	emptying	by	the	
expected	 daily	 deposit	 volume.	 Then,	 this	 time	 is	 rounded	 to	 half	 a	 week,	 one	 week,	 or	 two	
weeks.	 So,	 containers	 are	 emptied	 twice	 per	week,	 once	per	week,	 or	 once	 in	 the	 two	weeks.	
Next,	 all	 emptying’s	 are	 assigned	 to	 specific	 days	 in	 such	 a	 way	 that	 the	 workload	 is	 spread	
equally	over	the	days	insofar	possible.	Finally,	manual	adjustments	are	being	made	to	cope	with	
negative	aspects	of	rounding	the	time	between	emptying’s.	In	addition,	at	the	beginning	of	each	
day,	 a	 planning	 employee	 might	 add	 additional	 emptying’s	 to	 avoid	 overflow.	 Especially	 on	
Fridays,	this	manual	adjustment	takes	place	to	avoid	overflow	in	the	weekend.	

Obviously,	 the	above	description,	which	 involves	human	 intervention,	 is	difficult	 to	model	 in	a	
simulation	environment	with	changing	settings	for	deposit	behaviour	and	number	of	containers.	
Therefore,	 we	 choose	 to	 model	 it	 slightly	 different.	 First,	 we	 determine	 the	 time	 between	
emptying’s	as	done	before.	However,	we	do	not	round	this	time.	Instead,	after	each	emptying,	we	
set	 the	 time	 for	 the	 next	 emptying	 equal	 to	 the	 current	 time	 plus	 this	 desired	 time	 between	
emptying’s.	 Second,	 to	 resemble	 a	 balanced	 workload,	 we	 determine	 a	 fixed	 number	 of	
containers	to	empty	per	day,	given	by	L.	Each	day,	we	sort	the	containers	based	on	their	planned	
emptying	 time,	 and	 then	 select	 the	 first	L	 of	 these	 containers	 to	 empty.	 The	 result	 is	 that	 the	
required	time	between	emptying’s	is	not	used	exactly,	but	this	procedure	avoids	explicitly	taking	
into	 account	 the	 weekends.	 The	main	 difference	 with	 the	 real	 static	 plan	 is	 (i)	 that	 the	 time	
between	emptying’s	 is	not	rounded	and	(ii)	no	manual	adjustments	take	place.	We	expect	that	
this	 model	 still	 provides	 a	 good	 match	 with	 the	 current	 way	 of	 working	 since	 the	 manual	
adjustments	in	reality	are	just	necessary	to	cope	with	the	rounding	of	time	between	emptying’s.	

5.2 DYNAMIC	PLANNING	METHODOLOGY	
In	the	dynamic	planning	option,	we	daily	select	containers	based	on	their	estimated	 fill	 levels.	
For	 solving	 this	 problem,	 we	 might	 use	 an	 exact	 approach	 such	 as	 a	 Mixed	 Integer	 Linear	
Program.	However,	our	problem	has	some	characteristics	which	make	a	successful	application	of	
such	 an	 exact	 approach	 very	 unlikely.	 First,	 our	 problem	 involves	 multiple	 vehicles	 (up	 to	 7	
trucks),	multiple	depots	(2	parking	areas	and	1	waste	processing	centre),	and	a	large	number	of	
customers	 (expected	 to	 grow	 to	 1500	 containers	 within	 a	 few	 years).	 Further,	 our	 problem	
requires	a	long‐term	planning	horizon,	since	a	short‐term	approach	will	postpone	deliveries	to	
the	next	period	 (Campbell	 et	 al.,	 1998).	 Finally,	we	 face	dynamic	 environment	with	 stochastic	
travel	 times	 and	 stochastic	waste	 disposals	which	may	 require	 replanning	 during	 the	 day.	 In	
addition,	we	have	 to	deal	with	weekly	 and	monthly	patterns,	 and	 special	days	 (e.g.,	 holidays).	
Given	 the	 scale	 and	 complexity	 of	 our	 problem,	 exact	 approaches	 are	 not	 suitable	 and	 we	
decided	to	use	a	heuristic	approach.	An	illustration	of	this	heuristic	can	be	found	in	Figure	3.	

	



	

Figure	3	‐	Steps	in	our	heuristic	

We	now	explain	the	different	steps	of	our	heuristic.	

1. The	planning	heuristic	 is	started	by	 two	events:	 (i)	 initial	planning	 in	 the	morning	and	
(ii)	replanning	during	the	day.	Replanning	can	be	triggered	by	several	events,	e.g.,	after	
each	 collection,	 after	 visiting	 the	 waste	 processing	 centre,	 periodically,	 or	 when	 the	
deviation	from	the	planning	exceeds	some	threshold	(deviation	with	respect	to	volume	
or	time).	

2. The	initial	computation	 involves,	(i)	estimation	of	 the	days	 left	di	 for	all	containers,	(ii)	
determination	 of	 MustGo’s	 Cm,	 (iii)	 determination	 of	 the	 number	 of	 trucks	 to	 use	W	
(W≤M),	 and	 (iv)	 determination	 of	 a	 lower	 bound	 on	 the	 number	 of	 routes	 to	 use,	

∑ / ∗∈ 	.	

3. For	 all	 trucks	we	decided	 to	 use	 (see	 Step	2),	we	 initialize	 their	 schedules.	 For	 trucks	
currently	having	an	empty	schedule	(typically	the	case	with	planning	at	the	beginning	of	
the	day),	their	initial	schedule	would	be	from	the	parking	area,	to	the	waste	processing	
centre,	and	ending	up	at	 the	parking	area	again.	For	trucks	with	a	non‐empty	schedule	
(we	are	doing	replanning	during	the	day),	we	empty	their	schedule	in	a	non‐pre‐emptive	
way.	To	keep	the	initial	schedules	feasible,	a	collection	job	will	be	followed	by	a	visit	to	
the	waste	processing	centre,	and	a	visit	to	the	waste	processing	centre	will	be	followed	
by	 a	 return	 trip	 to	 the	 parking	 area.	 We	 use	 these	 initial	 schedules	 to	 insert	 new	
collection	jobs	in	the	next	steps.	

4. We	extend	the	initialized	schedules	(see	Step	3)	with	seed	customers.	We	decided	to	use	
one	seed	customer	per	route	and	divide	the	routes	over	the	trucks.	Seed	customers	are	
chosen	 based	 on	 the	 largest	 minimum	 distance	 from	 the	 depot	 and	 the	 other	 seed	
customers.	We	use	the	seed	customers	to	(i)	spread	the	trucks	across	the	area,	(ii)	realize	
insertion	of	collection	jobs		from	containers	close	as	well	as	far	from	the	depot,	and	(iii)	
balance	the	workload	per	route	to	anticipate	the	insertion	of	MayGo’s.	

5. As	an	optional	step,	we	assign	MustGo’s	to	the	trucks	in	a	balanced	way.	This	means	that	
we	loop	over	all	trucks	and	assign	jobs	to	them	one	by	one.	Obviously,	this	will	not	be	the	
most	 efficient	 way	 with	 respect	 to	 the	 MustGo	 insertions.	 However,	 it	 becomes	
particularly	useful	when	we	are	going	to	extend	the	routes	with	relatively	many	MayGo’s	
(see	 Step	 8).	 MustGo’s	 are	 added	 to	 the	 routes	 according	 to	 the	 cheapest	 insertion	
heuristic	(see	Campbell	and	Savelsbergh,	2004),	where	the	insertion	costs	depend	on	the	
additional	 time	 required	 for	 the	 insertion.	 Note	 that	 additional	 visits	 to	 the	 waste	
processing	 centre	 are	 scheduled	 automatically	 when	 necessary;	 the	 time	 required	 for	
these	additional	visits	is	also	included	in	the	insertion	costs.	The	first	time	we	do	not	find	
a	feasible	insertion	for	some	truck,	we	stop	this	procedure	and	continue	with	Step	6.	



6. For	 all	 remaining	MustGo’s,	 we	 try	 to	 assign	 them	 using	 the	 same	 cheapest	 insertion	
heuristic	as	used	in	Step	5,	but	now	by	considering	all	 insertion	positions	for	all	trucks	
and	routes.	

7. When	all	MustGo’s	are	scheduled,	 there	may	be	some	space	 left	 in	 the	 trucks	 to	empty	
other	containers.	By	adding	MayGo’s,	we	make	use	of	 this	 free	capacity	 to	 improve	the	
routing	efficiency.	Also	the	MayGo’s	are	scheduled	using	the	cheapest	insertion	heuristic.	
However,	this	time	we	use	another	cost	criterion	which	we	explain	later	on.	A	high	value	
for	Dn	has	the	benefit	that	we	can	choose	between	a	large	number	of	MayGo’s.	However,	
emptying	 them	 all	will	 not	 always	 be	 the	most	 efficient	 option.	 Therefore,	we	 use	 the	
limit	L	on	the	number	of	emptying’s	per	day.	

8. We	execute	the	planning	and	perform	replanning	when	needed	(see	Step	1).	

To	schedule	the	MayGo’s,	a	common	choice	in	Inventory	Routing	Problems	is	to	use	a	ratio	of	the	
additional	travel	time	required	to	empty	this	container	and	its	volume,	see	for	example	Golden	et	
al.	(1984).	The	problem	with	using	such	a	ratio	is	that	the	more	remotely	located	containers	are	
unlikely	to	be	considered	as	a	MayGo.	The	criteria	we	use	here	is	the	relative	improvement	of	the	
before	mentioned	ratio	compared	to	a	smoothed	historical	average	of	this	ratio.	A	large	positive	
value	 represents	 a	 one‐time	 opportunity	 we	 should	 take.	We	 do	 this	 based	 on	 a	 ratio	 of	 the	
additional	 time	 it	 takes	 to	 empty	 the	 container	 (both	 travel	 and	 handling	 time)	 to	 the	waste	
volume	 in	 the	 container.	 A	 small	 ratio	 indicates	 a	 high	 amount	 of	 waste	 compared	 to	 the	
additional	 time;	 this	means	the	smaller	 the	ratio,	 the	better.	This	procedure	selects	containers	
for	which	the	emptying	costs	today	are	expected	to	be	lower	than	at	some	later	point	in	time.	

