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Abstract

We consider the school bus routing and scheduling problem, where transportation demand is
known and bus scheduling can be planned in advance. We present a comprehensive methodol-
ogy designed to support the decision of practitioners. We first propose a modeling framework
where the focus is on optimizing the level of service for a given number of buses. Then, we
describe an automatic procedure generating a solution to the problem. It first builds a feasible
solution, which is subsequently improved using a heuristic.

We analyze two important issues associated with this methodology. On the one hand, we an-
alyze the performance of three types of heuristics both on real and synthetic data. We recom-
mend the use of a simulated annealing technique exploring infeasible solutions, which performs
slightly better than all others. More importantly, we find that the performance of all heuristics
is not globally affected by the choice of the parameters. This is important from a practitioner
viewpoint, as the fine tuning of algorithm parameters is not critical for its performance. On the
other hand, we propose an interactive tool allowing the practitioner to visualize the proposed so-
lution, to test its robustness, and to dynamically rebuild new solutions if the data of the original
problem are modified.

Keywords

Vehicle Routing - Scheduling - Heuristics™ Swiss Transport Research Conference - STRC
2003 - Monte Verig'
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1 Introduction

Busing systems are common in countries where school assignment is imposed by home lo-
cation, as in Switzerland, France, and lItaly for instance. Since the transportation demand is
known in advance, bus schedules can in principle be planned efficiently, however, this results in
an intricate combinatorial optimization problem.

In this paper, we present a decision-aid methodology, combining automatic solution generation
and the expertise of practitioners. We first propose a modeling framework, where the concept of
level of service is captured by two different objective functions. We obtain a nonlinear integer
programming problem which cannot be solved exactly in reasonable time for problems with
realistic size (Section 3). Therefore, we propose and analyze automatic procedures to build a
solution, all of which start by generating an initial feasible solution (see Section 4). In most
cases, that solution is not satisfactory and must be improved, thus in Section 5, we propose
three automatic procedures to improve the quality of the solution: a tabu search heuristic, and
two variants of simulated annealing.

An important drawback of heuristics for practitioners is the choice of a specific heuristic and
the identification of appropriate parameters. We have tested several instances of each proposed
heuristic on a set of 30 problems. The results, presented in Section 6, suggest that the sim-
ulated annealing heuristic exploring infeasible solutions is the most efficient out of the three,
irrespectively of the choice of parameters.

Finally, we present in Section 7 an interactive decision-aid tool. Its main objective is to analyze
the relevance of the solution produced by the automatic procedure and possibly modify it man-
ually. This is specifically important when the conditions for the bus operations are modified.

Indeed, in that case, it is preferable to manually create a new solution from the original one,
instead of relaunching the whole process on the modified problem.

2 Literaturereview

Bodin et al. (1983) provide a general description of the vehicle routing and scheduling problem.
For the special case of school buses, there are various approaches described in the literature.
They differ in the way of the problem decomposition, in the modeling assumptions and in the
solution algorithms.

With respect to the problem decomposition, we can distinguish a school-based approach and
a home-based approach. In the school-based approach, a separate problem is solved for each
school, and no mixed loads are allowed, in the sense that children attending different schools
are not allowed to travel in the same bus at the same time. The school-based approach is pre-
ferred by many authors, such as Bodin and Berman (1979), Angel et al. (1972), Bennett and
Gazis (1972), Desrosiers et al. (1981), Newton and Thomas (1969), Clarke and Wright (1964),
Rosenkrantz et al. (1974) and Gavish and Shlifer (1979). The home-based approach aims at
solving the problem for each child at a time. It is more flexible as mixed loads are consid-
ered. However, the update of the solution when a child is included is more complicated. This
approach has been proposed by Braca et al. (1994). In this paper, we prefer the school-based
approach, as it greatly simplifies the problem, but we follow Braca et al. (1994) in allowing
mixed loads.
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From the modeling viewpoint, most authors aim at minimizing the costs, that is the number
of buses (Clarke and Wright, 1964, Bodin and Berman, 1979, Desrosiers et al., 1981, Swersey
and Ballard, 1984, Braca et al., 1994), or a combination of the number of buses and the total
travel time (Gavish and Shlifer, 1979). In this paper, we prefer to explicitly optimize the level
of service provided by the bus operator. Such an approach is not usual in the literature, where
the level of service is often captured in the constraints. The only reference we have found is
a paper by Bennett and Gazis (1972) who include the total travel time spent by all children in
their objective function. Bodin and Berman (1979), Gavish and Shlifer (1979), Desrosiers et al.
(1981), and Braca et al. (1994) add an upper bound on the travel time for each child. Desrosiers
et al. (1981), Swersey and Ballard (1984), and Braca et al. (1994) add a time window on the
arrival at school. Desrosiers et al. (1981) add also an upper bound on the waiting time between
school arrival time and school starting time and uppers bounds on the number of students at
stops and on routes. Braca et al. (1994) impose an earliest pick-up time for children. In addition,
they require a minimal number of children to create a route.

