Chapter 1

A routing/assignment problem in garden
maintenance services

J. Orestes Cerdeira, Manuel Cruz and Ana Moura

Abstract We address a routing/assignment problem posed by Neotbithvis a
Portuguese company working in the area of project, buildind garden’s main-
tenance. The aim is to define a procedure for scheduling amghgoefficiently
its clients of garden maintenance services. The companywasams available
throughout the year to handle all the maintenance jobs. Esoh consists of two
or three employees with a fully-equipped vehicle capableaofying out every kind
of maintenance service. At the beginning of each year, tmeben and frequency
of maintenance interventions to conduct during the yeag#ah client, are agreed.
Time windows are established so that visits to the clienukhoccur only within
these periods. There are clients that are supposed to bgsabgaved by the same
team, but other clients can be served indifferently by antheftwo teams. Since
clients are geographically spread over a wide region, tia¢dgstance traveled while
visiting clients is a factor that weighs heavily on the compeosts. Neoturf is con-
cerned with reducing these costs, while satisfying agre¢sneith its clients. We
give a mixed integer linear programming formulation for greblem, discuss lim-
itations on the size of instances that can be solved to gtesaptimality, present
a modification of the Clarke and Wright heuristic for the véhiouting with time
windows, and report preliminary computational resultsagied with Neoturf data.
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1.1 Introduction

In this paper we address a routing/assignment problem gmoséiboturf, which is
a Portuguese company working in the area of project, bldimd garden’s main-
tenance. One of the services provided by Neoturf is the rmaarice of private gar-
dens of residential customers (about 60), whose demanasanty periodic short
time interventions (usually 1 to 3 hours). In the beginnifigach year, the num-
ber and the estimated frequency of maintenance interventamconduct during the
year are accorded with each client. That estimate on frexyuisrthen used to set-
tle, in regular conditions, a minimum and maximum periodsrog separating two
consecutive interventions on the same client. Consecdtys of irregular condi-
tions (e.g., extreme weather conditions) may sporadicdibnge those maximum
(or minimum) values.

The amount of work highly depends on seasonality. The cognpHiacates to
this service two teams (each consists of two or three empk)yaduring the whole
year, which may be reinforced with an additional third teamirth summer. Each
team has a van fully equipped with the tools needed to perfoemmaintenance
jobs. There are customers who should be always served byathe team, while
others can be served by any team.

Time windows were established so that visits to the cliemtuth occur only
within these periods. The clients are geographically spedang an area around
Oporto of approximately 10 000 Knln 2011, these teams traveled more than
60 000 km, with a significant impact on the costs.

Neoturf aims at finding a procedure to scheduling and routliants efficiently
so to reduce costs, while satisfying the agreements witklteets. The scheduling
of clients for each day should be planed on a basis of shadgseof time (say ten
consecutive working days), since unforeseeable evergs (geather conditions,
client not available at the time previously arranged) magddo postpone planned
interventions and to re-settle the designed scheduling.

The routing of customers in each period is a vehicle routimmplem (VRP).
VRP designates a large class of problems that deals withetfigrdof optimal routes
for fleet of vehicles to serve customers. In part dictatedtbypiactical relevance,
VRPs have attracted intense research in Combinatoriahtyztion expressed by
some thousands of scientific and technical papers coveragyraspects of the
topic. The books [11, 6, 12] provide an insight into the huggety of the research
on this subject. The basic VRP is the problem of finding a sebaties minimizing
the total cost or distance traveled for a number of identiedlicles, located at a
depot, to supply a set of geographically dispersed cus®migh known demands
subject to vehicle capacity constraints. A large numberasfants and extensions
of the basic VRP were proposed to model specific applicatimetuding pickup-
and-delivery, stochastic demands, online VRPs, multipigodss, ship routing. The
VRP with time windows (VRPTW) is a special case/generalimatf VRP where
each customer can only be served within established timdomia (see [3, 8, 5] for
recent surveys on the VRPTW). The problem that we addresssareonstrained
version of the VRPTW where (i) some customers, but not adl taibe visited by a
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certain vehicle (team); (ii) no more than one route is assigon each day to each
vehicle (team) and (iii) each customer that is to be servesah period is assigned
to exactly one route, in exactly one day of that period. We givmixed integer lin-
ear programming formulation model for the problem, disdimsiations on the size
of instances that can be solved to guarantee optimalitggmtea modification of the
classic Clarke and Wright heuristic for the vehicle routinighviime windows [4],
and report computational results obtained with Neoturadat