	

Figure	4	‐	Smoothed	ratios	for	three	containers	

Figure	 4	 shows	 the	 smoothed	 ratios	 for	 a	 number	 of	 underground	 containers.	 Here,	 C3	 is	 an	
isolated	container,	C1	is	a	container	close	to	the	waste	processing	centre,	and	C2	somewhere	in	
between.	The	ratio	of	a	container	at	a	favourable	location	is	much	lower	compared	to	one	at	an	
isolated	 location.	This	makes	 sense	 since	 containers	 at	 a	 location	with	more	 containers	 in	 the	
neighbourhood	require	less	additional	driving	than	containers	at	remote	locations.	This	results	
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automatically	in	smaller	ratios.	Figure	4	also	support	our	choice	to	select	MayGo’s	based	on	their	
improved	ratio.	Otherwise,	 containers	at	a	remote	 location	would	never	be	selected,	while	 the	
costs	for	emptying	these	containers	might	be	relatively	low	today.	Finally,	Figure	4	also	indicates	
we	need	at	least	several	weeks	as	warm‐up	period	for	our	simulation	(see	Section	6).		

6 SIMULATION	MODEL	AND	EXPERIMENTAL	DESIGN	
In	 this	 section	 the	 simulation	model	will	 be	 described	 that	will	 be	 used	 to	 evaluate	 different	
routing	and	container	selection	methods	as	presented	in	the	previous	section.	Subsequently,	we	
present	 the	 structure	 of	 the	 simulation	model	 (Section	 0),	 the	 experimental	 settings	 (Section	
6.2),	 experimental	 factors	 (Section	 6.4),	 performance	 indicators	 (Section	 6.5),	 and	 the	
replication‐deletion	 approach	 (Section	 6.6).	 We	 end	 with	 some	 notes	 on	 the	 verification	 and	
validation	of	our	model	in	Section	6.3.	

6.1 STRUCTURE	
A	 schematic	 view	 on	 the	 structure	 of	 our	 simulation	 model	 can	 be	 found	 in	 Figure	 5.	 The	
simulation	is	driven	by	the	object	“Citizens”	which	generates	waste	disposals.	The	planning	and	
scheduling	of	emptying’s	is	done	with	the	object	“Waste	collection	company”.	The	events	upon	
which	 both	 objects	 operate	 are	 controlled	 by	 the	 “Event	 controller”.	 The	 actions	 of	 citizens	
(waste	 disposals)	 and	 of	 the	 waste	 collection	 company	 (trucks	 emptying	 the	 containers)	 are	
displayed	on	an	animated	network.	The	object	“Waste	collection	company”	contains	the	methods	
that	actually	execute	all	steps	necessary	to	develop	an	emptying	schedule.	This	object	needs	the	
input	 of	 the	 experimental	 settings,	 keeps	 track	 of	 the	 performance	 of	 the	 different	 planning	
methodologies,	and	provides	this	as	output	data.	The	input	of	the	simulation	will	be	discussed	in	
Section	6.2.	The	output,	in	the	form	of	performance	indicators,	will	be	discussed	in	Section	6.5.		

	

Figure	5	‐	Structure	of	the	simulation	model	

To	make	the	simulation	model	more	accessible	for	usage,	we	added	visualization	in	the	form	of	
an	animated	network.	This	does	not	contribute	to	the	actual	output	of	the	model,	but	it	increases	
the	understanding	of	the	operation	of	the	model.	The	animated	network	consists	of	a	map	of	the	
area	 Twente	 Milieu	 operates	 in.	 The	 underground	 containers	 are	 all	 marked	 on	 that	 map.	
Displaying	a	part	of	a	3D	globe	on	a	2D	map	requires	some	transformations.	For	this,	we	use	the	
Universal	Transverse	Mercator	coordinate	system	(UTM)	to	transform	the	GPS	coordinates	of	all	
containers	 into	 XY	 coordinates.	 In	 our	 case,	 this	 projection	 is	 somewhat	 easier	 because	 all	
container	 locations	 are	 in	 the	 same	 zone	 (32U).	 In	 addition,	 also	 the	 planned	 routes	 are	
displayed	on	this	map,	although	this	is	done	based	on	straight	lines.	We	use	separate	colours	for	



the	 diffe
black.	A	

We	impl
Simulati
Softwar
and	pro

6.2 SE
For	the	
containe
2009.	At
containe
equippe
sensor	d
containe

For	 eve
distribu
Gamma	
Obvious
containe

 D
 D
 C

erent	 route
screen	capt

lemented	ou
ion.	Tecnom
e	 for	 mode
cesses,	the	f

ETTINGS	
settings	of	o
ers	are	insta
t	that	mome
ers,	 only	 37
ed	with	sens
data	 is	 avai
ers,	as	we	di

ery	 containe
ution	 for	 ge
distribution
sly,	 these	 s
ers,	we	here

Deposit	freq
Deposit	volu
Capacity:	40

s.	 Also,	Mus
ture	of	our	s

ur	discrete‐
matix	Plant	S
elling,	 simul
flow	of	mate

Figu

our	simulat
alled	on	a	w
ent,	Twente	
78	 are	 equ
sors.	But	for	
lable.	 In	ou
iscuss	later	

er,	 we	 need
nerating	 th
n	of	the	volu
settings	 wil
e	show	the	r

quency:	Gam
ume:	Gamm
000	litre	

stGo’s	 are	 d
simulation	m

event	simul
Simulation	i
ating,	 analy
erials,	and	lo

ure	6	‐	Scree

ion	model	w
eekly	basis.	
Milieu	oper

uipped	 with
now,	we	lim
r	 simulation
on.		

d	 the	 follow
e	 number	 o
ume	of	each
l	 differ	 per
esults	for	a	

mma(1.62,	5
ma(248.78,	0

displayed	 in
model	can	be

lation	mode
is	a	comput
ysing,	 visua
ogistic	opera

en	capture	o

we	have	to	c
For	this	use
rated	in	tota
h	 sensors.	 I
mit	ourselve
n	experimen

wing	 input:
of	 deposits
h	deposit,	(ii
r	 container
typical	cont

.88)	

.17)	

n	 red	where
e	found	in	F

l	in	the	softw
ter	applicati
lizing	 and	 o
ations	(Plan

f	the	simula

choose	a	ref
e	the	situatio
al	520	under
n	 the	 near	
es	to	the	378
nts,	we	also

	 (i)	 the	 tw
per	 day,	 (i
ii)	the	capac
r.	 Instead	 o
tainer:	

eas	 the	 othe
igure	6.	

ware	packag
ion	develop
optimizing	 p
nt	Simulation

tion	

ference	poin
on	as	is	was
rground	con
future,	 all	

8	containers
o	consider	a

wo	 paramete
ii)	 the	 two	
city,	and	(iv
of	 showing	

ers	 are	 disp

ge	Tecnoma
ped	by	Siem
production	
n,	2011).	

nt	in	time	si
s	at	the	end	
ntainers.	Fro
containers

s	for	which	h
a	 situation	w

ers	 for	 the	
parameters
v)	the	handl
the	 setting

played	 in	

atix	Plant	
ens	PLM	
systems	

	

ince	new	
of	March	
om	these	
s	 will	 be	
historical	
with	700	

Gamma	
s	 for	 the	
ing	time.	
gs	 of	 all	



 Handling	time:	4	minutes	

As	default	scenario,	we	use	two	trucks	(M=2)	which	we	use	every	workday	(W=2)	independent	
on	 the	 amount	 of	 emptying’s	 for	 that	 day.	 The	 capacity	 of	 these	 trucks	 is	 18.000	 litre	 of	
compressed	waste.	Given	the	compression	factor	of	5,	this	comes	to	a	capacity	of	90.000	litre	of	
uncompressed	waste.	The	handling	time	at	the	waste	processing	centre	is	15	minutes.	Workdays	
are	Monday	till	Friday	from	7:30am	to	3pm	where	we	subtracted	the	lunch	breaks	from	the	end	
of	the	workday	(see	Section	0).		

The	travel	times	between	each	of	the	container	locations	are	derived	from	the	Google	Maps	API,	
using	the	GPS	coordinates	of	the	378	containers	as	input.		The	main	assumption	here	is	that	the	
truck	speed	is	equal	to	the	speed	of	passenger	cars.	In	the	urban	areas	Twente	Milieu	operates	
in,	 this	 assumption	 is	 reasonable.	 To	 give	 an	 idea	 about	 the	 network,	 the	 average	 travel	 time	
between	 two	 container	 locations	 is	 14	 minutes	 with	 a	 maximum	 of	 43	 minutes.	 The	 largest	
distance	between	two	containers	is	51	kilometre.	

In	the	static	planning	approach,	the	planned	time	to	empty	a	container	depends	on	the	last	time	
this	container	was	emptied.	As	a	result,	we	need	to	do	something	at	the	start	of	the	simulation.	
At	the	start	of	the	simulation,	we	randomly	fill	the	containers	(see	Section	6.5)	and	calculate	the	
days	left	di	for	each	container.	As	long	as	there	are	containers	that	have	not	been	emptied	before,	
we	give	priority	 to	 these	 containers,	 starting	with	 those	having	 the	 lowest	value	of	di.	 For	 the	
static	planning	approach,	we	further	use	a	target	fill	level	of	75%.	