Various solution algorithms have been proposed. For school-based approaches, a routing prob-
lem is solved first for each school. Bennett and Gazis (1972) use a method proposed by Clarke
and Wright (1964), assigning a direct depot-stop-school route to each stop, and then merging
those routes to comply with the problem constraints. Finally, a Lin-3-opt procedure (Lin, 1965)
tries to improve the solution. Bodin and Berman (1979) use a method proposed by Newton and
Thomas (1969). They start by solving a Traveling Salesman Problem (TSP) with a Lin-3-opt,
and then split the solution to comply with the problem constraints. Desrosiers et al. (1981)
use adaptations of the methods by Newton and Thomas (1969), Clarke and Wright (1964) and
the insertion technique proposed by Rosenkrantz et al., 1974, followed by a Lin-2-opt. Gavish
and Shlifer (1979) use a different approach, solving the problem for each school by applying a
branch-and-bound procedure in which a sequence of assignment problems are solved.

Once feasible tours have been generated, they must be merged in order to optimize the objective
function. Bodin and Berman (1979) use a Lin-2-opt. Desrosiers et al. (1981) propose a heuristic
based on solving a sequence of transportation problems. Gavish and Shlifer (1979) formulate
this problem as a modified assignment problem. Swersey and Ballard (1984) use a linear integer
program solved using linear or Lagrangian relaxations.

Braca et al. (1994), preferring a home-based approach, solve the whole problem in one stage.
They initially construct a route between a randomly selected home and associated school. Then,
they insert home-school pairs in a greedy procedure, choosing first those pairs that minimize
the total route length, and making sure that all constraints are satisfied. That solution is not

revised, except if it contains buses with very few children.

3 Formulation

In this section we describe notations and give a formulation to school bus routing and scheduling
problem as mathematical program.
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3.1 Notations

The transportation network is given By= (V, £, /) whereV is a set of nodes; a set of edges
and/ a weight function associating a non-negative weight to each edge (typically, the travel
time necessary to traverse the edge). Based] are denote byi(i, j) the travel time between
nodes:; andj, obtained as the travel time of the shortest path (measured in travel tingg) in
between and;j. We denote by = {h4,...,hy} C V the set of nodes, called homes, where
children get on the bus. Similarly, we denote®y= {si,...,ss} C V the set of nodes where
schools are located. Class at schegdbegins at timey;,.

There argC| children commuting from home to school. Child= C has home nodg(c) and
school nodes(c). Each child in a bus takes up some space, denoteddyNote that a “child”

in the model may represent in reality a group of several children with the same characteristics,
that is the same home location and the same school. This simplifies the formulation with a
moderate loss of flexibility, in that children with similar characteristics are sometimes required
to make exactly the same journey on the same bus. We denatg oy |C|) the number of
individual children. We also assume that each child performs exactly one trip (without transfer).

For each school; € S, we denote by(s;) the set{c € C | s(¢) = s;} of children attending
schools;. We denote by (s;) C H the set of nodesl.c¢(s;)h(c), that is the set of home nodes

of children attending school;. There areB buses to transport the children. Bus B =

{1,..., B} has a capacity), (measured as the same unit as the children’s space requirement
q(c)) and is typically a number of seats. Note th&t) may be fractional, as some buses may

load more children than the actual number of seats, for example when the bus has benches rather
than individual seats and young children are carried.

A solution to the school bus routing and scheduling problem consists in specifying for each bus
a tour, that is a list of stops, and for each stop, a list of children to pick-up and/or drop. Bus

performsn, stops denoted by’ , witha = 1, ..., n,. Eacha? is a quadruplet
a?x = (Ug7t37aiﬂgg)’ (1)

wherev® € V is the node corresponding to the stap,is the time at which the bus is at the
stopf'; is the set of children picked-up by btisit stopa andC® is the set of children dropped
by the bus at the stop. Note that for each stop eiﬁieorg’;é must be non empty. We denote
the tour performed by busas7, = (a’&)Z”ZI. A bus tour schedul® is therefore defined by a
set{7,}£_, of bus tours, an@® is the set of all possible bus tour schedules.

We assume, for safety reasons, that each child travels on a single bus, i.e. no bus transfer is
allowed. Consequently, for each buand each stopuv?, ¢ c C’), we impose that children

? o) =

get on bug only at home, and get off only at school, that is

Wb = h(c), VeeC,, 2)
and
v =s(c), Veeclh. (3)

[0}

The bus carrying child in tour scheduléP is denoted by3” (¢).



Swiss Transport Research Conference March 19-21, 2003

3.2 Performance measures

Ideally, with one bus per child, each child could be picked-up from home and driven directly to
school, this is théaxi solution Due to the limited number of buses, each child may experience

a delay due to the fact that the bus must pick-up other children on its way to the school. For
each child, we define thagelayas the difference between its actual journey time and the shortest
possible time between home and school. Also, as buses may have to perform several tours, some
children will be dropped at school early, before the actual class starting time. The time spent by
the child waiting at school for the class to begin is referred to ag#ieng time The sum of the

delay and the waiting time is called thime lossof the child. We will consider here two related
performance measures for the bus tour schedules, leading to two different objective functions
to be minimized. The first one i®tal time loss summed over all children or equivalently,

the mean time loss over all children. The second measure im#xéenumtime loss over all
children. Minimizing this measure aims at balancing time losses.