1.2 Formulation

We consider the year partitioned into consecutive shorbgsrof time (say 10 con-
secutive working days) and, for each perlaf m consecutive working days, we
classify clients as

e mandatory, those for which an intervention has to take pthgéng periodP,
i.e., the number of days since the last visit till the end aiqukP exceeds the
maximum number of consecutive days which can elapse witiopintervention
taking place, according to what has been agreed with thetglie

e discarded, those for which no intervention is expected lte f@lace during pe-
riod P, i.e., the number of days since the last visit till the enderigdP is lower
than the number of consecutive days that were agreed toectmdere a new
intervention takes place;

e admissible, those for which an intervention may or may nké talace during
periodP.

Let C be the set of clients to be served in perl®dWe start withC consisting
of all mandatory and admissible clients. If no feasible skciiag is found, the de-
cision maker may consider, among other options, to red€firmmoving some or
all admissible clients from the perid?d If no feasible solution exists even whén
only includes mandatory customers, then services to sontesé customers have
to be postponed to the next period. The customers to be rehfov® the current
period may be selected according to some ranking on cussomer

Our problem can be viewed as a VRPTW in which certain cliemts have to
be visited by (vehicle) teafg, other clients have to be visited by ted&n and the
remaining clients can be served indifferently either byrdz or by teamE;. We
denote the sets of those clients®y C; andCy 1, respectively.

We based our formulation on the so-calleid M formulationof the traveling
salesman problem with time windows (model 1 in [2]).

We construct a directed weighted graph= (V, A, p) as follows (see Figure 1.2).
The set of vertice¥ is equal toC U B, where each vertelr;,-k of B, withi=0,---,m
andk = 0,1, is thei-th “day (fictitious) copy” of the depot for teaik. There is an
arc(u,v) linking clientu to clientv if there is any possibility to serveimmediately
after visitingu, by a same team. Arcs with both directions link each vedief( =
1,---,m—1, with every client ofCx UCqp 1, for k= 0,1. There is an arc frorb'é to
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every vertex irCy UCop 1, for k= 0,1, but there is no arc with hezhg. There is an
arc from every vertex ity UCo 1 to b¥,, k= 0,1, but no arc with taibX,. The other
arcs in setA are (bf, b), (%, %), -, (bX,_;,bK), with k = 0,1, and no more arcs
exist linking pairs of vertices iB. Forv € V, we useV,” andV, to denote the out-
neighborhood and in-neighborhoodwfespectively, i.eV," = {ueV: (vu) € A}

andV, = {ueV:(uv) €A}

Fig. 1.1 An example of a directed grap®, and a feasible solution for a two days period. Ver-
tices b3, b?,b3 and b}, bl, b are the “fictitious copies” of the depot for tealy and teamEy,
respectively. The subsets of the set of cligdts: {c1,...,Cs} areCo = {c1,¢2}, C1 = {cs} and
Co,1 = {c3,C4,¢5}. The scheduling of clients assigned to tefgtis represented by the directed path
consisting of continuous (blue) ar@s = (b, ¢1,cs,b?, cs, ¢z, b9). Clientscy, ¢4 andcs, ¢, are vis-
ited by that order on days one and two, respectively. The stingdrf clients assigned to teay

is represented by the directed path consisting of continuee @rcsQ, = (b}, cs, cs, b}, bd).
Clientscs, cg are visited by that order on day one and no client is visited griaa.