For	 the	 dynamic	 planning	 methodology,	 we	 have	 to	 determine	 the	 threshold	 Dn	 and	 Dm	 for	
respectively	 the	 MustGo’s	 and	 MayGo’s.	 Based	 on	 some	 preliminary	 experiments,	 we	 choose	
Dn=1	and	Dm=5.	As	mentioned	in	the	next	subsection,	we	also	consider	a	dynamic	policy	that	only	
empties	the	MustGo’s.	For	this	policy	we	use	Dn=2.	

As	mentioned	in	the	beginning	of	Section	5,	all	planning	options	might	require	replanning	during	
the	 day	 and	 we	 mentioned	 several	 possibilities	 for	 this.	 In	 our	 simulation	 we	 choose	 the	
following.	 After	 each	 emptying	 that	 is	 not	 immediately	 followed	 by	 a	 visit	 to	 the	 waste	
processing	centre,	we	look	if	the	effective	capacity	of	the	next	container	to	empty	still	fits	in	the	
truck.	 If	 not,	 we	 perform	 rescheduling	 only	 for	 this	 truck.	 To	 avoid	 excessive	 replanning,	 we	
work	with	a	truck	slack	capacity	of	5000	litre	in	our	planning	methodology.	

As	 mentioned	 in	 Section	 3.4,	 deposit	 frequencies	 fluctuate	 heavily.	 We	 saw	 large	 random	
fluctuations	per	day	as	well	 seasonal	patterns.	To	 simulate	 the	 seasonal	patterns,	we	multiply	
the	mean	deposit	volume	for	each	day	with	some	factor.	This	factor	follows	a	sinus	curve	with	a	
given	amplitude	FA	and	a	period	of	4	weeks.	We	assume	that	the	company	is	not	aware	of	this	
sinus	 curve.	 Hence,	 within	 one	 period,	 there	 will	 be	 2	 weeks	 in	 which	 the	 company	
overestimates	 the	deposit	volumes	and	2	weeks	 in	which	 it	underestimates	 these	volumes.	To	
simulate	the	random	fluctuations,	we	further	multiply	the	mean	deposit	volumes	with	a	 factor	
uniformly	drawn	 from	 [1‐FR,1+FR]	with	FR≤1.	To	mimic	 the	current	situation,	we	use	FA=0.05	
and	FR=0.7.	

As	default	 value	 for	 the	maximum	number	of	 jobs	per	day	 (L),	we	use	22%	of	 the	number	of	
containers.	For	our	reference	point,	this	gives	L=0.22*378=83.	The	final	setting	is	related	to	the	
time	we	use	between	updating	the	smoothed	ratio	(see	Section	5.2).	For	this	we	use	a	week.	So,	
at	 the	end	of	 each	week,	we	compute	 the	average	emptying	 ratio’s	 (required	additional	 travel	



time	to	empty	this	container	divided	by	the	volume	of	waste	in	this	container)	for	each	container	
and	smooth	these	values,	using	α=0.05,	with	the	smoothed	historical	average.		

6.3 EXPERIMENTAL	FACTORS	
To	 see	 how	 a	 planning	 methodology	 performs,	 we	 will	 test	 its	 behaviour	 under	 varying	
circumstances.	We	chose	the	following	factors	for	our	simulation	experiments:	

 Number	of	 containers	 (N):	378	and	700.	At	our	 reference	point,	378	where	 in	use.	We	
extend	 this	 number	 to	 700	 by	 randomly	 selecting	 new	 container	 locations	 from	 the	
current	locations.	

 Planning	 methodologies	 (Policies):	 Static,	 MustGo,	 Dynamic.	 The	 MustGo	 policy	 is	 a	
dynamic	planning	methodology	in	which	we	only	empty	the	MustGo’s.	

 Fill‐level	sensors:	with	and	without.	Without	fill‐level	sensors,	we	estimate	the	fill	levels	
by	multiplying	the	number	of	lid	openings	with	the	expected	mean	deposit	volume.	With	
fill‐level	sensors,	we	have	a	perfect	estimate	of	the	actual	fill	level.	We	denote	the	use	of	
fill‐level	sensors	in	combination	with	the	three	previously	mentioned	policies	by	StaticS,	
MustGoS,	and	DynamicS.	

 Factor	amplitude	in	sinus	fluctuations	(FA):	[0,	0.5].	

 Factor	 mean	 deposit	 volumes	 (FM):	 [0.5,	 1.5].	 Here,	 we	 multiple	 the	 mean	 deposit	
volumes	every	day	with	a	factor	FM.	

 Factor	 expected	 deposit	 volumes	 (FE):	 [0.75,	 1.25].	 Here,	 we	 multiply	 the	 expected	
deposit	volumes	with	FE.	The	expected	deposit	volumes	are	used	to	estimate	the	fill‐level	
of	the	containers	(and	hence	the	days	left)	based	on	the	number	of	lid	openings.	A	value	
of	1	means	that	our	expectation	is	accurate.	However,	the	actual	deposit	volumes	might	
still	fluctuate	due	to	the	random	fluctuations	(FR)	and	the	seasonal	fluctuations	(FA).	

 Factor	maximum	number	of	emptying’s	(FL):	here	we	multiple	the	maximum	number	of	
emptying’s	L	with	a	factor	FL.	

6.4 PERFORMANCE	INDICATORS	
With	our	simulation	model,	we	evaluate	the	performance	of	the	dynamic	planning	methodology	
and	 benchmark	 it	 against	 the	 current	 way	 of	 working.	 As	 key	 performance	 indictor	 in	 this	
analysis,	 we	 use	 a	weighted	 combination	 of	 transportation	 costs,	 handling	 costs,	 and	 penalty	
costs	 for	 emptying	 too	 late.	As	weights,	we	use	ct	 for	 the	 travel	 costs	per	 time	unit,	ch	 for	 the	
handling	 costs	 per	 time	 unit,	 and	 cp	 for	 the	 penalty	 costs	 per	 volume	 overflow.	 The	 key	
performance	indicator	CL	gives	the	total	costs	per	litre:	

	 	 	
	

,	

where	time	and	volume	are	measured	over	the	whole	simulation	run.	

With	 this	 objective	 function,	we	 aim	 to	minimize	 the	 travelling	 costs,	while	 at	 the	 same	 time	
ensuring	the	service	level	by	penalizing	when	a	container	is	emptied	too	late.	In	agreement	with	
the	company,	we	set	the	parameters	as	follows:	ct	=	1,	ch	=	0.5,	and	cp	=	0.7.	Here,	the	travel	costs	



are	considered	to	be	the	most	influential	with	respect	to	the	overall	performance;	one	time	unit	
of	travelling	costs	twice	as	much	as	spending	one	time	unit	on	loading\unloading.	The	penalty	
factor	is	also	relatively	large	to	maintain	customer	satisfaction.		

As	secondary	performance	indicators	we	consider:	

 CT	=	average	travel	time	per	day	(hours)	
 CH	=	average	handling	time	per	day	(hours)	
 CP	=	average	volume	of	overflow	per	day	(m3)	
 VC	=	average	volume	of	collected	waste	per	day	(m3)	

6.5 REPLICATION/DELETION	APPROACH	
Given	we	are	facing	a	non‐terminating	simulation,	we	use	the	replication/deletion	approach	(see	
Law,	2007).	This	involves	a	number	of	replications	each	having	a	certain	warm‐up	period.	The	
warm‐up	period	indicates	after	which	time	the	system	comes	into	a	steady	state.	In	our	case,	the	
warm‐up	period	is	necessary	for	(i)	learning	the	smoothed	ratios	used	for	adding	MayGo’s	and	
(ii)	 to	create	 realistic	 fill	 levels	 in	 the	underground	containers.	We	 initialize	 the	simulation	by	
filling	the	containers	uniformly	between	0	and	80%	of	the	container	capacity.	For	calculating	the	
warm‐up	period,	we	use	Welch’s	graphical	procedure	as	described	in	Law	(2007).	The	use	of	10	
replications	and	a	window	of	40	days,	results	in	a	warm‐up	period	of	around	8	weeks.	Given	the	
warm‐up	period	of	8	weeks,	we	use	a	run	length	of	24	weeks	(excluding	the	warm‐up).	Next,	we	
calculate	 the	 number	 of	 runs	 using	 the	 sequential	 procedure	 (Law,	 2007).	With	 a	 confidence	
level	α=0.05	 and	relative	error	γ=0.05,	 the	required	number	of	 runs	 for	different	experimental	
settings	fluctuates	around	five	replications.	To	avoid	inaccuracies,	we	use	10	replications	for	all	
our	experiments.	

6.6 MODEL	VERIFICATION	AND	VALIDATION	
To	verify	our	model,	we	tested	each	module	separately.	In	addition,	we	kept	the	management	of	
the	company	in	the	process	to	establish	credibility.	After	completing	the	simulation	model,	we	
validated	our	model	to	see	whether	the	reality	was	approached	accurately	enough.	Validation	is	
done	 using	 data	 from	 the	 actual	 operations	 and	 it	 is	 intended	 to	 prove	 that	 the	 assumptions	
incorporated	 in	 the	model	were	well	chosen.	For	 the	case	of	 the	Twente	Milieu,	 the	validation	
process	 is	 relatively	 difficult	 to	 execute,	 since	 the	 current	 collection	 process	 involves	 human	
decision	making	which	we	had	to	approximate	with	our	static	planning	model	(Section	0).	We	
distinguish	the	following	validation	and	verification	criteria:	

 From	the	 interviews	conducted	with	 the	planning	department,	 it	became	clear	 that,	on	
average,	 each	 working	 day	 22%	 of	 the	 containers	 are	 emptied.	 Upon	 the	 chosen	
reference	 point	 in	 time,	 the	 total	 number	 of	 containers	 is	 378	 which	 results	 in	 83	
emptying’s	per	day.	The	emptying’s	are	done	by	two	trucks,	one	of	 them	being	utilized	
for	50%.	This	corresponds	with	the	average	workload	of	55	containers	which	we	found	
during	our	data	analysis	using	observations	from	half	a	year	around	the	reference	point.	
This	data	analysis	also	revealed	an	average	of	412	emptying’s	per	week	which	confirms	
the	results	from	our	interviews	(5*83=415	emptying’s).	

