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A B S T R A C T	   A R T I C L E   I N F O	

Perishable	products	generally	have	a	short	shelf	 life,	and	the	freshness	often	
depends	 on	 the	 postharvest	 time.	 The	 freshness	 of	 perishable	 products	 can	
ensure	better	customer	satisfaction.	Owing	to	the	deterioration	of	perishable	
goods,	 the	 complexity	 of	 the	 corresponding	 vehicle	 routing	 problem	 (VRP)	
increases,	because	time	delay	will	 lead	to	serious	costs.	In	this	study,	we	are	
concerned	with	not	only	 time‐sensitive	 spoilage	 rates	with	mixed	 time	win‐
dows,	 but	 also	 the	delay	 costs	 in	 delivering	perishable	 products.	 This	 study	
proposes	a	multi‐objective	VRP	optimization	model	with	mixed	time	windows	
and	 perishability	 (MO‐VRPMTW‐P)	 to	 minimize	 the	 distribution	 costs	 and	
maximize	 the	 freshness	 of	 perishable	 products.	 Then,	 in	 view	 of	 the	 fresh	
products	orders	space	and	time	characteristics,	we	propose	a	heuristic	algo‐
rithm	 (ST‐VNSGA)	 composed	 of	 a	 variable	 neighbourhood	 search	 (VNS)	
method	 and	 a	 genetic	 algorithm	 (GA)	 considering	 the	 spatio‐temporal	 (ST)	
distance	 to	 solve	 the	 complex	 multi‐objective	 problem.	 The	 solution	 algo‐
rithms	are	evaluated	 through	a	series	of	experiments.	We	 illustrate	 the	per‐
formance	and	efficiency	comparisons	of	ST‐VNSGA	with	the	method	without	
spatio‐temporal	strategy	algorithm	and	NSGA‐II	algorithm.	It	is	demonstrated	
that	 the	proposed	ST‐VNSGA	algorithm	can	 lead	to	a	substantial	decrease	 in	
the	 computation	 time	 and	 major	 improvements	 in	 solutions	 quality,	 thus	
revealing	 the	 efficiency	 of	 considering	 the	 spatio‐temporal	 strategy	 with	
mixed	time	windows.	
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1. Introduction 

The	distribution	of	perishable	products	 can	be	 abstracted	as	 a	 vehicle	 routing	problem	 (VRP)	
[1].	It	has	been	recognized	that	managing	perishable	products	distribution,	such	as	the	distribu‐
tion	of	vegetables,	milk,	meat,	and	flowers,	is	a	difficult	problem	[2].	Perishable	products	gener‐
ally	have	a	short	lifecycle,	and	the	value	or	quality	of	perishable	products	decreases	rapidly	once	
they	are	produced,	they	will	continue	to	decay	while	being	delivered	[3].	The	life	of	perishable	
products	depends	on	time.	However,	perishable	products	freshness	affects	customer	satisfaction	
[4].	Owing	to	deterioration	of	perishable	goods,	distributors	are	increasingly	adopting	delivery	
strategies	to	fulfil	 their	orders.	Timely	delivery	of	perishable	 food	affects	not	only	the	delivery	
operator’s	 cost	 [5],	 but	 also	 the	 satisfaction	of	 customers.	 Furthermore,	with	 the	 recent	 rapid	
development	in	fresh	e‐commerce,	the	characteristics	of	orders	tend	to	be	of	smaller	lot‐size	and	
higher	frequency,	which	has	increased	the	complexity	of	distribution	problems.	
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However,	traditional	production	scheduling	focuses	on	minimizing	the	transportation	cost	of	
perishable	goods	without	explicitly	considering	the	time‐sensitive	freshness	of	perishable	prod‐
ucts	and	the	serious	delay	costs	in	mixed	time	windows	[6‐9].	In	particular,	in	fresh	e‐commerce,	
the	delivery	of	perishable	products	is	different	from	traditional	transportation,	and	creates	new	
challenges.	In	the	literature	concerned	explicitly	with	freshness,	Chen	et	al.	[10]	proposed	a	non‐
linear	mathematical	model	 to	 consider	VRP	with	 time	windows	 (VRPTW)	 for	 perishable	 food	
products.	The	objective	of	this	model	was	to	maximize	the	expected	total	profit	of	the	supplier.	
Osvald	and	Stirn	[11]	formulated	a	VRPTW	with	time‐dependent	travel‐times	(VRPTWTD).	The	
model	considered	the	impact	of	perishability	as	part	of	the	overall	distribution	costs.	Hsu	et	al.	
[12]	 focused	on	 the	 randomness	of	 the	perishable	 food	delivery	process	 and	presented	 a	 sto‐
chastic	 VRPTW	model	 to	 obtain	 optimal	 delivery	 routes.	 These	 papers	mainly	 considered	 the	
impact	of	perishability	affects	 the	overall	distribution	costs,	however,	 they	didn’t	 take	 into	ac‐
count	customer	satisfaction	with	regard	to	freshness.	

Some	scholars	 [13‐19]	researched	perishable	products	 from	the	supply	chain	network	per‐
spective.	For	example,	Amorim	et	al.	[15]	explored	a	multi‐objective	framework	that	integrated	
production	and	distribution	perishable	goods	planning	problems.	However,	most	 studies	have	
concentrated	 on	 conventional	 VRPs,	 paying	 little	 attention	 to	 designing	 an	 effective	 method	
combined	with	time‐sensitive	freshness	and	delay	costs	for	the	multi‐objective	perishable	good	
distribution	 problem.	Meanwhile,	 different	 fresh	 delivery	 orders	 have	 specific	 space	 and	 time	
characteristics.	It	is	therefore	critical	to	design	an	effective	and	efficient	delivery	method	so	that	
the	supplier	can	ensure	the	freshest	products	are	delivered	in	a	cost‐effective	and	timely	manner. 