A scheduling of clients assigned to te&nwill be read on grapi as a directed
pathQy from b‘é to b¥,. The clients that are to be visited on dagre the vertices of
on the subpath df linking b}‘_l to b}‘. The order of vertices on that path specifies
the order by which the corresponding clients should beeadsitf arc(bi‘ibbr) is
included in pathQy it means that no interventions on clients of €awill occur on

dayi for teamEy.
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We define the weighp,y of every arqu,v) € A as the time to travel on afa, V),
except when,v € B, wherepy, =0.

For each vertex € C, let T} = [}, I{] be thej-th time-window of clientv, j =
1,---,nTy, wherenT, is the number of time-windows of verte»;aj, < I\J} < a(,”l),
ande) andl) are the release time and the deadline time ofjthle time-window
of clientv, respectively. The release time and deadline time spedifyjnmum and
maximum instants for the start of the intervention at therdli For vertices oB,
defineTb]% = [ST,ST] and T = [EN+24(i — 1),EN+24(i — 1)], fori = 1,---,m
andk= 0,1, whereST andEN are, respectively, the daily service start hour and the
daily service end hour.

Forv e C, letty be the processing time on clientand sety = 0 andty =
ST+24—EN, fori=1,...,m.

The formulation that we present below uses the followingdes, sets, parame-
ters and variables.

Indices
i - days
k - teams
u,v - clients
j - j-th time-windows

Sets
C - clients
Cx - clients to be visited by teat
Co,1 - clients served by any of the teams
B - “day (fictitious) copies” of the depoh}‘
V - verticesCUB of the graph
A-arcsinV xV

Parameters
m - number of days in the period
Puv - time to travel on argu, v)
ty - processing time on cliemt
T/ - j-th time-window(el, )] of clientv
nT, - number of time windows of client
e\_‘, - release time of thé¢-th time-window of clienty
I} - deadline time of thg-th time-window of client
ST - daily service start hour
EN - daily service end hour
Ayy - weight to minimize the number of working days
M - a large number
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Variables
Xuv - binary variables that are equal to 1 if clients served immediately after
~ clientu, by a same team _
yv - binary variables that are equal to 1 if clienis served in time-window,
ay - binary variables that assigned clieno teamE,,
s, - time-instant in which the service starts at clignt
Wy - waiting-time to start the service at client

We deem minimize the sum of travel-time, waiting-time orwts, and number
of working days. We thus have the following objective funati

Min z (puv+Auv)Xuv+ ;Wv (1.2)
(u,v)eA ve

whereA,, = EN—STif ue Candv=b e B\{b, b}}, and4,, = 0 for the remain-
ing arcs(u,V), to ensure that optimal solutions will have the minimum nemaf
working days (i.e., the maximum number of aft ,, bk)).

The following equations

nguz 1, WeV\{bl bt} (1.2)
ue

;xw: 1, WeV\{bd bd}, (1.3)
ue

ensure there will be exactly one arc leaving every vevtgxok,, and exactly one arc
entering every vertex #+ bg.

To force that each client is visited exactly in one of its timimdows, we add
equations _

yi=1 WeV. 1.4)
j<nTy

To guarantee that the start time occurs within the seleatezhvindow and that

vehicle has enough time to travel framo v, we use the following constraints

ZeMssvg Uyl WevV, (1.5)
j<nly j<nly

suttut+pw— (L—xwM <s,, V(uv) €A, (1.6)

whereM > 0 is large enough (sayl = 24m) to guarantee that the left hand side
is non positive wheneveq,, = 0, and thus making constraint (1.6) not active when
Xuv = 0.

Note that constraints (1.2), (1.3) together with (1.6) veashat the set of selected
arcs defines a directed path linkibfto b, for k = 0,1, where every vertex of is
included exactly once in exactly one of the two paths.