 From	the	 interviews	conducted	with	 the	planning	department,	 it	became	clear	 that,	on	
average,	the	amount	of	garbage	that	is	collected	from	a	container	is	2500	litres.	Our	data	
analysis	revealed	that	the	daily	deposal	volume	is	148.070	litres	and	415	emptying’s	take	



place	weekly.	This	 translates	 to	an	average	of	7*148.070/415=2498	 litre	per	emptying	
which	confirms	the	expectations	of	the	planning	department.	

 Criteria	 such	 as	 deposit	 and	 emptying	 frequencies	 cannot	 be	 used	 to	 validate	 our	
simulation	model	 since	we	use	 them	as	 input.	A	useful	validation	criterion	we	can	use	
here	is	the	time	required	for	the	collection	process,	which	depends	on	the	travel	times,	
handling	times,	and	the	routing	efficiency.	From	the	interviews	conducted	with	the	truck	
drivers,	 it	became	clear	 that,	under	normal	circumstances,	emptying	55	containers	can	
be	seen	as	the	maximum	workload	for	one	truck	on	one	day.	Under	ideal	circumstances	
(no	 traffic	 delays	 and	 many	 containers	 to	 empty	 close	 to	 each	 other),	 a	 maximum	
workload	of	around	70	emptying’s	can	be	achieved.	To	validate	our	simulation	model,	we	
used	 (i)	 the	static	planning	methodology	without	 the	 fixed	maximum	of	83	emptying’s	
per	day	and	(ii)	the	dynamic	planning	methodology	without	a	maximum	and	using	Dm=1	
and	Dn=5.	 The	 results	 of	 these	 experiments	 can	 be	 found	 in	 Table	 1.	 Here,	 we	 use	 as	
maximum	in	our	simulation	experiments	the	97.5	percentile.	Clearly,	the	static	planning	
approach	provides	a	perfect	match	with	respect	to	the	normal	maximum	amount	of	daily	
emptying’s.	This	amount	of	emptying’s	is	higher	in	case	of	dynamic	planning	due	to	the	
insertion	of	MayGo’s	which	are	normally	chosen	such	that	they	require	limited	additional	
travel	 time.	With	 respect	 to	 the	maximum	number	 of	 emptying’s	 that	 can	be	 achieved	
under	ideal	circumstances,	we	see	a	perfect	match	with	the	dynamic	planning	approach.	
In	reality,	 this	maximum	is	only	achieved	with	human	intervention	where	one	deviates	
from	 the	 original	 static	 plan,	 thereby	 including	 additional	 containers	 that	 are	 closely	
located	to	the	current	routes.	This	is	exactly	the	reason	that	the	static	planning	approach	
yields	a	lower	maximum	in	our	simulation.	

  Reality  Static  Dynamic

Normal  55  55.4  61.7 

Maximum 70  61.8  69.7 

Table	1	‐	Validation	results	

The	 verification	 and	 validation	 steps	 described	 above	 convince	 us	 that	 our	 simulation	model	
provides	 an	 accurate	 representation	 of	 the	 real	 system.	 The	 numerical	 results	 from	 this	
simulation	model	are	presented	in	the	next	section.	

7 RESULTS	
In	this	section	we	present	the	results	of	our	simulation	study.	First,	the	results	for	the	sensitivity	
analysis	are	shown	(Section	7.1)	and	then	the	results	for	expected	network	growth	(Section	7.2).	
We	end	with	a	benchmark	of	the	current	way	of	working,	thereby	providing	an	indication	of	the	
savings	 that	 can	 be	 achieved	 by	 Twente	 Milieu	 when	 switching	 to	 a	 dynamic	 planning	
methodology	(Section	7.3).	

7.1 SENSITIVITY	ANALYSIS	
In	 our	 sensitivity	 analysis,	 we	 vary	 the	 following	 things:	 the	 mean	 deposit	 volumes,	 the	
maximum	number	of	emptying’s	per	day,	the	deviation	of	the	expectation,	and	the	amplitude	of	
the	sinus	pattern	of	daily	deposit	frequencies.	The	results	can	be	found	in	Figure	7.	



	

Figure	7	‐	Results	sensitivity	analysis	

We	 draw	 the	 following	 conclusions.	 First,	 with	 a	 varying	 factor	 FM	 for	 the	 mean	 deposit	
volumes,	the	different	policies	have	their	 lowest	costs	CL	around	1.1.	Obviously,	an	increase	 in	
deposit	volumes	will	result	in	higher	costs.	However,	the	costs	per	litre	initially	decrease.	With	
further	 increase	 in	 deposit	 volumes,	 the	 penalty	 costs	 will	 raise.	 We	 also	 observe	 that	 with	
relative	 low	deposit	volumes,	Dynamic	will	be	outperformed	by	MustGo.	The	reason	for	this	 is	
that	 the	 policy	Dynamic	 is	 bounded	with	 the	maximum	of	 83	 emptying’s	 (0.22*378)	 per	 day.	
With	 low	 deposit	 volumes,	 this	 bound	 is	 too	 low.	 The	 consequence	 of	 this	 is	 that	 Dynamic	 is	
simply	doing	too	many	MayGo’s	which	results	in	relative	high	costs	per	litre	collected.	

If	we	look	at	varying	factor	FL	for	the	maximum	number	of	jobs,	we	see	the	following.	First,	the	
policy	 MustGo	 is	 not	 sensitive	 to	 this	 maximum.	 We	 also	 see	 that	 for	 a	 low	 maximum,	 the	
difference	between	the	performance	of	MustGo	and	Dynamic	becomes	smaller,	since	the	ability	
of	 adding	 MayGo’s	 decreases.	 With	 increasing	 maximum,	 we	 see	 that	 MustGo	 outperforms	
Dynamic.	Again,	the	explanation	is	that	Dynamic	is	using	too	many	MayGo’s.	Finally,	we	observe	
that	 the	minimum	of	Static	 is	attained	 in	 the	area	0.8‐1,	which	provides	an	 indication	 that	 the	
choice	 of	 emptying	22%	of	 the	 total	 container	 population	daily,	 seems	 to	 be	 a	 good	 choice	 in	
combination	 with	 the	 weights	 of	 the	 three	 costs	 factors	 (travel	 time,	 handling	 time	 and	
overflow).	The	number	of	emptying’s	is	a	bit	on	the	save	side,	which	indicates	that	in	reality	the	
company	puts	even	more	weight	on	the	penalty	costs	and	hence	on	customer	satisfaction.	

If	we	look	at	varying	factor	FE	for	the	expected	mean	disposal	volume,	we	observe	the	following.	
First,	 Static	 is	 not	 sensitive	 to	 this	 value	 since	 it	 does	 not	 estimate	 the	 average	 fill	 levels	
(although	 it	 does	 require	 to	 determine	 the	 time	 between	 emptying’s	which	we	 assume	 to	 be	
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known	in	this	study).	Obviously,	the	dynamic	policies	are	influenced	by	this.	If	we	underestimate	
the	deposit	volumes,	we	will	incur	more	penalty	costs.	If	we	overestimate	the	deposit	volumes,	
we	are	doing	more	emptying’s	then	necessary.	Overestimation	will	be	worst	for	dynamic	since	it	
uses	too	many	MayGo’s.	

Finally,	 we	 consider	 the	 factor	 FA	 for	 the	 amplitude	 in	 sinus	 pattern	 of	 deposit	 frequencies.	
Obviously,	 for	 all	 policies,	 the	 costs	 increase	with	 increasing	 amplitude.	 This	 is	 because	 there	
will	be	periods	of	heavy	over	estimation	as	well	as	under	estimation.	However,	with	increasing	
amplitude,	 the	 added	 value	 of	 using	 fill	 level	 sensors	 increases.	 Particularly	 for	 the	 policy	
MustGo	since	this	policy	only	empties	the	containers	that	are	expected	to	be	almost	full.	MustGo	
without	sensors	will	eventually	be	outperformed	by	Static.	Remarkable	here	is	that	MustGo	with	
sensors	will	eventually	outperform	Dynamic	with	sensors.	The	explanation	for	this	is	that,	if	we	
perfectly	know	the	fill	levels,	the	value	of	adding	MayGo’s	decreases.	Finally,	the	policy	Dynamic	
heavily	depends	on	the	choice	of	parameter	levels	Dn	and	Dm.	With	increasing	amplitude,	these	
parameters	will	be	too	low	in	some	periods	and	too	high	in	other	periods.		

7.2 ANALYSIS	OF	NETWORK	GROWTH	
We	 now	 compare	 the	 original	 network	 with	 378	 containers	 with	 an	 increased	 network	
consisting	of	700	containers.	The	results	can	be	found	in	Table	2.	It	appears	that	the	costs	for	the	
three	policies	 practically	 remain	 the	 same.	Note	 that	 these	 are	 the	 costs	 per	 litre.	 Since	more	
litres	are	collected	with	700	containers,	 the	 total	costs	will	obviously	be	higher.	Further,	 if	we	
look	at	 the	 individual	 costs	 components,	we	 see	 that	 all	 costs	 are	higher	with	700	 containers,	
especially	the	penalty	costs.	The	reason	for	this	is	that	we	still	use	the	same	amount	of	trucks	(2	
trucks).		