In	this	study,	we	both	consider	vehicle	time‐dependent	travel	and	perishable	products	fresh‐
ness	under	mixed	time	window	constraints,	where	freshness	has	a	minimum	level	that	the	cus‐
tomer	can	accept.	We	establish	a	multi‐objective	VRP	optimization	model	with	mixed	time	win‐
dows	and	perishability	 (MO‐VRPMTW‐P)	 to	minimize	 the	distribution	costs	and	maximize	 the	
freshness	of	perishable	products.	We	consider	the	time‐sensitive	freshness	of	perishable	prod‐
ucts,	and	the	high	serious	delay	cost	in	mixed	time	windows.	Thus,	a	company	can	reduce	costs	
and	achieve	a	higher	level	of	customer	satisfaction	with	regard	to	freshness.	Previous	algorithms	
mainly	considered	the	customer	spatial	 location	relationships,	but	did	not	take	time	and	space	
characteristics	constraints	 into	account.	Then,	considering	 the	obvious	space	and	 time	charac‐
teristics	 of	 the	 fresh	 food	distribution	 task,	we	design	 a	heuristic	 algorithm	 (ST‐VNSGA)	 com‐
posed	of	a	local	variable	neighbourhood	search	algorithm	(VNS)	and	a	global	genetic	algorithm	
(GA)	that	considers	spatio‐temporal	distance	to	solve	this	multi‐objective	problem,	hence,	pro‐
vide	the	decision	maker	with	a	whole	set	of	equally	efficient	solutions.	

The	remainder	of	this	paper	is	organized	as	follows.	In	Section	2,	we	establish	an	optimiza‐
tion	model	to	minimize	the	total	costs	and	maximize	the	freshness	of	the	products	with	mixed	
time	windows.	The	solution	of	the	model	and	a	suitable	algorithm	are	presented	in	Section	3.	In	
Section	4,	several	examples	are	tested	to	verify	the	effectiveness	and	efficiency	of	the	proposed	
model	and	algorithms	for	MO‐VRPMTW‐P.	Finally,	the	paper	concludes	with	a	summary	and	an	
outlook	on	further	research	topics	in	Section	5.	

2. Problem statement and mathematical model 

2.1 Problem statement 

A	perishable	product	distribution	network	is	a	complex	system	that	presents	many	challenges.	
We	propose	a	mathematical	model	the	MO‐VRPMTW‐P	that	considers	the	time‐sensitive	spoil‐
age	rates	of	perishable	products,	aiming	at	achieving	the	following	objectives:	

 Minimum	 total	 costs,	 which	 contain	 fixed	 costs,	 transportation	 costs,	 damage	 costs	 and	
penalty	costs;	

 Maximum	the	freshness	of	perishable	products.	

We	assume	that	the	distribution	system	includes	a	distribution	centre	and	multiple	custom‐
ers.	 All	 vehicles	must	 leave	 and	 return	 to	 the	 distribution	 centre.	 The	 distribution	 centre	 has	
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sufficient	capacity	to	complete	all	tasks.	The	transportation	costs	between	the	customers	depend	
on	travel	distance.	Each	vehicle	can	travel	at	most	one	route	per	time	period.	Each	customer	can	
be	served	by	only	one	vehicle.	The	demand	and	time	window	of	the	customers	are	known.	These	
perishable	products	need	to	be	sent	to	customers.	If	not,	this	usually	means	higher	costs	for	the	
operator,	who	must	pay	a	penalty	for	the	loss.	We	consider	only	the	transit	time,	ignoring	load‐
ing	and	unloading	time.	Each	vehicle	has	a	capacity	constraint.	

2.2 Mathematical model 

The	optimization	model	for	the	MO‐VRPMTW‐P	is	presented	to	analysis	the	proposed	problem.	
The	parameters	and	variables	of	the	models	are	defined	in	Table	1.	Table	2	shows	the	list	of	ab‐
breviations.	

Table	1	The	parameters	and	variables	of	the	models	
Parameters	 Explanation	of	the	parameters	

	 A	set	of	customer	notes, | 1,2, … , | | represents	customers	
	 A	set	of	depot	and	customer	notes, | 1,2, … , | | , 0 represents	depot	
	 A	set	of	vehicles,	 | 1,2, … , | |
, 	 	and	 	are	the	starting	and	ending	time	of	the	time	window	at	customer	 ,	respectively,	 ∈ 	
	 The	maximum	capacity	of	the	vehicle	
	 The	distance	between	node	 	and	node	j,	 , ∈ , 	

	 The	demand	of	the	customer	 	that	vehicle	 	service, ∈ 	
	 The	minimum	freshness	level	that	the	customer	can	accept	
	 The	life	cycle	of	perishable	products	
	 The	speed	of	vehicle	 	
f	 The	unit	fixed	costs	of	the	vehicle	
	 The	average	cost	of	travelling	
	 Binary	that	takes	the	value	1	if	customer	 	is	assigned	to	vehicle	 	
	 The	transportation	time	between	node	i	and	node	 ,	 , ∈ ,	 	

	 The	time	vehicle	 	arrives	at	customer	i,	 ∈ 	
	 The	perishable	product	freshness	level	when	customer	 	is	serviced	by	vehicle	k	
	 Binary	that	takes	the	value	1	if	vehicle	k	transports	between	node	i	and	node	 .	 , 1,2, … , 	

	
Table	2	The	list	of	abbreviations	

Abbreviation	 Full	names	
MO‐VRPMTW‐P	 A	multi‐objective	VRP	optimization	model	with	mixed	time	windows	and	perishability	

ST‐VNSGA	 A	 heuristic	 algorithm	 composed	 of	 a	 local	 variable	 neighbourhood	 search	 algorithm	 and	 a	
global	genetic	algorithm	that	considers	spatio‐temporal	distance		

VNSGA	 A	 heuristic	 algorithm	 composed	 of	 a	 local	 variable	 neighbourhood	 search	 algorithm	 and	 a	
global	genetic	algorithm	

ST‐NSGA‐II	 A	heuristic	algorithm	that	NSGA‐II	algorithm	considers	spatio‐temporal	distance	

Analysis	of	objective	functions	

The	total	costs	 	are	composed	of	fixed	costs	 ,	transportation	costs	 ,	damage	costs	 ,	and	
penalty	 costs	 .	 To	 describe	 the	 characteristics	 of	 perishable	 products,	 we	 cite	 the	 freshness	
factor	from	the	literature	[20].	The	objectives	specific	expressions	are	described	as	follows:	

 Fixed	costs	and	transportation	costs	

The	vehicle	fixed	costs	 	generally	include	the	depreciation	costs,	maintenance	costs,	and	so	on.	
Transportation	costs	 	depend	on	the	distance	vehicle	travelled.	They	are	expressed	as	below:	
	

∈∈ \

	 (1)

∈, ∈

	 (2)
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 Damage	costs	

The	loss	of	quality	in	the	transportation	of	the	perishable	products	is	a	significant	cost	for	com‐
panies.	The	product	quality	decay	influences	network	designs	[21‐22].	We	select	perishable	milk	
as	the	main	study	object.	The	goods	have	specific	time	storage	characteristics.	The	rate	of	cor‐
ruption	 is	mainly	exponential	with	 time	 [20,	23‐25],	 ,	where	 	is	 the	 freshness	of	per‐
ishable	product	quality,	and	ϕ	is	the	shrinkage	factor,	which	is	related	to	the	type	of	goods.	If	the	
goods	are	sensitive	to	time,	the	value	is	relatively	small;	otherwise,	the	value	is	large.	The	expo‐
nential	damage	percentage	changes	over	time.	

