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AUTOMOBILE SERVICE UNITS WITH SOFT TIME WINDOWS

SVEN 0. KRUMKE, JORG RAMBAU, AND LUIS M. TORRES

ABSTRACT. Given a set of service requests (events), a set of guided servers (units),
and a set of unguided service contractors (conts), the vehicle dispatching problem
VDP is the task to find an assignment of events to units and conts as well as tours
for all units starting at their current positions and ending at their home positions
(dispatch) such that the total cost of the dispatch is minimized.

The cost of a dispatch is the sum of unit costs, cont costs, and event costs. Unit
costs consist of driving costs, service costs and overtime costs; cont costs consist of
a fixed cost per service; event costs consist of late costs linear in the late time, which
occur whenever the service of the event starts later than its deadline.

The progranZIBDIP based on dynamic column generation and set partitioning
yields solutions on heavy-load real-world instances (215 events, 95 units) in less
than a minute that are no worse than 1% from optimum on state-of-the-art personal
computers.

1. INTRODUCTION

The german automobile clBDAC (Allgemeiner Deutscher Automobil-Clylthe
second largest automobile club worldwide, maintains a heterogeneous fleet of over
1600 service vehicles in order to help people whose cars break down on their way.
All service vehicles (nits, for short) are equipped with GPS, which helps to exactly
locate each unit in the fleet. In five ADAC help centdParinenhilfezentralgrspread
over Germany, human operatodsgpatchef constantly assign units to incoming help
requestsgventsfor short) so as to provide for a good quality of service (i.e., waiting
times of less than 20-60 minutes depending on the system load) and low operational
costs (i.e., short total tour length and little overtime costs). Moreover, about 5000 units
of service contractorcnts for short)}—not guided by ADAC—can be employed to
cover events that otherwise could not be served in time. This manual dispatching
system is now subject to automatization.

Given a shapshot in the continuously running planning process, the task of the dis-
patcher in one of the help centers is to assign a unit or a contractor to each event and a
tour to each unit such that every event is served by a unit or contractor that is capable
of this service and such that a certain cost function is minimized. The result of this
planning process is a (tentative) dispatch. The overall goal is to design an automatic
online dispatching system that guarantees small waiting times for events and low op-
erational costs when regarded over a larger period of time. In particular, the ADAC
chose to impose a soft deadline on the service of an event that may be missed at the
cost of a linearly increasing lateness penasiyf( time windows Figurelindicates a
typical, obviously not uniform distribution of units (gray) and events (black) in a real
world instance of ADAC.
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FIGURE 1. Areal-world instance oY DP (gray: units, black: events).
Lines indicate tours that end at the home positions of units in some
dispatching solution

A basic building block for such a system is a faffline optimization moduléhat
is able to produce an optimal or near-optimal dispatch under strict real-time require-
ments. More specifically, the optimization module must provide a reasonable answer
in less than a second and must have the ability to improve on that solution whenever
by some circumstances more time is granted to the optimization process. Given the
fact that in an average snapshot 200 yet unserved events have to be assigned to tours
for about 100 vehicles at distinct positions, the real-time aspect requires special atten-
tion. Seell] for evidence that the ability of fast reoptimization can help to improve
the performance of dynamic dispatching systems. A possible method to organize the
dynamics of a dispatching system in the languageggntscan be found in[14].
Whether or not precomputed routes should be subject to sudden change are discussed
in [5], where the optimization part is done by tabu search.

The basic problem can be modeled asalti depot vehicle routing problem with
soft time windowdMVRPSTW, where each guided vehicle is a depot of its own and
the contractors maintain a depot of a certain capacity. Many algorithms, heuristic
and exact (i.e., where a performance guarantee can be given a-posteriori), have been
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proposed for the relatedkhicle routing problem with time windoywshere the time
windows have to be respected in any feasible dispatch [Bjem{ references therein
for a survey of various problem types and exact algorithms|E&@édr recent progress
in efficiency of exact algorithms; se&J] for a tabu search approach dealing with soft
time windows; seell]] for one approaches based on genetic algorithms).

To the best of our knowledge none of the exact algorithms was ever repopes to
dictablymeet strict real time requirements in a large-scale real-world application, i.e.,
produce reasonable answers very early (after five seconds) in the course of the opti-
mization process. On the other hand, the heuristic methods cannot guarantee a certain
quality of the delivered solution. What should be done in practice? (The primary opin-
ion in industry when being asked to present an approach to solve this problem was to
use meta-heuristics because exact approaches would not be able to produce solutions
fast enough.)

We will show in this paper that we can employ a custom-made dynamic column gen-
eration method to this problem that delivers good solutions after a fraction of a second
and yields a provably optimal or near-optimal solution in less than five seconds in all
real-world data sets with about 200 events and about 100 units provided by ADAC.
The behaviour remains stable even for extremal load problems (artificially augmented
real-world problems) with up to 770 events and 200 units: the solution quality was
already within 12% from optimum after 5 seconds, within 5% from optimum after 15
seconds, and within 2% after one minute.