N  Policy CL  CT CH CP  VC

378  Static 0.1576  5.53 6.33 2.05  207.54
378  MustGo 0.1416  5.18 4.92 2.66  207.47

378  Dynamic  0.1356  4.53 6.29 0.73  207.57

700  Static 0.1587  6.23 8.42 33.22  383.37

700  MustGo 0.1384  6.27 8.42 21.90  383.23

700  Dynamic  0.1352  6.67 8.14 18.84  383.35
Table	2	‐	results	of	growth	in	number	of	containers	

Next,	we	vary	the	mean	deposit	volumes.	The	results	can	be	found	in	Figure	8.	Here	we	clearly	
see	that	two	trucks	are	sufficient	to	cope	with	an	increase	in	deposit	volumes	whereas	this	is	no	
longer	 the	 case	with	700	 containers.	With	378	 containers,	 increasing	volumes	will	 reduce	 the	
costs	per	litre	since	there	is	a	situation	of	overcapacity.	In	case	of	700	containers,	an	increase	in	
mean	deposit	volume	will	results	in	an	increase	in	penalty	costs.		



	

Figure	8	‐	Varying	mean	deposit	volumes	for	378	and	700	containers	

7.3 BENCHMARKING	
In	the	last	experiment,	we	compare	the	performance	of	the	dynamic	planning	methodology	with	
the	static	planning	methodology	as	currently	used	by	the	company.	For	this	we	use	the	settings	
with	both	periodic	and	random	fluctuations.	The	results	can	be	found	in	Table	3.	

Policy  CL  CT  CH  CP 

Static  0.1687  5.70  6.40  4.42 

StaticS  0.1656  5.57  6.33  4.37 

Dynamic  0.1468  4.73  6.24  3.29 

DynamicS  0.1434  5.02  5.85  1.78 

Table	3‐	Benchmarking	results	

We	clearly	see	that	the	travel	costs	as	well	as	the	penalty	costs	can	be	decreased	significantly.	To	
make	it	more	clearly,	we	also	present	the	savings	of	all	policies	compared	to	the	static	planning	
methodology.	These	results	can	be	found	in	Table	4.	

Policy  CL  CT  CH  CP 

StaticS  1.81%  2.31%  1.09%  1.08% 

Dynamic  12.96%  17.07%  2.42%  25.63% 

DynamicS  14.95%  11.94%  8.61%  59.74% 

Table	4	‐	Relative	savings	

The	total	savings	of	switching	to	a	dynamic	planning	methodology	would	be	almost	13%.	When	
we	also	switch	to	the	more	reliable	fill	level	sensors,	the	savings	increase	to	almost	15%.	

The	 savings	obviously	depend	on	 the	 truck	 capacities.	 In	 the	 current	 situation,	Twente	Milieu	
uses	two	trucks	to	empty	the	378	containers.	This	is	a	situation	of	overcapacity.	We	have	seen	
earlier	 (Section	 7.1)	 that	 the	 dynamic	 planning	 methodologies	 will	 require	 less	 capacity	 and	
therefore	 still	 perform	 well	 with	 increasing	 network	 size.	 To	 study	 this	 effect,	 we	 vary	 the	
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maximum	number	of	emptying’s	per	day.	The	relative	savings	compared	to	the	static	policy	are	
displayed	in	Figure	9.		

	

Figure	9	‐	Varying	maximum	workload	

We	clearly	see	that	savings	increase	with	decreasing	capacity.	For	example,	if	trucks	are	allowed	
to	 do	 only	 50%	 of	 their	 regular	workload	 (resembling	 the	 case	with	 50%	 less	 tucks	 or	 50%	
shorter	working	days),	 the	 relative	 savings	of	 the	dynamic	planning	methodology	are	 close	 to	
40%.	Again,	additional	savings	can	be	achieved	by	using	fill	level	sensors,	which	yields	savings	of	
up	to	45%	savings.	

Even	 though	 the	 performance	 of	 the	 dynamic	 policy	 seems	 promising,	 there	 is	 still	 room	 for	
improvement.	 One	 specific	 weakness	 of	 the	 dynamic	 policy	 is	 its	 strong	 sensitivity	 to	 used	
parameter	settings,	i.e.,	the	values	of	Dm,	Dn,	and	L.	As	a	result,	we	need	to	tune	these	parameters	
first.	This	also	means	that	with	changing	deposit	patterns	(such	as	the	simulated	seasonal	and	
random	fluctuations	 in	deposit	volumes),	we	continuously	need	to	adapt	our	parameters.	This	
also	explains	our	earlier	observations	 that	 in	some	cases	Dynamic	 is	outperformed	by	MustGo	
(situations	in	which	Dynamic	is	doing	too	many	MayGo’s).	We	also	observed	(results	not	shown	
here)	that	the	right	choice	of	parameter	values	also	heavily	depends	on	the	day	of	the	week.	As	a	
result,	we	need	to	tune	 , , 	for	t=1,..,5,	with	t	being	the	day	of	the	week.	Moreover,	there	
are	also	several	dependencies	between	these	parameters,	e.g.,	a	high	value	for	 	or	a	low	value	
for	 ,	reduces	the	impact	of	 .	In	principle,	we	could	optimize	over	these	parameters,	in	this	
case	 over	 a	 25	 dimensional	 function	 which	 we	 measure	 using	 simulation.	 This	 simulation	
optimization	approach	is	part	of	our	future	research.	

8 CONCLUSIONS	AND	RECOMMENDATIONS	
In	 this	 paper,	 we	 analysed	 the	 options	 to	 use	 a	 dynamic	 planning	 methodology	 to	 increase	
efficiency	 in	 the	 emptying	 process	 of	 underground	 containers	 in	 terms	 of	 logistical	 costs,	
customer	 satisfaction,	 and	CO2	 emissions.	We	proposed	a	dynamic	planning	methodology	 that	
relies	 on	 the	 common	 distinction	 between	 MustGo’s	 and	 MayGo’s.	 The	 MustGo’s	 are	 those	
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containers	that	have	to	be	emptied.	The	MayGo’s	are	those	that	might	be	emptied	depending	on	
how	 efficient	 they	 can	 be	 incorporated	 in	 the	 current	 routes.	 From	 the	 set	 of	MustGo’s,	 seed	
customers	are	selected	to	(i)	spread	the	trucks	across	the	area,	(ii)	realize	insertion	of	collection	
jobs		from	containers	close	as	well	as	far	from	the	depot,	and	(iii)	balance	the	workload	per	route	
to	 anticipate	 the	 insertion	 of	 MayGo’s.	 The	 algorithm	 then	 schedules	 all	 remaining	 MustGo’s	
using	 the	 cheapest	 insertion	 heuristic.	 Then	 the	 MayGo’s	 are	 scheduled	 as	 long	 as	 there	 is	
capacity	 left.	 We	 proposed	 a	 new	 criterion	 for	 the	 MayGo’s	 depending	 on	 the	 relative	
improvement	over	an	historical	smoothed	average	ratio	of	the	additional	travel	time	required	to	
empty	 a	 specific	 container	 and	 its	 volume.	 The	 algorithm	 is	 used	 in	 the	 morning	 to	 plan	 all	
emptying’s	for	that	day.	During	the	day	replanning	takes	place	to	cope	with	inaccurate	estimates	
of	the	fill	levels.	

We	evaluated	the	performance	of	our	dynamic	policy	using	simulation.	We	conclude	that,	for	our	
reference	point	in	time,	the	benefit	for	Twente	Milieu	of	switching	to	a	dynamic	waste	collection	
policy	 is	 a	 cost	 reduction	 of	 13%,	which	 consists	 of	 a	 reduction	 in	 travel	 costs	 of	 17%	 and	 a	
reduction	in	penalty	costs	of	26%.	We	further	conclude	that	with	increasing	deposit	volumes	or	
decreasing	 truck	capacities,	 these	savings	 increase.	 In	other	words,	by	switching	 to	a	dynamic	
collection	policy,	investments	in	additional	trucks	can	be	postponed.	We	showed	that	the	savings	
per	litre	remain	almost	the	same	with	an	expanded	network	of	700	containers.	This	means	that	
the	 absolute	 savings	 increase	 drastically	 with	 increasing	 network	 size.	 We	 also	 analysed	 the	
added	value	of	investing	in	fill‐level	sensors.	Obviously,	the	higher	the	(unforeseen)	fluctuations	
in	deposit	volumes,	the	higher	the	potential	benefits	of	using	fill‐level	sensors.	For	our	reference	
point	 in	 time,	 the	 dynamic	 policy	 with	 fill‐level	 sensors	 result	 in	 cost	 savings	 of	 15%,	 which	
consist	of	a	reduction	in	travel	costs	of	12%	and	a	reduction	in	penalty	costs	of	60%.	