Thus,	the	perishable	product	damage	costs	can	be	expressed	as:	
	

1
∈∈

	 (3)
	
	represents	the	unit	value	of	the	perishable	products.	 	is	the	freshness	of	customer	 ,	the	

calculation	expressions	are:	 .	 	is	the	start	time	of	vehicle	 	from	the	distri‐
bution	centre,	 1,2, … , | |.	

 Mixed	time	window	penalty	costs	

To	improve	the	quality	of	distribution	services,	customers	require	the	distributor	arrives	within	
specified	time	windows;	if	not,	they	need	to	pay	the	corresponding	wait	or	delay	costs.	The	qual‐
ity	of	fresh	goods	is	sensitive	to	time.	Any	vehicle	that	arrives	early	has	to	wait	until	the	begin‐
ning	of	the	time	windows.	Any	vehicle	that	arrives	late	will	incur	a	penalty,	and	the	delay	costs	of	
damaged	goods	are	 serious.	Therefore,	 this	 study	uses	mixed	 time	windows	 to	measure	 fresh	
good	distribution	penalty	costs.	Thus,	the	penalty	function	can	be	shown	in	the	formula:	
	

						 0

												 ,

	

	

(4)

	represents	penalty	costs	if	vehicle	 	transgresses	the	time	window	of	customer	 .	The	
lower	bound	 	represents	the	earliest	arrival	time	that	a	customer	can	endure	when	a	service	
starts	earlier	than	 .	Similarly,	the	upper	bound	 	represents	the	latest	arrival	time	that	the	
customer	can	endure	when	the	service	starts	later	than	 .	Here,	 	represents	the	penalty	coef‐
ficient	that	is	within	the	actual	time	but	earlier	than	the	optimal	satisfactory	time	and	 	repre‐
sents	the	penalty	coefficient	that	is	within	the	actual	time	but	later	than	the	optimal	satisfactory	
time.	 1,	 1.	The	corresponding	penalty	function	is	shown	in	Fig.1.	
	

ieT iET iLT ilT

( )ik i ikq ET s 

ikq

( )ik ik iq s LT 

	
Fig.	1	Relationship	between	arrival	time,	time‐windows	and	penalty	cost	

 Average	freshness	

The	products	average	freshness	is	related	to	the	quality	and	freshness	factor.	Thus,	the	average	
freshness	is	defined	as:	

∈∈

	 (5)
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Then,	the	mathematical	model	MO‐VRPMTW‐P	can	be	given	as	follows.	Objective	functions:	

∈∈ \ ∈, ∈ ∈

1

∈

	
(6)

∈∈

	 (7)

	
Constraint	conditions:	
	

∈∈

	 (8)

∈ ∈

1, ∀ ∈ 	 (9)

∈∈

, ∀ ∈ 	 (10)

∈∈

1, ∀ ∈ 	 (11)

∈∈

1, ∀ ∈ 	 (12)

, ∀ ∈ , ∈ 	 (13)

, ∀ ∈ 	 (14)

⁄ , ∀ , ∈ , ∈ 	 (15)

∈ 0,1 , , ∈ , ∈ 	 (16)
	

In	the	first	objective	function	Eq.	6,	total	costs	are	minimized,	namely:	the	fixed	costs,	trans‐
portation	costs,	damage	costs,	and	penalty	costs.	In	the	second	objective	function	Eq.	7,	the	aver‐
age	remaining	freshness	of	products	to	be	delivered	is	maximized.	Eq.	8	is	the	number	of	vehi‐
cles	constraint.	Eq.	9	states	that	each	vehicle	should	leave	and	return	to	distribution	centre.	Eq.	
10	is	a	vehicle	capacity	constraint.	Eqs.	11	and	12	represent	that	each	customer	should	be	ser‐
viced,	and	each	can	only	be	serviced	once	time.	Specially,	Eq.13	defines	freshness	function	of	the	
perishable	products,	and	Eq.	14	ensures	the	lowest	level	of	freshness	that	the	customer	can	ac‐
cept.	Eq.15	defines	the	time	that	vehicle	 	takes	from	leaving	customer	i	to	arrival	at	customer	 .	
Eq.	16	represents	that	vehicle	 	serves	customer	 	before	customer	 .	

3. Used methods 

The	MO‐VRPMTW‐P	problem	is	an	NP‐hard	problem.	Multiple	objectives	need	to	be	optimized	at	
the	same	time.	In	the	combination	optimization	problem,	GA	is	an	efficient	global	optimal	algo‐
rithm	and	VNS	is	an	efficient	local	search	algorithm.	In	this	work,	we	combine	the	improved	GA	
with	 the	VNS	 algorithm.	 Traditional	 algorithms	mainly	 consider	 the	 customer	 spatial	 location	
relationship;	however,	 they	rarely	 take	orders	 the	 time	and	space	characteristic	constraints	of	
orders	into	consideration.	Since	the	orders	have	obvious	ST	characteristics,	we	use	the	k‐means	
method	to	cluster	the	nodes	to	obtain	the	initial	solution	considering	the	ST	strategy	in	the	first	
stage.	Then,	in	the	second	stage,	we	adopt	VNSGA	to	optimize	the	distribution	route.	
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3.1 Generate initial solution 

Calculating	spatio‐temporal	distance	

In	the	process	of	delivery,	each	perishable	order	has	a	corresponding	demand.	Considering	or‐
ders	with	spatio‐temporal	distance	may	solve	the	problem	more	effectively	than	just	considering	
the	distance.	So,	we	use	the	definition	of	ST	distance	from	the	literature	[26]	to	cluster	orders.	