For stopa®, and childc, we define

5 { 1 if busb picks childc during stopa®, i.e.c € 5(; %)
0 otherwise,

and

_ { 1 if busb drops childe during stopa?, i.e.c € C* 5)

0 otherwise
The departure time, of child ¢ is given by

B n
=SS T, (6)

b=1 a=1

Note that only one term of the sum will be nonzero, since each child performs exactly one trip.
Similarly, the arrival timer, of child ¢ is defined as

B Ny

Te=) Y Gulh (7)

b=1 a=1

Therefore, the time losg(c) of child ¢ is given by

70) = (0w —o00) = d(h(c),5(e)), ®)

whereo,,, is the starting time of schoal(c). Equation (8) is the difference between actual
travel plus waiting time and the shortest possible travel time. Finally, we get for the first objec-
tive functionF, i.e. total time loss, to be minimized over all tour scheddPes

A=Y 1(0) qle), (©)

ceC

and the sqcond objective functidfy, i.e. maximum time loss, to be minimized over all tour
schedules:
Fy = max f(c). (10)
ceC
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3.3 Constraints

The following constraints must be verified in the problem. First, each child should arrive at
school on time, that is
Te < 05(c), Ve €C. (11)

Second, we impose that each child is carried by exactly one bus, that is

SN 6.=1, veec, (12)
and

B ny

ZZéléa - 1a Ve € Ca (13)

b=1 a=1
and that it steps out of the same bus it boarded, that is

ny
S Gen— 8% =0 WbeB, Veec. (14)
a=1

Also, departure time from home must obviously precede arrival time at school, that is
o. <71, Veel. (15)

Then, no bus can carry more children than its capacity allows for. The occupancy bhbus

stopa’, is given by
a [C]

oceb,a) = Y > ale) [Ty — %] - (16)

k=1 c=1
Consequently, we have for each liuke following set of constraints.

ocab,a) < Qp, Ya=1,...,n. (17)
For each tour, the schedule must be such that the bus can complete the trip within time, that is

tiﬂ - t'& > d(UIoJH Ug+1)- (18)

Note that the optimization problem defined above is a nonlinear mixed integer programming

problem, with decision variables,, ¢’ 5 andé”,. The nonlinearity is due to (4) and (5). It

1 Yt Yea

can be transformed into a linear integer program using standard techniques, at the expense of
an increased number of variables and constraints.

4 Construction of afeasible solution

We describe here a heuristic to construct a feasible solution. The idea is to first ignore the num-
ber of available buseB, and use as many of them as needed to verify all other constraints. We
denote by the capacity of these virtual buses such tat min,c5 Q),. Schools are consid-

ered in increasing order of their starting times. For each schdbé associated home nodes in

5
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{U}B", =BUI LDCHAI NS

Init =0
School loop For eachs € S
Init # =sort (H(s))
Home loop While H +# o,
Createbus b=b+1, 5(b) =s,0cG =0,U, =@
Candidatesloop For eachh € H
Check capacity Letc € C such thati(c) = h ands(c) = s. If
(ocg + ¢(c)) < Q then
Insert U, = | NSERTNODE(U, h)
Update H = H \ h, ocg = ocg, + ¢(c)

Figure 1: Building chains for initial tours with many buses

U =1 NSERTNODE(U,v*) withf = {vy, ..., vp_1}

Empty chain If &/ = @ thenr et urn {v*}

Insert before Uy = {v*,vy,..., 051}
Positionsloop Fori=1,...,p—1
Insert after U = {vy,..., v, 0", Vig1, ..., Vp1}

Shortest chain r et ur n; such that = argmin,_

Figure 2: Node insertion in chain

H(s) are sorted in decreasing order of their distance fsorfthe procedur@®Ul LDCHAI NS,
described in Figure 1, builds chaité = {v?,...,v5_,} of lengthL(U,) = 37" 7 d(v},v?, ),
describing the sequence of houses visited by “bug&ach virtual bu$ serves a unique school

5(b).

The insertion of a node in the chain is based on a minimal chain length increase principle, as
described in Figure 2.

Finally, for each virtual bus, we insert the node corresponding to sch&d) in the chain. As

both chain traversals are possible, we consider inserting its school at either one of its extremities,
preferring that resulting in the shortest chain. If needed, the chain is reversed such that the
school appears Iastg = §(b)). Finally, we define the touy, associated with the chaid, =

{vh,... v} as(ab)? _, with a’, defined by (1) and

° tg = os() (the bus is scheduled to arrive exactly when class starts),
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o ® =1  —dl,vl,,),a=p—1,...,1(the bus uses the shortest route),

a —

o Ei = {c(v?,5(b))},=1,...,p—1 (only children going to schoal(b) step in the bus),

° CZ = @ (no pick-up at school),

e C"=2,a=1,...,p— 1(nodrop off at home),

;113'; (all children that were picked-up are dropped off).