We	end	with	suggestions	for	further	research.	We	made	several	simplifying	assumptions	which	
have	an	 impact	on	the	reliability	of	our	simulation	model	(and	to	some	extend	the	usability	of	
our	 planning	 methodology).	 First,	 we	 assumed	 deterministic	 travelling	 times.	 Of	 course,	 in	
reality,	 the	 time	 to	 travel	 from	 one	 container	 to	 another	 is	 stochastic.	 Although	we	 can	 use	 a	
deterministic	algorithm	to	make	decisions	in	a	stochastic	environment,	it	would	be	nice	to	study	
the	impact	of	stochastic	travel‐	and	handling	times	in	our	simulation	model	as	it	will	definitely	
impact	 the	need	 for	 rescheduling.	Next,	we	 looked	at	 each	container	 individually.	However,	 at	
many	 locations	 there	are	multiple	underground	 containers	placed.	 It	 is	 arguable	 to	 look	 at	 all	
containers	at	the	same	location	together.	Only	when	all	containers	of	the	group	are	almost	full,	
the	 group	 is	 eligible	 for	 emptying.	 The	 final	 direction	 for	 further	 research	 is	 the	 simulation	
optimization	approach	as	mentioned	at	the	end	of	Section	7.	The	methodology	we	have	in	mind	
for	this	is	based	on	the	hierarchical	knowledge	gradient	policy	as	described	by	Mes	et	al.	(2011).	



9 REFERENCES	
Andersson,	H.,	Hoff,	A.,	Christiansen,	M.,	Hasle,	G.,	and	Løkketangen,	A.	(2010)	Industrial	aspects	
and	 literature	 survey:	 Combined	 inventory	management	 and	 routing,	Computers	&	Operations	
Research	37(9):	pp.	1515‐1536.	

Angelelli,	E.,	Bianchessi,	N.,	Mansini,	R.,	 and	Speranza,	M.G.	 (2009).	 Short	 term	strategies	 for	a	
dynamic	multi‐period	routing	problem,	Transportation	Research	Part	C	17(2):	pp.	106–119.		

Engelelli,	E.,	Speranza,	M.G.,	and	Savelsbergh,	M.W.P.	 (2007).	Competitive	analysis	 for	dynamic	
multi‐period	uncapacitated	routing	problems,	Networks	49(4):	pp.	308–317.		

Beltrami,	 E.	 J.,	 and	 Bodin,	 L.	 D.	 (1974).	 Networks	 and	 Vehicle	 Routing	 for	 Municipal	 Waste	
Collection.	Networks	4:	pp.	9‐32.	

Berbeglia,	 G.,	 Cordeau,	 J.F.,	 and	 Laporte,	 G.	 (2010).	 Dynamic	 pickup	 and	 delivery	 problems,	
European	Journal	of	Operational	Research	202(1):	pp.	8–15.	

Campbell,	A.,	Clarke,	L.,	Kleywegt,	A.,	and	Savelsbergh,	M.	(1998).	Inventory	routing.	T.	Crainic,	G.	
Laporte,	eds.	Fleet	Management	and	Logistics.	Kluwer	Academic	Publishers,	Boston,	MA.		

Campbell,	A.M.,	and	Savelsbergh,	M.	(2004).	Efficient	insertion	heuristics	for	vehicle	routing	and	
scheduling	problems,	Transportation	Science	38:	pp.	369–378.	

Chalkias,	C.,	and	Lasaridi,	K.	(2009).	A	GIS	based	model	 for	the	optimisation	of	municipal	solid	
waste	collection:	 the	case	study	of	Nikea,	Athens,	Greece,	WSEAS	Transactions	on	Environment	
and	development	10(5):	pp.	640–650.		

Chang,	 N.B.,	 and	Wei,	 Y.	 (2002).	 Comparative	 study	 between	 the	 heuristic	 algorithm	 and	 the	
optimization	 technique	 for	 vehicle	 routing	 and	 scheduling	 in	 a	 solid	waste	 collection	 system.	
Civil	Engineering	and	Environmental	Systems	19(10):	pp.	41‐65.	

Chao,	I.M.,	Golden,	B.,	and	Wasil,	E.	(1995).	An	improved	heuristic	for	the	period	vehicle	routing	
problem,	Networks	26:	pp.	25–44.	

Cordeau,	 J.F.,	 Gendreau,	 M.,	 and	 Laporte,	 G.	 (1997).	 A	 tabu	 search	 heuristic	 for	 periodic	 and	
multi‐depot	vehicle	routing	problems,	Networks	30(2):	105–119.	

Dantzig,	 G.B.,	 and	 Ramser,	 J.H.	 (1959).	 The	 Truck	 Dispatching	 Problem.	Management	 Science	
6(1):	pp.	80–91.	

Francis,	 P.M.,	 Smilowitz,	 K.R.,	 and	 Tzur,	M.	 (2006).	 The	 Period	 Vehicle	 Routing	 Problem	with	
Service	Choice,	Transportation	Science	40(4),	pp.	439–454.	

Francis,	P.M.,	Smilowitz,	K.R.,	and	Tzur,	M.	 (2008).	The	period	vehicle	routing	problem	and	 its	
extensions.	 In:	 B.L.	 Golden,	 S.	 Raghavan	 and	 E.A.	Wasil,	 Editors,	The	Vehicle	Routing	Problem:	
Latest	Advances	and	New	Challenges,	Springer,	New	York,	pp.	73–102.	

Golden,	B.,	Assad,	A.,	and	Dahl,	R.	(1984).	Analysis	of	a	large	scale	vehicle	routing	problem	with	
an	inventory	component,	Large	Scale	Systems	7(2‐3),	pp.	181‐190.	



Golden,	B.,	Raghavan,	S.,	and	Wasil,	E.	(2008).	The	Vehicle	Routing	Problem:	Latest	Advances	and	
New	Challenges,	Springer,	New	York,	NY.	

Jaillet,	P.,	Huang,	L.,	Bard,	J.F.,	and	Dror,	M.	(1997).	A	rolling	horizon	framework	for	the	inventory	
routing	problem.	Working	paper,	University	of	Texas,	Austin,	TX.	

Johansson,	 O.M.	 (2006).	 The	 effect	 of	 dynamic	 scheduling	 and	 routing	 in	 a	 solid	 waste	
management	system,	Waste	Management	26(8):	pp.	875‐885.	

Jozefowiez,	 N.,	 Semet,	 F.,	 and	 Talbi,	 E.G.	 (2008).	 Multi‐objective	 vehicle	 routing	 problems,	
European	Journal	of	Operational	Research	189(2):	293–309.	

Karadimas,	N.	V.,	Papatzelou,	K.,	and	Loumos,	V.	G.	(2007).	Optimal	solid	waste	collection	routes	
identified	by	 the	ant	 colony	system	algorithm.	Waste	Management	&	Research	25(2):	pp.	139‐
147.		

Kim,	 B.I.,	 Kim,	 S.,	 and	 Sahoo,	 S.	 (2006).	 Waste	 collection	 vehicle	 routing	 problem	 with	 time	
windows.	Computers	and	Operations	Research	33(12):	pp.	3624‐3642.	

Lacomme,	P.,	Prins,	C.,	and	Sevaux,	M.	(2006).	A	genetic	algorithm	for	a	bi‐objective	capacitated	
arc	routing	problem,	Computers	&	Operations	Research	33(12):	pp.	3473–3493.	

Larsen,	A.,	Madsen,	O.B.G.,	and	Solomon,	M.M.	(2008).	Recent	developments	in	dynamic	vehicle	
routing	systems.	In:	B.L.	Golden,	S.	Raghavan	and	E.A.	Wasil,	Editors,	The	vehicle	routing	problem:	
latest	advances	and	new	challenges,	Springer,	New	York,	pp.	199–218.	

Law,	A.	(2007).	Simulation	Modeling	and	Analysis,	4th	Edition,	McGraw‐Hill,	New	York,	NY.	

McLeod,	 F.,	 and	 Cherrett,	 T.	 (2008).	 Quantifying	 the	 transport	 impacts	 of	 domestic	 waste	
collection	strategies,	Waste	Management	28(11),	pp.	2271‐2278.	

Mes,	 M.R.K.,	 Powell,	 W.B.,	 and	 Frazier,	 P.I.	 (2011).	 Hierarchical	 Knowledge	 Gradient	 for	
Sequential	Sampling.	Journal	of	Machine	Learning	Research	12,	pp.	2931‐2974.	

Mourgaya,	 M.,	 and	 Vanderbeck,	 F.	 (2007).	 Column	 generation	 based	 heuristic	 for	 tactical	
planning	in	multi‐period	vehicle	routing,	European	 Journal	of	Operational	Research	183(3):	pp.	
1028–1041.	

Newman,	 A.	 M.,	 Yano,	 C.	 A.,	 and	 Kaminsky,	 P.	 M.	 (2005).	 Third	 party	 logistics	 planning	 with	
routing	and	inventory	costs.	In	J.	Geunes	and	P.	M.	Pardalos,	editors,	Supply	Chain	Optimization.	
Springer,	New	York,	NY.	

Nuortio,	T.,	Kytöjoki,	J.,	Niska,	H.,	and	Bräysy,	O.	(2006).	Improved	route	planning	and	scheduling	
of	waste	collection	and	transport.	Expert	Systems	with	Applications	30(2):	pp.	223‐232.	

Pacheco,	 J.,	 and	Martí,	R.	 (2007).	Tabu	search	 for	a	multi‐objective	routing	problem,	 Journal	of	
the	Operational	Research	Society	57(1):	pp.	29–37.	

Plant	Simulation	(2011).	http://www.plm.automation.siemens.com/.	

Russell,	R.	A.,	and	Igo,	W.	(1979).	An	Assignment	Routing	Problem.	Networks	9:	pp.	1‐17.	



Tan,	K.C.,	Chew,	Y.H.,	and	Lee,	L.H.	(2006).	A	hybrid	multi‐objective	evolutionary	algorithm	for	
solving	 truck	 and	 trailer	 vehicle	 routing	 problems,	 European	 Journal	 of	Operational	 Research	
172(3):	pp.	855–885.	

Toth,	P.,	and	Vigo,	D.	(2001).	The	Vehicle	Routing	Problem,	SIAM,	Philadelphia,	PA.	