Use	 	to	denote	the	ST	distance.	 ,	 	represent	the	Euclidean	distance	and	temporal	dis‐
tance	between	customer	 	and	 ,	respectively.	The	transportation	time	of	the	points	is	related	to	
the	 Euclidean	 distance,	 which	 means	 .	 Here,	 , 	and	 , 	are	 the	 time	 windows	 of	
customer	 	and	 ,	 the	 specific	 arrival	 time	 at	 customer	 	is	 ∈ , ,	 a ,	 b .	
Use	 	to	 denote	 the	 saved	 time	 when	 vehicle	 arrives	 at	 customer	 	at	 the	 moment	 .	
Here,	 	is	the	maximum	window,	and	 ,	 ,	 	are	parameters	related	to	time.	
	

			 	 (17)

A	greater	 	means	a	smaller	spatial	distance.	 	is	defined	as:	

∈ , 	 (18)
	

Temporal	distance	 	is	defined	as:	

⁄

	
	 ,

	 ,
	 	 , ,

	 , ,

⁄
	 ,

,
	

(19)

	
We	take	the	maximum	distance	as	the	temporal	distance.	

max , 	 (20)

The	 ST	 distance	 	is	 related	 to	 	and	 .	 	,	 	are	 the	 	and	 	weight	 coefficients,	
respectively.	 1.	The	ST	distance	can	be	expressed	as	follow:	
`	

min
, ∈ ,

max
, ∈ ,

min
, ∈

min
, ∈

max
, ∈ ,

min
, ∈

				 (21)

	
Construct	initial	solution	

After	the	calculation	of	the	ST	distance,	we	apply	k‐means	method	to	cluster	the	orders	and	con‐
struct	 initial	solution.	Here,	 	is	 the	number	of	vehicles.	The	orders	are	divided	 into	 	clusters,	
and	the	clustering	centre	 , , … 	of	each	cluster	is	 .	The	cluster	 	is	defined	as	follow:	

∈ ⁄

	 (22)

∑ ⁄∈ .	∑ 	represents	 the	 total	 demand	 of	 the	 largest	 distribution	 order,	 and	
D i, 	represents	the	distance	of	the	sub‐order	 	to	the	cluster	centre	 .		
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3.2 Optimization solution based on VNSGA 

We	combine	the	 improved	GA	and	the	VNS	to	solve	the	multi‐objective	problem.	Owing	to	the	
different	mechanisms	used	 in	population	search	and	 local	search,	we	use	 two	different	 fitness	
functions	in	the	selection	operations.	We	apply	non‐dominance	ranking	and	crowding	distance	
sorting	in	the	NSGA‐II	method	as	a	global	strategy	and	adopt	an	external	archive	to	maintain	the	
process	of	evolution.	Then,	VNS	realizes	the	dynamic	search.	The	flow	chart	is	shown	in	Fig.	2.	
	

	
Fig.	2	Flowchart	of	the	solution	algorithm	

	

Fitness	function	

We	adopt	two	different	fitness	functions	in	population	and	local	search	operation	selection.		
First,	 in	 the	 population	 selection	 operation,	 we	 propose	 the	 ranking	 and	 crowding	 degree	

method	based	on	the	Pareto	dominance.	 	is	the	population	selection	fitness.	Use	 	
to	denote	 the	relationship	of	Pareto	dominance,	 	indicates	 that	 	dominates	
.	The	crowding	distance	 is	 .	The	 first	keyword	 is	ascending	 in	a	par‐
ticular	order	and	the	second	key	sort	is	descending	according	to	the	crowding	distance.	
	

, 	 (23)
	

Second,	 in	 the	 local	 search	 selection	 operation,	we	 select	 a	 better	 solution	 from	 the	neigh‐
bourhood.	 	is	the	number	of	solutions	x	dominated.	 	is	the	number	of	solutions	 	dom‐
inate	in	storage	pool.	 	is	the	local	search	selection	operation	fitness.	
	

1
1

	 (24)
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4. Results and discussion 

4.1 Data description 

In	this	section,	we	use	numerical	experiments	to	demonstrate	the	efficiency	and	advantages	of	
applying	our	heuristic	algorithm.	We	adopt	the	instances	developed	by	Solomon	for	VRPTW.	Six	
different	instance	types	are	considered:	R1,	R2,	C1,	C2,	RC1,	and	RC2.		

Suppose	 the	 distributed	 perishable	 product	 is	milk.	 Set	 the	 shrinkage	 factor	 as	 1/200.	
1.5,	 1.5,	 0.5,	 0.5.	These	experiments	were	performed	on	a	personal	computer	

with	 Intel®	CoreTM	i5‐4460	CPU	at	2.40	GHz	and	8.00	GB	of	RAM.	The	computation	run	 time	
unit	is	seconds.	The	stopping	criterion	is	set	to	 300.	The	parameters	are	listed	in	Table	3.	
	

Table	3	Parameters	of	the	experiments.	
Parameter	 Meaning Value	

	 			
		
		
		
		
	

   
	

The	speed	of	the	vehicle	(km/h)
The	lifecycle	of	the	perishable	product	(h)	
The	unit	fixed	costs	per	of	the	vehicle	(yuan)	
The	maximum	capacity	of	the	vehicle	(kg)	
The	average	cost	of	travelling	(yuan/km)		
The	minimum	freshness	level	that	the	customer	can	accept	
The	unit	value	of	the	perishable	products(yuan/kg)	
A	set	of	vehicles 

30	
24	
50	
300	
2.5	
0.75	
30	
50	

4.2 Effectiveness of considering spatio‐temporal distance 

Consider	the	time	and	space	characteristics	of	the	order,	we	propose	a	method	based	on	the	spa‐
tio‐temporal	metrics	 to	 verify	 the	 strategy	of	 spatio‐temporal	distance.	We	define	 the	method	
that	considers	the	customer	spatio‐temporal	location	relationship	as	ST‐VNSGA	and	the	method	
that	does	not	consider	the	customer	spatial	location	as	VNSGA.	Comparison	results	between	ST‐
VNSGA	and	VNSGA	are	given	in	Table	4.	
	