We had the chance to compare an implementation of our algorithm with an experi-
mental prototype using meta-heuristics based on genetic algorithms and hill-climbing,
which was produced by our industrial partner with serious effort; we show that four
variants of the code based on meta-heuristics are clearly outperformed by our exact
method.

Using the exact approach is viable mainly because we can explicitely exploit a rather
obvious but nevertheless crucial structure in the real-world problem data provided by
ADAC: Since in a planning snapshot all events have been released already, the rela-
tively tight soft time windows willenforce optimal solutions with almost only short
tours

The problem for which we propose a solution in this work is how to specifically
make use of this advantageous property to accelerate convergence of a column gener-
ation procedure for our dispatching problem. Our solution to thByisamic Pricing
Control.

The issues that need to be addressed in order to gain speed in convergence in a
dynamic column generation method are

e reduce the number of columns generated
e consolidate the dual variables as early as possible
e accelerate the solution of the pricing problem

Other issues that on other problem sets may cause problems—Ilike finding an integer
solution—have turned out to be well-behaved for our data sets: we could, e.g., get
away by using the MIP solver of CPLEX 7.0 to find good integer solutions in the course
of the column generation. This also means that there is room for improvement in our
algorithm by employing a genuine branch&price algorithm. From the practicioner’s
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point of view, however, the integrality problem in the ADAC data sets is solved by
CPLEX “off the shelf"@

In order to emphasize that the structure of our dispatching problem is special, we
will use the nameehicle dispatching problev pp, for short) for the problem studied
in this paper.

The rest of the paper is organized as follows: In the next section we introduce the
exact setting of th&/ Dp. Sectiorid is devoted to the mathematical model that is the
basis for the column generation approach. In Sedlame describe our real-time
compliant algorithm. Computational results on real-world data in Se&tjmove the
performance of the algorithm, where Secti@evaluate the effectiveness of various
algorithmic tuning concepts. Secti@isummarizes the key points of this paper.

2. PROBLEM SPECIFICATION

In the following, we specify the exact form ®Dp that is tackled by our algorithm.

An instance of the/Dp consists of a set of units, a set of contractors, and a set of
events.

Each unitu has a current position,,, 2 home position,,, a logon timetS®@" a shift
end timetﬁ”d, and a set of capabilities,. Moreover, the costs related to using this
unit are specified by values for costs per time unit for each of the following actions:
driving ¢4, waiting ca", servingc$'¢, and overtime?'.

Each contractov has a home positiod, and a set of capabilitids,. Moreover, the
costs for booking the contractor are specified by a value for costs per sej¥fice

Each event has a positiorx,, a release timé.,, a deadlinee‘g, a service time,,
and a set of required capabilities. Moreover, extra costs related to serving this event
are specified by the value of a lateness coefficriéfﬁmeaning that a cost af**® times
the delay w.r.t. the deadline of the event is incurred.

A feasible solution of th&/ Dp (a dispatch) is an assignment of events to units and
contractors capable of serving them, as well as a tour for each unit such that all events
are assigned, the service of events does not start before their release times (waiting is
allowed), and all tours for all units start at their current positions not before their logon
times and end at their home positions. The costs of a dispatch are the sum of all unit
costs, contractor costs, and event costs.

3. MODELING

We will use a model based on tour variables. Models of this type are by now well-
established in the vehicle routing literature (see, €3})., [

Let R be the set of all feasibleours This set splits into the set®,, of feasi-
ble tours for each unitt. A tour in R, can be described by an ordered sequence
(u,eq,ez,...,ex) of k distinct events visited bw in that order. We will use the se-
guencegu) to denote thgo-homeour, i.e., the tour in whiclu travels from its current
position directly to its home position. Feasibility means that the capabilities of the unit
are sufficient fore;, i.e.,Fe, € Fy, foralli =1,... k. Notice that this sequence also
fixes the arrival times of at each event.

10ne has to take into account that the chance for the incorporation of an algorithmic method in an
industrial product heavily depends on the relation between effort and benefit.
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For allR € R, we introduce binary variableg; with the following meaningxg =
1 if and only if the routeR is chosen to be in the dispatch.

The cost of the rout® is denoted by and computed as follows. Lét' be the
driving time of unitu from evente to eventf. Moreover, lets%+¢ resp.5¢% be the
driving times of unitu from its current position to event resp. from evene to its
home positiond,,. By t; we denote the arrival time at eventn routeR. The arrival
time of u at its home position bﬁu. Then the costy of routeR = (u, e, ez, ..., ex)
can be computed as

CR =
k
cqVEONE + 3 eV + cdVagrdu (driving)
i=2
k
+ Z Ve, (service)
i=1
+ % max (tdr — &) 0} (overtime)
k
+ Z c2®max(tg — 03 ),0} (lateness)
i=1
A feasible “route”S for a contracton can be written as a s¢tq, ey, ..., ey} of
events that this contractor may be assigned to servefj.eC F, foralli=1,... k.