° Qg =
If the solution obtained by applying this procedure is composed tfbuses, it is feasible
only if BT < B, whereB is the number of buses actually available. If it is infeasible, tours
are merged pairwiseB* — B) times to obtain exactly3 buses. Merging touf; = (aﬁ)zkzl
performed by bug with tour 7; results in a new tour *, as described in Figure 4. The impact
of merging tours7; and 7, is measured by, defined as the starting time @f minus the
arrival time of tour7; plus the minimum travel time between last nodejofand first node of
Te. If w;, is positive, it means that the starting time of the hus not affected by the merge.
In that casey;;, represents the waiting time between the two merged tours (see Figure 3(a)). If
wji, IS negative, it means that bysad to advance its departure time to be able to perform the
merged tour on time. In that caseyw;, represents the amount of the shift (see Figure 3(b)). We
assume that touf, is an initial “artificial” tour as built by the procedure described in Figure 1,
while tour 7; already corresponds to a “physical” bus. Consequently, the prior objective in
merging is to avoid modifying starting time of byigand subsidiary to minimize the driver’s
waiting time between two chains). If this is not possible, we prefer the merger that minimizes
the shift in departure time. Considering a chaiif there is at least one non-negative,, chain
j iIs merged to the toutr* such that

k* = argmin = wj, k¥ # . (19)

k:l,...,B, ’LUijO
Otherwise, it is merged to the tokr such that
k* = argmax wj, k¥ # J. (20)

k=1,...,B, w;;<0
At each merger, the paifj, k) of tours chosen minimizes;, if there existsw;, > 0, or
maximizesw;, (if w;, < 0) for all tours1 < j # k < B™. Ties are broken arbitrarily.

5 Algorithmic improvement

We now describe an approach to improve an initial solution found, e.g. by the above procedure,
i.e. we try to achieve a better value of the objective functiBndgr F,) while keeping feasibil-

ity. This is the optimization consisting in minimizing objective function (9) or (10) under the
constraints (2) to (8) and (11) to (18). This is a nonlinear integer program.

A formulation of the problem as an integer linear program can be obtained using standard tech-
niques (see Watters, 1967). Unfortunately, its size becomes too large in terms of variables and
constraints for an exact resolution with current software and computers. Instead, we have imple-
mented and compared several local search heuristics to handle the improvement step: simulated
annealing, feasible and infeasible version, described in Section 5.2 and tabu search, described
in Section 5.3. The performance of these methods is analyzed and discussed in Section 6.

7
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Ty
T T*
merge T -
t - . t t > t t t
t1 S~~~ to t1 to
*
(@wjr >0
Ty
7 e T*
- merge " -
" — } t . f t
t1 ~~ i t1 to
*
(b)wjr < 0

Figure 3: Two possibilities to merge toti. with tour 7;. w3, is wj, minus the minimum travel
time between the last node ®f and the first node df.

T+ = MERGE(T;, i) With 7; = (a2)"_, andT; = (ak)"™

a=1
Shift Wik = tlf - t‘zlj
Delay first tour If wj, < 0, thent), =t/ + w;;, for eacha = 1,...,n;

Merge 7+ = (af)it,, wheren™ = n; + ng, af = ol fora =1,...,n; and
a;’:a’gfnj fora =n;+1,...,n".

Figure 4: Merging two tours

5.1 Local search

Local search is a standard approach in combinatorial optimization. It is based on a neighbor-
hood structure with which the set of solutions is endowed resulting in a directed graph with

the solutions as its node set and each node being linked to its neighbors by arcs of the graph.
Applying a local search heuristic corresponds to searching the nodes in this graph according to
some strategy. Here we will propose a neighborhood structure and two such heuristics. First we
describe a variant of simulated annealing (see Kirkpatrick et al., 1983 and Rossier et al., 1986)

with cyclic reheating and then simple tabu search (see Glover, 1977, Hansen, 1986 and Hansen
and Jaumard, 1987).
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5.2 Simulated annealing

Recall that simulated annealing can be viewed as a biased random walk on the neighborhood
graph. It starts at a given solutigh, selects a neighbor solutio?’ at random and moves there

with probability
P = min {l,exp (—j:(P ); j:(P)> } ,

whereT > 0 is a parameter called “temperature” and stays put with probalility p). The
higherT the more likely it is that a candidate solution be it better or worse than the incumbent
is accepted. The iterations start with a high temperafyrallowing the heuristic to escape

from local optima. Then the temperature is gradually decreased [(e#etations) to intensify

the search. Once a given criterion is métjs reheated to the initial temperatufg. Thus

T oscillates, successively decreasing and increasing the probability of accepting a candidate
solution. This way phases of local improvement and diversification that escape of local optima
alternate each other.

We consider here two neighborhoods: feasible neighbort\dpdenerates only feasible solu-
tions, while infeasible neighborhood; enlarges the set of candidate solutions and may gener-
ate solutions violating the capacity constraint (17). In both neighborhoods solutions are modi-
fied by removing one child from a bus and trying to place it in an other one. A chilthich is

to be moved, is randomly selected with probability

£ (o)
S O 1)

wheref(c) is the time loss of chil@, defined by (8), and is a parameter such that< A < 1.