Table	4	Comparison	results	between	ST‐VNSGA	and	VNSGA	
	

Case	
ST‐VNSGA	 	 VNSGA	 	 Gap	

Time	 Cost	 Freshness	 	 Time	 Cost	 Freshness	 	 Time	 Cost	 Freshness	
(s)	 (yuan)	 (%)	 	 (s)	 (yuan)	 (%)	 	 (%)	 (%)	 (%)	

R101_25	 43	 771.58	 93.4	 	 73	 791.24	 92.1	 	 41.10	 2.48	 1.41	
R101_50	 79	 1403.31	 91.7	 	 144	 1449.73	 88.6	 	 45.14	 3.20	 3.50	
R101_100	 127	 2649.43	 88.1	 	 278	 2784.37	 85.7	 	 54.31	 4.84	 2.80	
C101_25	 22	 185.36	 94.5	 	 26	 191.11	 92.9	 	 15.38	 3.00	 1.72	
C101_50	 44	 367.98	 92.8	 	 54	 379.45	 91.7	 	 18.52	 3.02	 1.20	
C101_100	 79	 730.91	 92.3	 	 99	 758.69	 90.0	 	 20.2	 3.66	 2.56	
RC101_25	 29	 799.72	 93.3	 	 49	 819.43	 91.6	 	 40.82	 2.41	 1.86	
RC101_50	 52	 1360.98	 91.4	 	 94	 1398.21	 89.0	 	 44.68	 2.66	 2.70	
RC101_100	 91	 2556.67	 87.5	 	 189	 2678.85	 84.9	 	 51.85	 4.56	 3.06	

	

	
Fig.	3	Time	optimization	rate	with	the	spatio‐temporal	strategy	
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Fig.	4	R	class	case	objectives	ratio																																									Fig.	5 C	class	case	objectives	ratio	

	

	
Fig.	6	RC	class	case	objectives	ratio	

	

Table	4	lists	the	computation	results	of	ST‐VNSGA	and	VNSGA	with	regard	to	run	time,	cost	
and	 freshness,	as	well	as	 the	optimization	gap.	Fig.	3	displays	 the	optimization	rate	of	 the	run	
time	with	regard	to	R,	C,	and	RC	classes.	As	can	be	seen	 from	Table	4,	ST‐VNSGA	can	obtain	a	
better	 solution	 in	 less	 time	 compared	 to	 VNSGA.	 For	 example,	 the	 ST‐VNSGA	 run	 times	 of	
R101_25,	R101_50,	and	R101_100	are	43,	79,	and	127,	respectively.	The	VNSGA	run	times	are	
73,	144,	and	278,	and	the	 improvement	rates	of	 run	time	are	41.10	%,	45.14	%,	and	54.31	%,	
respectively.	The	ST	strategy	can	add	the	customer	to	the	path	where	the	distance	is	as	close	to	
the	customer	as	possible.	Thus,	the	ST	strategy	can	both	effectively	reduce	the	search	scope	and	
reach	a	better	solution	faster.	

Fig.	4	shows	R	class	optimization	rate	in	cost	and	freshness.	Similarly,	Fig.	5,	Fig.	6	show	the	
results	for	the	C	class	and	RC	class,	respectively.	Conclude	from	Table	4	and	Figs.	4–6	,	the	cost	
and	 freshness	 of	 ST‐VNSGA‐P	 are	 also	 optimized	 to	 some	 extent;	 for	 example,	 the	 cost	 of	
R101_100	reduces	to	4.84	%	and	the	freshness	of	RC101_100	increases	to	3.06	%,	which	proves	
that	the	considered	spatio‐temporal	approach	has	certain	guiding	significance.	

At	the	same	time,	Table	4	and	Fig.	3	indicate	that	the	proposed	algorithm	run	time	is	reduced	
greatly	compared	to	VNSGA,	especially	in	R	and	RC	problems,	where	the	run	time	is	reduced	by	
more	than	50	%.	R	class	problem	optimization	rates	are	41.10	%,	45.14	%,	and	54.31	%,	RC	class	
problem	 optimization	 rates	 are	 40.82	 %,	 44.68	 %,	 and	 51.85	 %,	 respectively.	 The	 customer	
points	 in	 C	 class	 almost	 appear	 as	 an	 aggregated	 distribution.	 The	 improvement	 in	 spatio‐
temporal	distance	is	not	obvious.	However,	the	points	in	R	and	RC	class	randomly	spread,	so	the	
efficiency	of	ST‐VNSGA	solution	significantly	improved.	Thus,	the	strategy	proposed	in	this	study	
is	more	suitable	for	the	optimization	of	the	disperse	region.	

Meanwhile,	we	can	see	from	Fig.	3	that	considering	spatio‐temporal	distance	has	good	poten‐
tial	 in	solving	large‐scale	VRPs.	For	example,	RC	class	problem	run	time	optimization	rates	are	
40.82	%,	44.68	%,	and	51.85	%,	all	successively	increasing.	Therefore,	the	ST	strategy	optimizes	
obviously	effect	on	large‐scale	VRPs.	

To	validate	 the	ST	strategy	optimization	effect	on	the	 fresh	product	distribution	model	and	
algorithm,	we	compared	without	ST	strategy	 (VNSGA)	with	ST‐VNSGA	 in	different	order	envi‐
ronments.	Six	numerical	examples	were	created	for	testing.	The	impact	of	the	ST	strategy	on	run	
time	and	objective	values	is	listed	in	Table	5.	

As	 indicated	by	Table	 5,	 comparing	 the	 run	 time	 rate	R101_100	 (54.31	%)	with	R201_100	
(46.15	 %),	 C101_100	 (20.2	 %)	 with	 C201_100	 (15.46	 %),	 and	 RC101_100	 (51.85	 %)	 with	
RC201_100	(42.15	%),	ST‐VNSGA	excels	VNSGA	algorithm	 in	run	 time	optimization,	especially	
with	the	narrow	time	windows.	In	VNSGA,	clustering	and	optimization	proceed	at	the	same	time.	
ST‐VNSGA	optimizes	 the	 procedure	 after	 clusters.	 The	 strict	 time	window	 constraint	 interfer‐
ences	the	progress	clustering.	The	larger	time	windows	are,	the	constraints	are	smaller.	
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Table	5	Comparison	results	of	different	orders	environment	
	

Case	
ST‐VNSGA	 	 VNSGA	 	 Gap	

Time	 Cost	 Freshness	 	 Time	 Cost	 Freshness	 	 Time	 Cost	 Freshness	
(s)	 (yuan)	 (%)	 	 (s)	 (yuan)	 (%)	 	 (%)	 (%)	 (%)	