The following inequalities define upper bounds on the wgHimes on clients.
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Wy, > s, — (Sy+tu+puv) — (L—xw)M,  V(u,v) e AveC, .7)

whereM > 0 is large enough (sayl = 24m) to guarantee that the right hand side
is non positive wheneveg,, = 0, thus turning the constraint (1.7) redundant when
Xuv - 0

The following conditions guarantee that the team assigoesl/éry clientv in
Co,1 is the same team that has visited ventewhenever ar¢u, v) is in the solution.

ay<l—xyw+ay, VY(uv)eA (1.8)
ay>xXow—1+ay, Y(uv)eA (1.9)
a,=k WeCGuU{bSbs .. . bk} k=01 (1.10)

Indeed, ifx,y = 1, ay = a,, and ifx,y = 0, the inequalities (1.8) and (1.9) are redun-
dant.
The range of the variables is established as follows.

a,€{0,1}, WweCp (1.11)

xw € {0,1}, V(u,v) €A (1.12)
yle{0,1}, wveV, andj<nT, (1.13)
>0, WeV (1.14)

wy >0, wweC (1.15)

The above model (1.1)-(1.15) gives a mixed integer lineag@amming formu-
lation for the problem of routing clients & on a given period ofn days, by two
teams. The objective function (1.1) was defined to minimiaedl-time and waiting-
time on clients in the minimal number of days. Other alteémeagoals could be
considered. For instance, minimizing the total completiore, i.e., the time of the
last service on perio®. This could be achieved introducing varialfleimposing
the constraint§ > s, +ty,Vv € C, and defining as objective function: nkn This
would give solutions with a minimum number of consecutiverkimy days, and
leaving the non working days, if any, at the end of pelo&olutions that define a
sequence of consecutive non working days finishing at theeperiodP permit to
anticipate the next period. However, the objective funtf{ib 1) expresses the goals
specified by Neoturf. The existence of intermittent non vmgldays is not a issue
for Neoturf, as it permits to assign the members of the teaother activities.

1.3 Heuristic approach

Given the limitations on the size of the instances that cdaddsolved exactly
with the formulation (1.1)-(1.15) above (see Section 1l./bwg we decided to
waive from optimality guaranteed, and use an implememaifcClarke and Wright
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(C&W) [4] heuristic for the vehicle routing problem with migte time windows
(VRPMTW) available in MATLAB [9] .

There are two main issues in applying C&W heuristic to ourbpgm. First,
C&W algorithm does not distinguish between clients frégnC, andCop 1. Thus, so-
lutions may include in the same routes clients fi@grogether with clients frort;.

The second issue follows from the assumption behind C&Writga that there
are enough vehicles available for the routes determinechéyatgorithm. Thus,
the same team may be assigned, on the same day, to more thanub@evith
incompatible time windows (i.e., services to clients irfelént routes overlap in
time).

To handle the first issue we proceeded as follows.

e We duplicated the numben of days of periodP.

e For all clients inCy, we added 24 m hours to the release and deadline times of
every time-window.

e For all clients inCgy 1 we duplicated the number of time-windows and, beside the
original ones, we also added 24m hours to the release and deadline times of
every original time window.

Since each client is visited exactly once, in the whole gkfimw with 2ndays),
within one of its time-windows, setting the time windows d&itatsCy on the first
mdays and the time-windows of clier@s on dayam+ 1 to 2m, ensures that clients
from Cp will not be put together in the same routes with clients fi©m

Duplicating as described above the number of time-winddvedientsCo 1, and
given that each will be served exactly once, defines a panrtdf these clients into
those that will be served in the first days (together with clients @), and those
that will be served in days1+ 1 to 2m (together with clients o€ 1).

To address the second issue we use matchings in bipartijhgra

Suppose the number of routes assigned to a team is less tleguartom, and
there is more than one route on the same day. We consider diteifggaph (see
Figure 1.3) where vertices of bi-claBsrepresent routes and vertices of the other
bi-classD represent then days. There is an edded], withr € Randd € D, if and
only if router can be done (w.r.t time-windows) in ddy

We then find the maximum matching [7] of this graph. If it HRs edges, then
it indicates how routes should be distributed by thelays of the period, with no
more than one route per day. If the maximum matching has lhesgR| edges, or
|R| > m, we propose that the decision maker considers: assigniegtesrteam for
this period; increasing the number of days in the forecasbgeor reducing the
number of admissible clients for the period, and repeat thelevprocess. Quite
often the matching obtained had cardinalil®], which permitted to distribute the
|R| routes by thean days. Only in few cases the number of days and/or the set of
customers of the period had to be redefined.
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Fig. 1.2 Bipartite graph withR| = 3 routes assigned to the same team for a period of four days.
Blue edges (continuous lines on the left picture) indichgdssignment of routes to days on the
solution obtained with the modified C&W heuristic. Edgasd;] indicate that route; can done
(w.r.t time-windows) on dayl;. Red edges (continuous lines on the right picture) are thesedf

a maximum matching. On the left picture, all routes were assigméidet first day. On the right,
the maximum matching (red edges) defines a feasible assignment bfékedutes to three days

of the period.