Working Papers Beta 2009 - 2012 
 
 
 
nr.  Year  Title                                                                Author(s) 

370 

 

 

369 

 

 

368 

 

 

367 

 

 

366 

 

 

365 

 

 

 

364 

 

 

 

363 

 

 

 

362 

 

 

 

361 

 

 

360 

 

 

359 

 

 

 

2012 

 

 

2012 

 

 

2012 

 

 

2011 

 

 

2011 

 

 

2011 

 

 

 

2011 

 

 

 

2011 

 

 

 

2011 

 

 

 

2011 

 

 

2011 

 

 

2011 

 

 

 

Using Simulation to Assess the Opportunities of 
Dynamic Waste Collection 

 

Aggregate overhaul and supply chain planning 
for rotables 

 

 

Operating Room Rescheduling 

 

 

Switching Transport Modes to Meet Voluntary 
Carbon Emission Targets 

 

On two-echelon inventory systems with Poisson 
demand and lost sales 

 

Minimizing the Waiting Time for Emergency 
Surgery 

 

 

Vehicle Routing Problem with Stochastic Travel 
Times Including Soft Time Windows and Service 
Costs 

 

A New Approximate Evaluation Method for Two-
Echelon Inventory Systems with Emergency 
Shipments 

 

 

Approximating Multi-Objective Time-Dependent 
Optimization Problems 

 

 

Branch and Cut and Price for the Time 
Dependent Vehicle Routing Problem with Time 
Window 

 

Analysis of an Assemble-to-Order System with 
Different Review Periods 

 

Interval Availability Analysis of a Two-Echelon, 
Multi-Item System 

 

 

Martijn Mes 

 

 

J. Arts, S.D. Flapper, K. Vernooij 

 

 

J.T. van Essen, J.L. Hurink, W. Hartholt, 

B.J. van den Akker 

 

Kristel M.R. Hoen, Tarkan Tan, Jan C. 
Fransoo, Geert-Jan van Houtum 

 

Elisa Alvarez, Matthieu van der Heijden 

 

 

J.T. van Essen, E.W. Hans, J.L. Hurink,  

A. Oversberg 

 

 

Duygu Tas, Nico Dellaert, Tom van 
Woensel, Ton de Kok 

 

 

Erhun Özkan, Geert-Jan van Houtum, 

Yasemin Serin 

 

 

Said Dabia, El-Ghazali Talbi, Tom Van 
Woensel, Ton de Kok 

 

 

Said Dabia, Stefan Röpke, Tom Van 
Woensel, Ton de Kok 

 

 

A.G. Karaarslan, G.P. Kiesmüller, A.G. de 
Kok 

 

Ahmad Al Hanbali, Matthieu van der 
Heijden 

 

 



358 

 

 

357 

 

 

356 

 

 

355 

 

 

354 

 

 

 

353 

 

 

352 

 

351 

 

350 

 

 

349 

 

 

348 

 

 

347 

 

 

 

346 

 

 

345 

 

344 

 

 

 

2011 

 

 

2011 

 

 

2011 

 

 

2011 

 

 

2011 

 

 

 

2011 

 

 

2011 

 

2011 

 

2011 

 

 

2011 

 

 

2011 

 

 

2011 

 

 

 

2011 

 

 

2011 

 

2011 

 

 

 

Carbon-Optimal and Carbon-Neutral Supply 
Chains 

 

Generic Planning and Control of Automated 
Material Handling Systems: Practical 
Requirements Versus Existing Theory 

 

Last time buy decisions for products sold under 
warranty 

 

Spatial concentration and location dynamics in 
logistics: the case of a Dutch provence 

 

 

Identification of Employment Concentration 
Areas 

 

 

BOMN 2.0 Execution Semantics Formalized as 
Graph Rewrite Rules: extended version 

 

Resource pooling and cost allocation among 
independent service providers 

 

A Framework for Business Innovation Directions 

 

The Road to a Business Process Architecture: 
An Overview of Approaches and their Use 

 

Effect of carbon emission regulations on 
transport mode selection under stochastic 
demand 

 

An improved MIP-based combinatorial approach 
for a multi-skill workforce scheduling problem 

 

An approximate approach for the joint problem 
of level of repair analysis and spare parts 
stocking 

 

Joint optimization of level of repair analysis and 
spare parts stocks 

 

Inventory control with manufacturing lead time 
flexibility 

 

Analysis of resource pooling games via a new 
extenstion of the Erlang loss function 

 

Felipe Caro, Charles J. Corbett, Tarkan 
Tan, Rob Zuidwijk 

 

Sameh Haneyah, Henk Zijm, Marco 
Schutten, Peter Schuur 

 

M. van der Heijden, B. Iskandar 

 

Frank P. van den Heuvel, Peter W. de 
Langen, Karel H. van Donselaar, Jan C. 
Fransoo 

 

 

Frank P. van den Heuvel, Peter W. de 
Langen, Karel H. van Donselaar, Jan C. 
Fransoo 

 

 

Pieter van Gorp, Remco Dijkman 

 

Frank Karsten, Marco Slikker, Geert-Jan 
van Houtum 

 

 

E. Lüftenegger, S. Angelov, P. Grefen 

 

Remco Dijkman, Irene Vanderfeesten, 
Hajo A. Reijers 

 

K.M.R. Hoen, T. Tan, J.C. Fransoo 

G.J. van Houtum 

 

 

Murat Firat, Cor Hurkens 

 

R.J.I. Basten, M.C. van der Heijden, 

J.M.J. Schutten 

 

 

R.J.I. Basten, M.C. van der Heijden, 
J.M.J. Schutten 

 

Ton G. de Kok 

 

Frank Karsten, Marco Slikker, Geert-Jan 
van Houtum 

 

 



343 

 

 

342 

 

 

 

341 

 

 

339 

 

 

 

338 

 

 

335 

 

 

334 

 

 

333 

 

 

332 

 

 

331 

 

 

330 

 

 

329 

 

 

328 

 

 

 

327 

 

 

2011 

 

 

2011 

 

 

 

2011 

 

 

2010 

 

 

 

2010 

 

 

2010 

 

 

2010 

 

 

2010 

 

 

2010 

 

 

2010 

 

 

2010 

 

 

2010 

 

 

2010 

 

 

 

2010 

 

 

Vehicle refueling with limited resources 

 

Optimal Inventory Policies with Non-stationary 
Supply Disruptions and Advance Supply 
Information 

 

 

Redundancy Optimization for Critical 
Components in High-Availability Capital Goods 

 

Analysis of a two-echelon inventory system with 
two supply modes 

 

 

Analysis of the dial-a-ride problem of Hunsaker 
and Savelsbergh 

 

Attaining stability in multi-skill workforce 
scheduling 

 

 

Flexible Heuristics Miner (FHM) 

 

 

An exact approach for relating recovering 
surgical patient workload to the master surgical 
schedule 

 

Efficiency evaluation for pooling resources in 
health care 

 

The Effect of Workload Constraints in 
Mathematical Programming Models for 
Production Planning 

 

Using pipeline information in a multi-echelon 
spare parts inventory system 

 

Reducing costs of repairable spare parts supply 
systems via dynamic scheduling 

 

Identification of Employment Concentration and 
Specialization Areas: Theory and Application 

 

 

A combinatorial approach to multi-skill workforce 
scheduling 

 

 

Murat Firat, C.A.J. Hurkens, Gerhard J. 
Woeginger 

 

Bilge Atasoy, Refik Güllü, TarkanTan 

 

 

 

Kurtulus Baris Öner, Alan Scheller-Wolf 

Geert-Jan van Houtum 

 

Joachim Arts, Gudrun Kiesmüller 

 

 

 

Murat Firat, Gerhard J. Woeginger 

 

 

Murat Firat, Cor Hurkens 

 

 

A.J.M.M. Weijters, J.T.S. Ribeiro 

 

 

P.T. Vanberkel, R.J. Boucherie, E.W. 
Hans, J.L. Hurink, W.A.M. van Lent, W.H. 
van Harten 

 

Peter T. Vanberkel, Richard J. Boucherie, 
Erwin W. Hans, Johann L. Hurink, Nelly 
Litvak 

 

M.M. Jansen, A.G. de Kok, I.J.B.F. Adan 

 

 

Christian Howard, Ingrid Reijnen, Johan 
Marklund, Tarkan Tan 

 

H.G.H. Tiemessen, G.J. van Houtum 

 

F.P. van den Heuvel, P.W. de Langen, 
K.H. van Donselaar, J.C. Fransoo 

 

 

Murat Firat, Cor Hurkens 

 

 

 



326 

 

 

 

325 

 

 

 

324 

 

 

323 

 

 

 

322 

 

 

 

321 

 

 

320 

 

 

319 

 

 

318 

 

 

317 

 

 

316 

 

 

315 

 

314 

 

 

313 

2010 

 

 

 

2010 

 

 

 

2010 

 

 

2010 

 

 

 

2010 

 

 

 

2010 

 

 

2010 

 

 

2010 

 

 

2010 

 

 

2010 

 

 

2010 

 

 

2010 

 

2010 

 

 

2010 

 

 

Stability in multi-skill workforce scheduling 

 

 

Maintenance spare parts planning and control: A 
framework for control and agenda for future 
research 

 

 

Near-optimal heuristics to set base stock levels 
in a two-echelon distribution network 

 

Inventory reduction in spare part networks by 
selective throughput time reduction 

 

 

The selective use of emergency shipments for 
service-contract differentiation 

 

 

Heuristics for Multi-Item Two-Echelon Spare 
Parts Inventory Control Problem with Batch 
Ordering in the Central Warehouse 

 

Preventing or escaping the suppression 
mechanism: intervention conditions 

 

Hospital admission planning to optimize major 
resources utilization under uncertainty 

 

Minimal Protocol Adaptors for Interacting 
Services 

 

Teaching Retail Operations in  Business and 

Engineering Schools 

 

Design for Availability: Creating Value for 
Manufacturers and Customers 

 

Transforming Process Models: executable 
rewrite rules versus a formalized Java program 

 

Getting trapped in the suppression of 
exploration: A simulation model  

 

A Dynamic Programming Approach to Multi-
Objective Time-Dependent Capacitated Single 
Vehicle Routing Problems with Time Windows 

Murat Firat, Cor Hurkens, Alexandre 
Laugier 

 

 

M.A. Driessen, J.J. Arts, G.J. v. Houtum, 
W.D. Rustenburg, B. Huisman 

 

 

R.J.I. Basten, G.J. van Houtum 

 

 

M.C. van der Heijden, E.M. Alvarez, 
J.M.J. Schutten 

 

 

E.M. Alvarez, M.C. van der Heijden, W.H. 
Zijm 

 

 

 

B. Walrave, K. v. Oorschot, A.G.L. 
Romme 

 

Nico Dellaert, Jully Jeunet. 