R101_100	 127	 2649.43	 88.1	 	 278	 2784.37	 85.7	 	 54.31	 4.84	 2.80	
R201_100	 161	 1756.43	 85.8	 	 299	 1802.98	 83.1	 	 46.15	 2.58	 3.25	
C101_100	 79	 730.91	 92.3	 	 99	 758.69	 90.0	 	 20.2	 3.66	 2.56	
C201_100	 82	 368.84	 90.1	 	 97	 380.16	 88.8	 	 15.46	 2.98	 1.46	
RC101_100	 91	 2556.67	 87.5	 	 189	 2678.85	 84.9	 	 51.85	 4.56	 3.06	
RC201_100	 199	 1794.49	 84.1	 	 344	 1934.89	 80.5	 	 42.15	 7.26	 4.47	
	

We	conclude	that	time	windows	have	a	major	 impact	on	the	delivered	perishable	products;	
moreover,	the	cost	and	freshness	of	ST‐VNSGA	increase	at	different	rates;	for	example,	the	cost	
of	R201_100	decreases	by	7.26	%	at	most,	and	the	freshness	of	RC201_100	increases	by	4.47	%.	

4.3 Effectiveness of ST‐VNSGA 

For	a	better	analysis	of	the	effectiveness	of	the	proposed	heuristic	algorithm	combined	GA	and	
VNS,	we	compare	 the	NSGA‐II	algorithm	(ST‐NSGA‐II)	with	ST‐VNSGA.	Comparison	results	be‐
tween	ST‐VNSGA	and	ST‐NSGA‐II	are	provided	in	Table	6.	
	

Table	6	Comparison	results	between	ST‐VNSGA	and	ST‐NSGA‐II	
	

Case	
ST‐VNSGA	 	 VNSGA	 	 Gap	

Time	 Cost	 Freshness	 	 Time	 Cost	 Freshness	 	 Time	 Cost	 Freshness	
(s)	 (yuan)	 (%)	 	 (s)	 (yuan)	 (%)	 	 (%)	 (%)	 (%)	

R101_25	 43	 771.58	 93.4	 	 38	 789.35	 91.9	 	 13.16	 2.25	 1.63	
R101_50	 79	 1403.31	 91.7	 	 69	 1427.97	 88.9	 	 14.49	 1.7	 3.15	
R101_100	 127	 2649.43	 88.1	 	 98	 2801.66	 86.3	 	 29.59	 5.43	 2.09	
C101_25	 22	 185.36	 94.5	 	 19	 189.26	 93.8	 	 15.79	 2.06	 0.75	
C101_50	 44	 367.98	 92.8	 	 37	 383.81	 90.1	 	 18.91	 4.12	 3.00	
C101_100	 79	 730.91	 92.3	 	 65	 762.49	 88.9	 	 21.54	 4.14	 3.82	
RC101_25	 29	 799.72	 93.3	 	 23	 811.18	 90.1	 	 26.09	 1.41	 3.55	
RC101_50	 52	 1360.98	 91.4	 	 43	 1451.15	 87.4	 	 20.93	 6.21	 4.58	
RC101_100	 91	 2556.67	 87.5	 	 72	 2720.21	 83.1	 	 26.39	 6.01	 5.29	

	

	
Fig.	7	Objective	ratio	between	ST‐VNSGA	and	ST‐NSGA‐II	under	different	order	environments	

We	can	further	derive	the	validity	of	ST‐VNSGA	in	Table	6.	Result	shows	that	for	the	run	time	
in	R,	C,	and	RC	classes,	ST‐VNSGA	takes	on	an	 increasing	 format,	 for	example,	R101_25	(13.16	
%),	R101_50	(14.49	%),	and	R101_100	(29.59	%).	Because	the	VNS	algorithm	needs	to	search	
mass	 neighbourhood	 structures,	 which	 increases	 the	 run	 time	 dramatically,	 and	 the	 ranking	
based	on	Pareto	dominance	further	increases	the	operation	time.	However,	we	can	see	that	ST‐
VNSGA	 ameliorates	 the	 quality	 of	 satisfactory	 solutions;	 for	 example,	 the	 cost	 optimal	 rate	 of	
RC101_100	 is	 6.01	%,	 the	 freshness	 optimal	 rate	 of	 RC101_100	 is	 5.29	%,	 indicating	 that	 the	
local	search	strategy	has	excellent	optimization	 in	seeking	the	best	solution.	ST‐VNSGA	has	an	
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advantage in solving multiple objectives, which shows that the proposed algorithm is effective 
and efficient. 

The objective value improves between ST-VNSGA and ST-NSGA-II with regard to cost and 
freshness, as shown in Fig. 7. In terms of the algorithm solving efficiency, the ST-VNSGA has a 
significant advantage, especially with the growing number of customers. 

4.4 Contrastive analysis of results 

According to the contrastive analysis of optimization results, we have found several findings: 

• Compared with the method using spatial clustering, the strategy that considers the spatio-
temporal distance distribution can achieve better solutions in a shorter period of time, es-
pecially in the medium or large-scale distribution problem where it can reach 54.31 % 
(Table 4, R101_100). This also shows that the algorithm has good potential in solving 
large-scale VRPs. The strategy proposed in this paper, ST-VNSGA, has obvious advantages 
for dispersed customer distributions. The results also provide effective decision support 
to solve the fresh distribution practical problem. 

• In fresh product distribution, the heuristic algorithm calculation run time with narrow 
time window constraints is better than the algorithm based on spatial distance in accord-
ance with the actual needs of customers. In addition, it can save the cost of logistics and 
improve the service with regard to freshness to a certain extent. 

• From the results (Table 6), we can see that ST-VNSGA ameliorates the quality of satisfacto-
ry solutions, has excellent optimization in seeking the best solution, and has advantages in 
solving the multiple objectives, especially with the growing number of customers, with re-
gard to cost and freshness, which show that ST-VNSGA is effective and efficient. 

5. Conclusion  
In this study, we established the MO-VRPMTW-P model to minimize the distribution costs and 
maximize the freshness of perishable products. We considered the time-sensitive freshness of 
perishable products and the high cost of delay in mixed time windows. Then, in view of the fresh 
product order space and time characteristics, we designed a heuristic algorithm that considers 
spatio-temporal distance (ST-VNSGA) to solve the fresh product distribution problem. Several 
numerical examples were presented to demonstrate the effectiveness and efficiency of the pro-
posed algorithm. It was demonstrated that these algorithms can lead to a substantial decrease in 
run time and major improvements in solution quality, which reveals the importance of consider-
ing a spatio-temporal strategy with mixed time windows. 