1.4 Computational results

Here we report some computational experiments carried aghtNeoturf data. We
call total time to the sum of travel-time and waiting-timeés,, the values of the
objective function not accounting for parametars

We used the NEOS Server [10] platform to test the model ((L1)5). The im-
plementation was made in AMPL [1] modeling language and eamgthe commer-
cial solver Gurobi. On the tests that we carried out, onlypgieriods not exceeding
five days Gurobi produced the optimal solutions. On two imsts with periods of
five days and thirteen customers, wj@y 1| = 2 in one instance, an@o 1| = 3 in
the other instance, the optimal solutions were obtainedvdder, on an instance
with all parameters with the same size exci&pi1| = 4, NEOS Server returned
either “timeout” or “out of memory”. The same happen for &étinstances that
we considered with periods of more than five consecutive ingrklays, and no
improvements were achieved when we used different paraizegion onthreads
mipgapor timelimit

For the small instances for which Gurobi determined optisedlitions, the gap
of total routing times of the solutions obtained with C&W histic w.r.t. the optimal
values (i.e., (T(C&W)-OPT)/OPT, where T(C&W) and OPT are thtaltime of the
solution obtained with C&W heuristic and the optimal toiate, respectively) did
not exceed 5%.

We then compared the planning that Neoturf had establisireal ¥4 days period
(18-Feb-2013 till 3-Mar-2013) with the one produced with W&heuristic. The
solution produced with C&W has an total time of 8h54m (wajtiime = 0hO0O,
and 105h24m if working time is also considered) to serve thel@nts in 7 and 9
working days for teamEg andE;, respectively. The planning of Neoturf consisted
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of 14h02m total time (waiting-time=1h00, and 110h32m cdeshg working time),
8 days for teanfeg and 11 days for teat; .

This gives a reduction on total time (160(14h02m - 8h54m)/14h02m) around
37%, that significantly decreases costs resulting fromadcsts traveled, specially
because the two teams travel around 60 000 km/year.

1.5 Conclusion

We considered a routing/location problem arising in thetexinof garden mainte-
nance services. For each day of each period of time (comgistisome consecutive
working days) routes are to be designed, starting and eratikgsame point, so
that every customer is visited only once during that perlmdexactly one vehi-

cle and within predefined time-windows. Customers may recufixed team or be
assigned indifferently to any team.

For this new variant of the VRPTW we constructed a directeaplgrand pre-
sented a compact formulation to minimize travel-time andingttime on clients
that consists of finding vertex-independent paths of thelgravhere every vertex
is included in exactly one path, and vertices representiisgpeners that require the
same team are included in the same path.

The computational tests that we carried out showed thatfonlyeriods not ex-
ceeding five days we could obtain the optimal solutions. &d deth this limitation
we presented a heuristic approach that uses an adaptatibe ofassic Clarke and
Wright (C&W) heuristic for the VRPTW followed by a procedurefiod a max-
imum matching in a bipartite graphs. The adaptation of theACBeuristic was
devised to satisfy the constraint that customers will beestby the team they re-
quired. The maximum matching will check, and possibly regafeasibilities on
the solution obtained from the C&W heuristics regardingekistence of more than
one route assigned to the same vehicle, in the same day. ®bedure ran quickly
on data provide by Neoturf and the solutions produced sianifly improved the
solutions that were conceived and implemented by Neot@tfwé believe that re-
sults may be improved using heuristics for routing more ®ifgated than C&W,
and exploring models alternative to (1.1)-(1.15). We idtémpursuit on this direc-
tion.
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