 

 

R. Seguel, R. Eshuis, P. Grefen. 

 

Tom Van Woensel, Marshall L. Fisher, 

Jan C. Fransoo. 

 

Lydie P.M. Smets, Geert-Jan van Houtum, 
Fred Langerak. 

 

 

Pieter van Gorp, Rik Eshuis. 

 

Bob Walrave, Kim E. van Oorschot, A. 
Georges L. Romme 

 

S. Dabia, T. van Woensel, A.G. de Kok 

 

 

 



2010 

312 2010 
Tales of a So(u)rcerer: Optimal Sourcing 
Decisions Under Alternative Capacitated 
Suppliers and General Cost Structures 

Osman Alp, Tarkan Tan 

311 2010 
In-store replenishment procedures for 
perishable inventory in a retail environment with 
handling costs and storage constraints 

R.A.C.M. Broekmeulen, C.H.M. Bakx 

310 2010 
The state of the art of innovation-driven 
business models in the financial services 
industry 

E. Lüftenegger, S. Angelov, E. van der 
Linden, P. Grefen 

309 2010 
Design of Complex Architectures Using a Three 
Dimension Approach: the CrossWork Case 

R. Seguel, P. Grefen, R. Eshuis 

308 2010 
Effect of carbon emission regulations on 
transport mode selection in supply chains 

K.M.R. Hoen, T. Tan, J.C. Fransoo, G.J. 
van Houtum 

307 2010 
Interaction between intelligent agent strategies 
for real-time transportation planning 

Martijn Mes, Matthieu van der Heijden, 
Peter Schuur 

306 2010 Internal Slackening Scoring Methods 
Marco Slikker, Peter Borm, René van den 
Brink 

305 2010 
Vehicle Routing with Traffic Congestion and 
Drivers' Driving and Working Rules 

A.L. Kok, E.W. Hans, J.M.J. Schutten, 
W.H.M. Zijm 

304 2010 
Practical extensions to the level of repair 
analysis 

R.J.I. Basten, M.C. van der Heijden, 
J.M.J. Schutten 

303 2010 
Ocean Container Transport: An Underestimated 
and Critical Link in Global Supply Chain 
Performance 

Jan C. Fransoo, Chung-Yee Lee 

302 2010 
Capacity reservation and utilization for a 
manufacturer with uncertain capacity and 
demand 

Y. Boulaksil; J.C. Fransoo; T. Tan 

300 2009 Spare parts inventory pooling games 
F.J.P. Karsten; M. Slikker; G.J. van 
Houtum 

299 2009 
Capacity flexibility allocation in an outsourced 
supply chain with reservation 

Y. Boulaksil, M. Grunow, J.C. Fransoo 

 

298 

 

2010 

 

An optimal approach for the joint problem of 
level of repair analysis and spare parts stocking 

 

R.J.I. Basten, M.C. van der Heijden, 
J.M.J. Schutten 

297 2009 
Responding to the Lehman Wave: Sales 
Forecasting and Supply Management during the 
Credit Crisis 

Robert Peels, Maximiliano Udenio, Jan C. 
Fransoo, Marcel Wolfs, Tom Hendrikx 

296 2009 
An exact approach for relating recovering 
surgical patient workload to the master surgical 
schedule 

Peter T. Vanberkel, Richard J. Boucherie, 
Erwin W. Hans, Johann L. Hurink, Wineke 
A.M. van Lent, Wim H. van Harten 

 

295 

 

2009 

 

An iterative method for the simultaneous 
optimization of repair decisions and spare parts 
stocks 

 

R.J.I. Basten, M.C. van der Heijden, 
J.M.J. Schutten 

294 2009 Fujaba hits the Wall(-e) 
Pieter van Gorp, Ruben Jubeh, Bernhard 
Grusie, Anne Keller 

293 2009 Implementation of a Healthcare Process in Four R.S. Mans, W.M.P. van der Aalst, N.C. 



Different Workflow Systems Russell, P.J.M. Bakker 

292 2009 
Business Process Model Repositories - 
Framework and Survey 

Zhiqiang Yan, Remco Dijkman, Paul 
Grefen 

291 2009 
Efficient Optimization of the Dual-Index Policy 
Using Markov Chains 

Joachim Arts, Marcel van Vuuren, Gudrun 
Kiesmuller 

290 2009 
Hierarchical Knowledge-Gradient for Sequential 
Sampling 

Martijn R.K. Mes; Warren B. Powell; Peter 
I. Frazier 

289 2009 
Analyzing combined vehicle routing and break 
scheduling from a distributed decision making 
perspective 

C.M. Meyer; A.L. Kok; H. Kopfer; J.M.J. 
Schutten 

288 2009 
Anticipation of lead time performance in Supply 
Chain Operations Planning 

Michiel Jansen; Ton G. de Kok; Jan C. 
Fransoo 

287 2009 
Inventory Models with Lateral Transshipments: 
A Review 

Colin Paterson; Gudrun Kiesmuller; Ruud 
Teunter; Kevin Glazebrook 

286 2009 
Efficiency evaluation for pooling resources in 
health care 

P.T. Vanberkel; R.J. Boucherie; E.W. 
Hans; J.L. Hurink; N. Litvak 

285 2009 
A Survey of Health Care Models that 
Encompass Multiple Departments 

P.T. Vanberkel; R.J. Boucherie; E.W. 
Hans; J.L. Hurink; N. Litvak 

284 2009 
Supporting Process Control in Business 
Collaborations 

S. Angelov; K. Vidyasankar; J. Vonk; P. 
Grefen 

283 2009 Inventory Control with Partial Batch Ordering O. Alp; W.T. Huh; T. Tan 

282 2009 
Translating Safe Petri Nets to Statecharts in a 
Structure-Preserving Way 

R. Eshuis 

281 2009 
The link between product data model and 
process model 

J.J.C.L. Vogelaar; H.A. Reijers 

280 2009 
Inventory planning for spare parts networks with 
delivery time requirements 

I.C. Reijnen; T. Tan; G.J. van Houtum 

279 2009 
Co-Evolution of Demand and Supply under 
Competition 

B. Vermeulen; A.G. de Kok 

 

 

278 

 

 

 

277 

 

 

2010 

 

 

 

2009 

 

Toward Meso-level Product-Market Network 
Indices for Strategic Product Selection and 
(Re)Design Guidelines over the Product Life-
Cycle 

 

An Efficient Method to Construct Minimal 
Protocol Adaptors 

B. Vermeulen, A.G. de Kok 

 

 

 

R. Seguel, R. Eshuis, P. Grefen 

276 2009 
Coordinating Supply Chains: a Bilevel 
Programming Approach 

Ton G. de Kok, Gabriella Muratore 

275 2009 
Inventory redistribution for fashion products 
under demand parameter update 

G.P. Kiesmuller, S. Minner 

274 2009 
Comparing Markov chains: Combining 
aggregation and precedence relations applied to 
sets of states 

A. Busic, I.M.H. Vliegen, A. Scheller-Wolf 

273 2009 
Separate tools or tool kits: an exploratory study 
of engineers' preferences 

I.M.H. Vliegen, P.A.M. Kleingeld, G.J. van 
Houtum 

    



272 2009 An Exact Solution Procedure for Multi-Item Two-
Echelon Spare Parts Inventory Control Problem 
with Batch Ordering 

Engin Topan, Z. Pelin Bayindir, Tarkan 
Tan 

271 2009 
Distributed Decision Making in Combined 
Vehicle Routing and Break Scheduling 

C.M. Meyer, H. Kopfer, A.L. Kok, M. 
Schutten 

270 2009 
Dynamic Programming Algorithm for the Vehicle 
Routing Problem with Time Windows and EC 
Social Legislation 

A.L. Kok, C.M. Meyer, H. Kopfer, J.M.J. 
Schutten 

269 2009 
Similarity of Business Process Models: Metics 
and Evaluation 

Remco Dijkman, Marlon Dumas, 
Boudewijn van Dongen, Reina Kaarik, Jan 
Mendling 

267 2009 
Vehicle routing under time-dependent travel 
times: the impact of congestion avoidance 

A.L. Kok, E.W. Hans, J.M.J. Schutten 

266 2009 
Restricted dynamic programming: a flexible 
framework for solving realistic VRPs 

J. Gromicho; J.J. van Hoorn; A.L. Kok; 
J.M.J. Schutten;  

 
 
 
Working Papers published before 2009 see: http://beta.ieis.tue.nl 
 


	Voorblad WP 370
	Beta_wp370
	Working Papers Beta