It is worth noting that some areas require improvement; for example, we will focus on inter-
ference management in the process of perishable product distribution in the next step. 

Acknowledgement 
This work is supported by the National Natural Science Foundation of China (Grant No. 71471025, Grant No. 
71531002), Science and Technology Plan Projects of Yangling Demonstration Zone (Grant No. 2016RKX-04), China 
Postdoctoral Science Foundation (Grant No. 2016M600209), and China Ministry of Education Social Sciences and 
Humanities Research Youth Fund Project titled as “Delivery Optimization of Maturity-Based Fruit B2C Ecommerce-
Taking Shaanxi Kiwifruit as the Example” (Project No. 16YJC630102). 

References 
[1] Hwang, H.-S. (1999). A food distribution model for famine relief, Computers & Industrial Engineering, Vol. 37, No. 

1-2, 335-338, doi: 10.1016/S0360-8352(99)00087-X. 
[2] Teunter, R.H., Flapper, S.D.P. (2003). Lot-sizing for a single-stage single-product production system with rework 

of perishable production defectives, OR Spectrum, Vol. 25, No. 1, 85-96, doi: 10.1007/s00291-002-0105-3. 
[3] Amorim, P., Almada-Lobo, B. (2014). The impact of food perishability issues in the vehicle routing problem, 

Computers & Industrial Engineering, Vol. 67, 223-233, doi: 10.1016/j.cie.2013.11.006. 

Advances in Production Engineering & Management 13(3) 2018 331 
 

https://doi.org/10.1016/S0360-8352(99)00087-X
https://doi.org/10.1007/s00291-002-0105-3
https://doi.org/10.1016/j.cie.2013.11.006


Wang, Wang, Ruan, Li 
 

[4] Song, B.D., Ko, Y.D. (2016). A vehicle routing problem of both refrigerated- and general-type vehicles for perish-
able food products delivery, Journal of Food Engineering, Vol. 169, 61-71, doi: 10.1016/j.jfoodeng.2015.08.027. 

[5] Hu, H., Zhang, Y., Zhen, L. (2017). A two-stage decomposition method on fresh product distribution problem, 
International Journal of Production Research, Vol. 55, No. 16, 4729-4752, doi: 10.1080/00207543.2017.1292062. 

[6] Tarantilis, C.D., Kiranoudis, C.T. (2001). A meta-heuristic algorithm for the efficient distribution of perishable 
foods, Journal of Food Engineering, Vol. 50, No. 1, 1-9, doi: 10.1016/S0260-8774(00)00187-4. 

[7] Tarantilis, C.D., Kiranoudis, C.T. (2002). Distribution of fresh meat, Journal of Food Engineering, Vol. 51, No. 1, 85-
91, doi: 10.1016/S0260-8774(01)00040-1. 

[8] Zhang, G., Habenicht, W., Spieβ, W.E.L. (2003). Improving the structure of deep frozen and chilled food chain 
with tabu search procedure, Journal of Food Engineering, Vol. 60, No. 1, 67-79, doi: 10.1016/S0260-8774(03) 
00019-0. 

[9] Faulin, J. (2003). Applying MIXALG procedure in a routing problem to optimize food product delivery, Omega, 
Vol. 31, No. 5, 387-395, doi: org/10.1016/S0305-0483(03)00079-3. 

[10] Chen, H.-K., Hsueh, C.-F., Chang, M.-S. (2009). Production scheduling and vehicle routing with time windows for 
perishable food products, Computers & Operations Research, Vol. 36, No. 7, 2311-2319, doi: 10.1016/j.cor.2008. 
09.010. 

[11] Osvald, A., Zadnik Stirn, L. (2008). A vehicle routing algorithm for the distribution of fresh vegetables and simi-
lar perishable food, Journal of Food Engineering, Vol. 85, No. 2, 285-295, doi: 10.1016/j.jfoodeng.2007.07.008. 

[12] Hsu, C.-I., Hung, S.-F., Li, H.-C. (2007). Vehicle routing problem with time-windows for perishable food delivery, 
Journal of Food Engineering, Vol. 80, No. 2, 465-475, doi: 10.1016/j.jfoodeng.2006.05.029. 

[13] Ruan, J., Shi, Y. (2016). Monitoring and assessing fruit freshness in IOT-based e-commerce delivery using scenar-
io analysis and interval number approaches, Information Sciences, Vol. 373, 557-570, doi: 10.1016/j.ins.2016. 
07.014. 

[14] Rong, A., Akkerman, R., Grunow, M. (2011). An optimization approach for managing fresh food quality through-
out the supply chain, International Journal of Production Economics, Vol. 131, No. 1, 421-429, doi: 10.1016/j.ijpe. 
2009.11.026. 

[15] Amorim, P., Günther, H.-O., Almada-Lobo, B. (2012). Multi-objective integrated production and distribution 
planning of perishable products, International Journal of Production Economics, Vol. 138, No. 1, 89-101, doi: 
10.1016/j.ijpe.2012.03.005. 

[16] Prindezis, N., Kiranoudis, C.T., Marinos-Kouris, D. (2003). A business-to-business fleet management service pro-
vider for central food market enterprises, Journal of Food Engineering, Vol. 60, No. 2, 203-210, doi: 10.1016/ 
S0260-8774(03)00041-4. 

[17] Hasani, A., Zegordi, S.H., Nikbakhsh, E. (2012). Robust closed-loop supply chain network design for perishable 
goods in agile manufacturing under uncertainty, International Journal of Production Research, Vol. 50, No. 16, 
4649-4669, doi: 10.1080/00207543.2011.625051. 

[18] Govindan, K., Jafarian, A., Khodaverdi, R., Devika, K. (2014). Two-echelon multiple-vehicle location-routing prob-
lem with time windows for optimization of sustainable supply chain network of perishable food, International 
Journal of Production Economics, Vol. 152, 9-28, doi: 10.1016/j.ijpe.2013.12.028. 

[19] Claassen, G.D.H., Gerdessen, J.C., Hendrix, E.M.T., van der Vorst, J.G.A.J. (2016). On production planning and 
scheduling in food processing industry: Modelling non-triangular setups and product decay, Computers & Opera-
tions Research, Vol. 76, 147-154, doi: 10.1016/j.cor.2016.06.017. 