A value of A = 0 means that we assign the same probability to all children. Abbisalso
randomly selected, with equal probabilities among the buses not carrying:c¢hitde current
solution. The feasible neighborhodd; solution consists to insert childin busb’ resulting

in the largest improvement (or the least deterioration) of the solution, in sense of the objective
function choser¥; € {Fy, F,}.

The other proposed neighborhoad modifies a solution in a similar way &g, except that
capacity satisfaction is not enforced when child inserted in bug’. Therefore \; may create
infeasible solutions. In order to restore feasibility, we augment the objective functionFalue
by a penalty on the capacity violation:

B
Fi=Fr+r Y max{0,0cC, — Qu} (22)
b=1
wherex > 1 is the penalty parameter and
ocd,, = max 0co(b, a). (23)
a=1,...ny

The value of the penalty parameter is first initialized:to> 1. Then, each time an infeasible
solution is produced; is multiplied byx,. When a feasible solution is generated, the value of
k IS reset tox.

The general description of this heuristic is shown in Figure 5. The input parameters are: the
initial temperaturéely to start the heuristicy the decrease coefficient of the temperature, the

9
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number of consecutive iteratiopswith the same temperature, a penalty coefficienof ob-

jective functionF;, the maximum numbey,,., Of consecutive iterations during which the cur-
rent solution may remain without any change (i.e. simulated annealing stagnation), and the
maximal numbenm,,,, of consecutive iterations without improvement of the record solution,
that is the best solution met. The heuristic is stopped when is reached. Figure 5 captures

the two versions of our simulated annealing heuristic, one for each type of neighborhood (i.e.
N € {N;, N;}). Results on testing these heuristics are described in Section 6.

5.3 Tabu search

Tabu search is an alternate local neighborhood search method. Rather than performing a random
walk, as in simulated annealing, in tabu search the solution space is fathomed by moving from
a given solutionP to its best neighbo’ (which sometimes can be worse th®) in the
neighborhood structure. Note that, for the sake of efficiency, we do not necessarily consider the
entire neighborhood dP to determineP’, but only a subset of a given size denotedbyare

has to be taken to prevent cycling and this is achieved by keeping and updating a fixed length
list of forbidden moves, the tabu list, thus avoiding to return to the same solution after a small
number of iterations.

Here we consider the feasible neighborhadg (same as described for simulated annealing)
which consists in removing one chitd randomly selected with probability (21), from its bus
b and trying to place it in an other randomly selected &ng b, respecting all constraints of
the problem. We say that “childmoves fromb to v'”.This is done repeatedly to find a path to
improve the solution.

To avoid cycling, the following moves are stored in the tabu list: if a child is moved from bus
b to bust’, the opposite move from buséto busb is stored. The tabu list moves are forbidden
for ( iterations. Note that if a forbidden move gives a neighbor solution better than the best
solution found so far, this move is carried out in spite of its tabu status.

The heuristic is stopped once a maximal number of neighbor soluytigitsas been visited, i.e.
a maximum total iteration number. Tabu search is described in Figure 6. Test results for this
heuristic are described in Section 6.

6 Casestudies

In order to validate the heuristic approaches, these were tested on both real world and synthetic
data sets.

The real data comes from two Swiss towns, Savigny and Forel. The network is represented in
Figure 7. It contains 34 nodes, including 12 schoolkindlergartenstarting at 8.35, @rimary
schoolsstarting at 8.15 and Bigh schoolsstarting at 7.40. The maximum travel time between

two nodes is 18 minutes. For the school year 1997-1998, four buses were used to transport 274
children (79 for kindergarten, 162 for primary school and 33 for high school). The capacity of
each bus is 210 units, and each high school child takes up 10 units in the bus, while kindergarten

10
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{77}, =SI MULATEDANNEALI NG ({75 }£.,, To, w, 1ty K05 Yimazs Tmaz)

Init T:TO’n:O’fYZO’K:K’O;n:O’p:{7;7}IJB:1!P*:P
Loop Whilen < 1,4, dO

Update iterationstotal number n=n+1

Choose neighbor solution in A/ Choose randomly a childand a bu$’ # 57 (c),
Insertc in Ty — P' = {7, }£_, a solution.

Penalty If P’ is infeasible them: = k - kg elsex = kg

Acceptance solution Generate uniformly: ~ U|0, 1)

Test 1 If F;(P') < Fi(P) then

Update P =P',v=0
Fi(P') = F(P)
T

Test 2 Else ifexp (— ) > x then
Update P =P',v=0
Else v =v+1
Test 3 If F;(P') < F;(P*) then
Update P* =P, n=0
Else n=n+1
Update If (n mod p=0)thenT =w-T
If (v > Yimae) thenT =Ty, v =0

Best Solution return {7}, = P*

Figure 5: Simulated annealing

11
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{7;*}IJB:1 :TABUSEARCH ({7?)}173:1! v, C’ ptot)

Init p=0,L=02,P={Tx}\_,P*="P
Loop While p < p;; dO

Neighbor solution of P in Ny Fori=1,...,v
Choose randomly a child and a bug! # 37 (c;).
Insertc; in T, — P; = {7,}}., afeasible solution.
Best neighbor P’ = min;<;<, {F;(P])}
Best solution If F((P') < F;(P*) thenP* =P, P =P’
Next solution If (¢, 3%(c)) ¢ L then
Update solution P = P’

Updatetabu list £ = L U {(c, 8%(c))}

If |£]| > ¢ then delete oldest element 6f

Updatecounter p=p+1

Best solution return {7,*}2, = P*

Figure 6: Tabu Search
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Figure 7: Savigny and Forel's network

and primary school children take up 7 units.