[20] Pahl, J., Voβ, S. (2014). Integrating deterioration and lifetime constraints in production and supply chain plan-
ning: A survey, European Journal of Operational Research, Vol. 238, No. 3, 654-674, doi: 10.1016/j.ejor.2014. 
01.060. 

[21] de Keizer, M., Akkerman, R., Grunow, M., Bloemhof, J.M., Haijema, R., van der Vorst, J.G.A.J. (2017). Logistics net-
work design for perishable products with heterogeneous quality decay, European Journal of Operational Re-
search, Vol. 262, No. 2, 535-549, doi: 10.1016/j.ejor.2017.03.049. 

[22] Albrecht, W., Steinrücke, M. (2018). Coordinating continuous-time distribution and sales planning of perishable 
goods with quality grades, International Journal of Production Research, Vol. 56, No. 7, 2646-2665, doi: 10.1080/ 
00207543.2017.1384584. 

[23] Devapriya, P., Ferrell, W., Geismar, N. (2017). Integrated production and distribution scheduling with a perisha-
ble product, European Journal of Operational Research, Vol. 259, No. 3, 906-916, doi: 10.1016/j.ejor.2016.09.019. 

[24] Moon, I., Lee, S. (2000). The effects of inflation and time-value of money on an economic order quantity model 
with a random product life cycle, European Journal of Operational Research, Vol. 125, No. 3, 588-601, doi: 
10.1016/S0377-2217(99)00270-2. 

[25] Chen, J.-M., Lin, C.-S. (2002). An optimal replenishment model for inventory items with normally distributed 
deterioration, Production Planning & Control, Vol. 13, No. 5, 470-480, doi: 10.1080/09537280210144446. 

[26] Qi, M., Lin, W.-H., Li, N., Miao, L. (2012). A spatiotemporal partitioning approach for large-scale vehicle routing 
problems with time windows, Transportation Research Part E: Logistics and Transportation Review, Vol. 48, No. 1, 
248-257, doi: 10.1016/j.tre.2011.07.001. 

332 Advances in Production Engineering & Management 13(3) 2018 
 

https://doi.org/10.1016/j.jfoodeng.2015.08.027
https://doi.org/10.1080/00207543.2017.1292062
http://refhub.elsevier.com/S0360-8352(13)00369-0/h0080
http://refhub.elsevier.com/S0360-8352(13)00369-0/h0080
http://refhub.elsevier.com/S0360-8352(13)00369-0/h0080
https://doi.org/10.1016/S0260-8774(00)00187-4
https://doi.org/10.1016/S0260-8774(01)00040-1
https://doi.org/10.1016/S0260-8774(03)00019-0
https://doi.org/10.1016/S0260-8774(03)00019-0
http://refhub.elsevier.com/S0360-8352(13)00369-0/h0045
http://refhub.elsevier.com/S0360-8352(13)00369-0/h0045
http://refhub.elsevier.com/S0360-8352(13)00369-0/h0045
https://doi.org/10.1016/S0305-0483(03)00079-3
http://refhub.elsevier.com/S0360-8352(13)00369-0/h0025
http://refhub.elsevier.com/S0360-8352(13)00369-0/h0025
http://refhub.elsevier.com/S0360-8352(13)00369-0/h0025
http://refhub.elsevier.com/S0360-8352(13)00369-0/h0025
https://doi.org/10.1016/j.cor.2008.09.010
https://doi.org/10.1016/j.cor.2008.09.010
http://refhub.elsevier.com/S0360-8352(13)00369-0/h0070
http://refhub.elsevier.com/S0360-8352(13)00369-0/h0070
http://refhub.elsevier.com/S0360-8352(13)00369-0/h0070
https://doi.org/10.1016/j.jfoodeng.2007.07.008
http://refhub.elsevier.com/S0360-8352(13)00369-0/h0050
http://refhub.elsevier.com/S0360-8352(13)00369-0/h0050
https://doi.org/10.1016/j.jfoodeng.2006.05.029
https://doi.org/10.1016/j.ins.2016.07.014
https://doi.org/10.1016/j.ins.2016.07.014
https://doi.org/10.1016/j.ijpe.2009.11.026
https://doi.org/10.1016/j.ijpe.2009.11.026
https://doi.org/10.1016/j.ijpe.2012.03.005
https://doi.org/10.1016/j.ijpe.2012.03.005
https://doi.org/10.1016/S0260-8774(03)00041-4
https://doi.org/10.1016/S0260-8774(03)00041-4
http://refhub.elsevier.com/S0260-8774(15)00380-5/sref9
http://refhub.elsevier.com/S0260-8774(15)00380-5/sref9
http://refhub.elsevier.com/S0260-8774(15)00380-5/sref9
http://refhub.elsevier.com/S0260-8774(15)00380-5/sref9
http://refhub.elsevier.com/S0260-8774(15)00380-5/sref9
http://refhub.elsevier.com/S0260-8774(15)00380-5/sref9
https://doi.org/10.1080/00207543.2011.625051
http://refhub.elsevier.com/S0260-8774(15)00380-5/sref8
http://refhub.elsevier.com/S0260-8774(15)00380-5/sref8
http://refhub.elsevier.com/S0260-8774(15)00380-5/sref8
http://refhub.elsevier.com/S0260-8774(15)00380-5/sref8
http://refhub.elsevier.com/S0260-8774(15)00380-5/sref8
http://refhub.elsevier.com/S0260-8774(15)00380-5/sref8
http://refhub.elsevier.com/S0260-8774(15)00380-5/sref8
https://doi.org/10.1016/j.ijpe.2013.12.028
https://doi.org/10.1016/j.cor.2016.06.017
https://doi.org/10.1016/j.ejor.2014.01.060
https://doi.org/10.1016/j.ejor.2014.01.060
https://doi.org/10.1016/j.ejor.2017.03.049
https://doi.org/10.1080/00207543.2017.1384584
https://doi.org/10.1080/00207543.2017.1384584
https://doi.org/10.1016/j.ejor.2016.09.019
https://doi.org/10.1016/S0377-2217(99)00270-2
https://doi.org/10.1016/S0377-2217(99)00270-2
https://doi.org/10.1080/09537280210144446
https://doi.org/10.1016/j.tre.2011.07.001