The synthetic data has been generated in order to analyze the relative efficiency of the methods
as a function of the network size. For a given number of nodes randomly distributed in a square,
the network is obtained from a Delaunay triangulation, from which links are removed such as
to obtain a realistic degree for each node, while maintaining the connectivity. The distributions
of homes, schools and trips have been chosen to resemble the proportions in the real data set.

The experimental design is based on four variables: the network, the number of buses, the ob-
jective function and the heuristic. In addition to the Savigny—Forel network, we have generated
four artificial networks with 10, 20, 30 and 50 nodes, respectively. For each of the five net-
works, we have run several scenarios for the number of buses (see Table 1), and the two objec-
tive functions (9) and (10), to obtain a total of thirty problems. We have considered three types
of heuristics, that is tabu search and simulated annealing with feasible neighborhood and with
infeasible neighborhood. In each case, simulated annealing has been run using four different
initial temperatures, and five different seeds for the random number generator. The tabu search
algorithm has been run using two different neighborhood sizes (14 and 18 neighbor solutions
visited, resp.), and ten different seeds for the random number generator. Thus, twenty instances
of each type of heuristic, totaling 1800 runs were carried out on a Pentium 11l 499MHz. On this
machine an instance with 50 nodes and 9 buses took about 10 hours to complete 50’000 solu-
tion evaluations, that is about 0.7 sec. per evaluation. We summarize now the main observations
from these runs.

Clearly, the quality of the solution depends on the specific heuristics used and the choice of its
parameters. In order to compare the overall quality of the heuristics, we adopt a variant of the
performance profiles analysis proposed by Dolan andeM2002).

If £, IS the performance index of instancef algorithma solving probleny, then theper-
formance ratias defined by

- fp,a,i (24)

r e " .
Pt mlna,i{fp,a,i}
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Network # buses

Savigny-Forell 4 5 6
Artificial [V|=10|2 3 4 5
Artificial [V|=20|2 3 4 5
Artificial [V|=30|3 6

Artificial [V| =509 13

Table 1: Number of buses considered for each network

For any given threshold, the overall performance of algorithanis given by

1
n(a)n,

pa(m) = ®q(7) (25)
wheren, is the number of problems consideredq) is the number of instances of algorithm
a which have been run, anBl, () is the number of problems and instances of algorithfor
whichr,,, < m. We refer the reader to Dolan and Mog2002) for more details about the
benchmarking method.

The performance indices we have selected are the relative improvements of the objective func-
tion (that is the ratio between the final and initial values of the objective function) after a given
number of candidate evaluations (tt@mputation budggt Interestingly, the profiles are qual-
itatively similar for different values of the computation budget. These results are encouraging,
as they indicate that the proposed approach is rather robust and does not depend too heavily on
the tuning of the heuristics parameters. We present here the results for two indices based on a
fixed budget (100 and 500, resp.) and an index where the budget depends on the problem size
(100V| evaluations).

We compare tabu search, and the two versions of simulated annealing for the problem with ob-
jective functionF; defined by (9) andr; defined by (10), for a fixed budget of 100 evaluations
(Figure 8), 500 evaluations (Figure 9) and D@Pevaluations (Figure 10). In each figure, the
plots in the bottom are just zooms of the top plots, in order to emphasize the profile for small
values ofr. For the sake of clarity, the plots fgf; and F, have been separated, although the
performance profile analysis has been performed over all methods.

The most noticeable performance is achieved by the infeasible version of simulated annealing
when objective functiodF; is considered (see, Figures 8(c), 9(c) and 10(c)).

The slight superiority of simulated annealing over tabu search has been observed for other prob-
lems, such as task scheduling (Glardon et al., 1992) and sequencing (Kurbel, 1998). However,
this may not be generalized, as the contrary has also been observed (see, for instance, Hao and
Pannier, 1998, for constraint solving problems).

It is interesting to note the slope of the profiles for each objective function (compare, for in-
stance, Figures 10(c) and 10(d)). The profile is steeper with objective furiEtiahustrating a
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1+ — Sim Nf Fi 1+ R — Sim Nf F
--SmMN; AR | i -- Sim \; 7,
0.75 -+ Tabu F, 0.75+ -+ Tabu Fy
0.5 T 0.5 T
0.25 + 0.25+
y
12345678 910111213141516 17181920 12345678 91011121314151617181920
(&) F1 (b) 7>
1 + — Sim Ny Fy 1 + — Sim Ny F
-- Sim V; Fy -- Sim V; 7
0.75+ weor TEID £ 0.751 o Tabu
0.5 + 0.5 +
0.25 + 0.25+
1 1.5 2 2.5 3 3.5 4 1 1.5 2 2.5 3 3.5 4
(€) F (d) 7>

Figure 8: Performance profiles for budget=100
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o5l -+ Tabu Fy
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12345678 91011121314151617181920
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1 T — Sim Ny F
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12345678 91011121314151617181920
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Figure 9: Performance profiles for budget=500
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1 + — Sim Ny Fi 1 1+ — Sim Ny Fp
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Figure 10: Performance profiles for budget=[0g0
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% initial solution F1/Ne % initial solution Ty

1100 — Sim. N
—- Sim. N}
+90 --- Tabu

1 32.7 — Sim. Nf 100+
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70+ 1229 01 I
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Figure 11: Heuristic improvements with’| = 50 andB = 9

more robust behavior of the heuristics whEnis preferred ovef,. This is due to the fact that

the same value of the objective (10) may be achieved for a large number of different solutions,
as only the largest time loss is considered. Therefore, the heuristics are unable to discriminate
among a large class of solutions with the same objective, and are more likely to cycle randomly
among them.

All heuristics exhibit the same type of behavior: a significant improvement of the objective
function in the early iterations, and a slower reduction rate in subsequent iterations. This is
illustrated by Figure 11 where the-axis represents the number of evaluations of candidate
solutions, and thg-axis is the ratio of the objective function for the solution computed by each
heuristic and the objective function of the initial solution. ResultsAof N are represented on

the left figure, and results foF, on the right.

After comparing the behavior of various heuristics, we focus now on analyzing the quality of
the produced solutions. The procedure described in Section 4 is designed to generate feasi-
ble solutions, without focusing on any objective function. Consequently, the quality of those
solutions is pretty poor, requiring the subsequent use of the heuristics. We illustrate this with
Table 2, where each column corresponds to an instance of a problem, the last three columns
corresponding to the real case. The first row provides the number of nodes, the second the
number of buses. The quantify; /N, is the mean of time losses for all children, afglis the
maximum time loss among all children.

For the sake of comparison, we present the solutions obtained after 5’000 (Table 3) and 50’000
(Table 4) solution evaluations with the tabu search heuristics.

We compare now our better solutions found with the solution actually implemented by Savigny
and Forel in 1997-1998, where the “no transfer” constraint (see (12), (13) and (14) in our model)
is violated for three children. The significant improvement obtained by the heuristics over the
actual solution is reported in Table 5. The distribution of time loss is reported in Figure 12,
where the black bars represent the Savigny-Forel solution, the dark gray bars represent the
solution obtained when minimizing, and the light gray forFs.

We conclude this result analysis by looking at the sensitivity of the solution with regards to the
number of buses. Indeed, it is an important economical information, as it allows to assess the
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Synthetic Real

V| 20 20 20 20| 50 50| 34 34 34

B 2 3 4 5 9 13 | 4 5 6

Fi/Nc | 46,5 28.7 18.2 14.132.8 28.5/41.8 33.9 27.7

Fo 148 126 79 37| 100 181|129 129 80

Table 2: Values of initial solutions, in minutes.

Synthetic Real

V| 20 20 20 20| 50 50| 34 34 34

B 2 3 4 5| 9 13| 4 5 6

Fi/Nce | 133 6.2 41 29164 83103 10.6 9.2

Fo 37 26 25 22| 59 46| 47 44 36

Table 3: Values of final solutions (in minutes) after 5’000 evaluations.

Synthetic Real

V| 20 20 20 20| 50 50|34 34 34

B 2 3 4 5| 9 134 5 6

Fi/Nc |68 45 24 11118 6.1/89 64 55

T 27 22 17 15 39 35|35 27 22

Table 4: Values of final solutions (in minutes) after 50'000 evaluations.
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Savigny and Optimization | Optimization
Forel with F; with F,
F1/Ne 16.9 9.2 13.3
= mean of time loss
F2 42 40 30
= max of time loss
Earliest departure 6.49 7.12 6.56
# children attaining 29 54 32
the min of time loss
# children attaining 1 3 v
the max of time loss

Table 5: Comparison of Savigny and Forel with heuristics best solutions.

# children

0-1 10-11 20-21 30-31 40-41
minutes

Figure 12: Time loss distribution of three characteristic solutions.
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Fi/Ne — Sim. Ny

—— Sim. N
-+ Tabu

(a) F1/Ne (b) 72

Figure 13: Best results found fo¥| = 10 and|V| = 20 with simulated annealing, and tabu

search.

benefits in terms of level of service for the investment in operating an additional bus. Here, we
have allowed each heuristic to examine 50000 candidates before stopping the iterations. For the
tests we have performed, the marginal benefit of adding one bus in the system decreases with
the number of buses, as expected. This is illustrated by Figure 13.

7 Empirical improvement

The solution obtained by the automatic procedure may not always be completely satisfactory
from a practitioner point of view. Indeed, it is common that additional constraints not included

in the model, have to be satisfied. Therefore, it is important for the practitioner to have a tool
to visualize the proposed solution and possibly to be able to modify it. Moreover, the tool can
be used to adjust the solution when the original conditions are modified (a bus is unavailable
for maintenance, a school is closed, some children do not attend school, etc.) Indeed, a manual
modification can be much faster than running the overall process from the beginning.

We describe here a decision-aid tool (implemented in Python, see Lutz and Ascher, 1999) de-
signed to help practitioners improving the solution. It has two main functionalities: solution
display and edition.

The display contains (i) a graph representing the network, where nodes corresponding to schools
are differentiated and the path of a bus can be dynamically displayed (see Figure 14 top), (i) a
diagram representing the tour of a bus which consists of-axis for time and a-axis for the
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Figure 14: Evolution of a bus capacity and course bus.

occupancy of the bus (see Figure 14 bottom) and (iii) the description of each bus, its average,
minimum and maximum occupancy, average, minimum and maximum travel times, waiting
times and late arrival of children using it (see Figure 15). Finally, the exact occupancy of a bus
at a given time is also available, for each child travel time and waiting time are reported.

The edition capabilities of the tool enable the user to modify the journey of one child, and
to evaluate the impact of this modification on the solution. For the selectedhhe tool
proposes within each busthe best pick-up time for, that is the pick-up minimizing time

loss (defined by (8)) of all children carried by biis The impact of such a change on the
objective function is reported, that is the total and the maximum time loss of all children (
and.F, defined by (9) and (10)). The user may then decide to implement one of the proposed
modifications or keep the current solution.

Providing a child-oriented edition capability is motivated by the structure of the feasible solution
described in Section 4. Indeed, the procedure mainly focuses on buses, irrespectively of the
children’s journey. Therefore, it is common for this procedure to generate solutions which are
unsatisfactory for the children, like leaving very early in the morning, or spending a long time
in the bus. The child oriented edition tool helps to fix such aberrations.
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Figure 15: Solution characteristics for a given bus.
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To illustrate the tool, we show how to further improve a solution found with tabu search. We
consider the real problem with 4 buses. The optimum value of the solution given by tabu search
minimizing objective function (10), isF, = 33 minutes. The value of the other objective
function (9) for the same solution j&, /N = 17.1 minutes. We were able to improve the tabu
solution as illustrated by Figure 16. We decide to move child 246, currently getting in bus O at
7.13 AM. The decision-aid tool proposes us to move it to take bus 1 at 7.18 AM. Departing 5
minutes later, the child’s time log§246) comes down from 20 to 15 minutes. This modification
has no impact on the maximum time Ig8g, because the maximum is reached for another child.
The mean time los&; /N decreases from 17.1 down to 15.9. The gain of 1.2 minutes is due
to the fact that bus 0 can now start its tour at 7.13 AM instead of 6.58 AM, which has an impact
on several children.

8 Conclusionsand future developments

We have proposed a new modeling approach for the school bus routing and scheduling problem,
and analyzed several heuristics to solve the problem. The model focuses on optimizing the
service level of the bus system, as it aims at minimizing the children time losses either within the
bus or at school before class starts. Contrarily to previous models proposed in the literature, we
consider the number of buses as given, as it seems to be more consistent with real applications.

We have designed a procedure to generate a feasible solution of the problem. In general, that
solution appears to be unrealistic, and not operational. Therefore, it is required to apply some
heuristics in order to optimize it. We have compared two versions of simulated annealing (with
feasible and infeasible neighborhoods), and tabu search. The infeasible version of simulated
annealing appears to be the best performing heuristic, but the others are also performing well.
Most importantly, it appeared from our tests that the behavior of all heuristics seems robust with
respect to their design parameters. This is critical in a real context, where practitioner cannot
afford to tune the parameters of a given heuristics in order to obtain a satisfactory solution. Also,
it appeared that all heuristics perform better when the level of service is computed based on an
average value, instead of an extreme value. Actually, the use of an extreme value is relevant
from an application point of view, but requires an additional discrimination criteria to allow the
heuristics to perform efficiently.

Finally, we have implemented a decision-aid tool designed to evaluate local improvements sug-
gested by a human expert. This tool turns out to be effective not only for evaluation, but also to
discover better solutions that heuristics may not have found.

Several improvements must be investigated in the future. Firstly, the model can be refined by
adding further characteristics, such as allowing some transfers, allowing children with same
origin and destination to use different buses, or weighting differently the time loss as a function
of the children’s age. Also, the optimization criteria can be extended, and combined. They may
include the number of buses, or the total time spent by the drivers. In some cases, it is also
conceivable to adjust the school starting time on the bus schedule. A multi-objective approach
could then be considered, and filter methods would be good candidate approaches in this con-
text. Secondly, the methods to identify the solutions can be improved. We strongly advocate
a better cooperation between systematic heuristics and human-driven tools, in order to keep
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Figure 16: Moving a child from a bus 0 to bus 1
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control on the solution generation. Also, procedures based on infeasible solutions deserve more
investigation, as they would allow to skip the algorithm described in Section 4. Stress must then
be put on feasibility restoration techniques, based for example on Lagrangian approaches. Fi-
nally, a strong collaboration with practitioners would be likely to initiate new ideas for efficient
heuristics dedicated for this specific problem.
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