Let t$ be the time by which contractercan have reached eveaiwith one of his
vehicles. The costs of such a “tour”S can be computed as follows:

Cg =
cdVas| (service)
k
+ > clPemay((te —69,),0) (lateness)
i=1

Since this cost is linear in the events served by this contractor, every “$oofr'a
contractor can be combined from elementary contractor tours containing each only a
single even? Let 8¥ be the set of elementary feasible “tours” fgrand letS be their
union over all contractorg € V.

For allS € 8 we introduce binary variables; with the following meaningxs = 1
if and only if the elementary “tourS is chosen to be in the dispatch.

The VDP can now be formulated as a set partitioning problem as follows. Let
age, bse be binary coefficients witlug, = 1 (resp. bse. = 1) if and only if event
e is served in touR (resp. in elementary contractor “tous’).

230 far, there are no data about the capacities of contractors available to the ADAC. Thus, an infinite
capacity is assumed. Later, in the dynamic optimization process, a contractor that declines a request will
be removed form the dispatching system for some time.
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min Z CRXR + Z CsXs (IP)

RER Ses
subject to
D bsexs+ ) apexg =1 Ve € E; 1)
Ses RER
Z xg = 1 Yu e U; 2
RER,,
xg €1{0,1} VR € R; 3)
xs €{0,1} VS € 8. 4)

Our method is based on solving the linear programming relaxation (LP) of (IP),
where the integrality constraint8)(and @) are replaced by the non-negativity con-
straints[@) and & ):

min Z CRXR + Z CsXs (LP)
RER Ses
subject to
Z bgexs + Z aReXp = 1 Ve € E; @
Ses RER

Z XR = 1 Yu e U, (IZ)

RER,,
xg >0 YRe® @)
xg >0 VS € 8. (1))

It is evident that not all columns of the coefficient matrix can be statically enumer-
ated for our problem size. It is, however, by now established that dynamic column
generation can be useg] |

After each iteration of the column generation procedure we have the optimal solu-
tion of therestrictedLP, in which only tours from a subs& C R have been consid-
ered. (We assume that all elementary contractor tousshiave already been added.)

min > crxr + ) _CsXs (RLP)
RER Ses
subject to
Z bsexs + Z aReXg = 1 Ve € E; @)
Ses RER

> xp=1 vuel; @)

ReR,
Xg > 0 YVReR, @)

xs > 0 VS € 8. @)
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Consider the dual of (RLP) with variableg, e € E, for equations[ll) andn,,,
u € U, for equationsiZ).

maxZ e + Z T, (DRLP)
ecE uel
subject to
> apeme + My < ok YRe R, Vuel; (5)
eckE
D bseme < cs VS e 8. (6)
eckE

For a unitu € U and a touR € R, let ck be its reduced cost

CR =Cr — E AReTle — Ty
eckt

Then, atouR € R, \ R, can possibly improve the current solution of (RLP) only
if ck <0[2].

We would like to estimate during the column generation process how far we are still
away from the optimal solution of (LP). To this end, we use a bound, usually attributed
to Lasdon, coming from the Langrangean relaxation of (LP) w.r.t. the consti@)nts (

Lemma 3.1. Let (7%, 7 ) be an optimal solution to (DRLP) ar(d;’g,xg)T be the cor-

e ’'u

responding primal solution. Then the c«z%?,t of an optimal solution of (LP) satisfies
opt > * * . o x %
cp > Z CrRXR + Z csxé + Z RerIQL(CR Z AReTTs — 707, 7)
ReR Se8 uelu ecE
O

This lower bound is useful in the course of a column generation algorithm since its
main terms have to be computed during the column generation process anyway.

4. THE ALGORITHM

In the following we outline the algorithm in a top-down manner. In order to make
it readable we refrain from introducing symbols for parameters used to guide the algo-
rithm. We also do not use formulas to describe it. We rather present a legible version
that we find is easier to decipher than a rigorous mathematical formulation.

Three key ingredients are designed to ensure fast convergence of the reduced LP
solutions:

(1) pricing on a initially small but dynamically growing search space,

(2) acceptance of columns on the basis of a dynamically updated acceptance thresh-
old,

(3) variation in the sorting criterion influencing the selection of the search sub-
space in the branch&bound pricing algorithm (in the default setting we alter-
natingly sort by reduced costs, completion time, and primal costs).

For further reference, we call the concert of these metidwmmic Pricing Con-
trol.
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Input: Instance oVDpP
Output: optimum dispatch
initialize LP,¢,d, a,L, t, <
while truedo
repeat
{generate new columns in search tree of degtesd deptH:}
5: ADDNEWCOLUMNS((LP,wu, ¢, d, a, <))
double [halve]a if less [more] thanl 000 columns were generated
solve LP
update dual prices
if LP progress sufficient and elapsed time large endbgh
10: solve IP corresponding to LP with time lintit
increaset
output corresponding dispatch to a file
end if
if optimality check successfthen
15: mark LP as optimal
break
end if
increasd
until LP progress stalls antd> L
20: if LP marked optimathen
break
end if
increasal
set! to initial value
25: end while
solve IP corresponding to LP to optimality
return corresponding dispatch

Algorithm 4.1: ZiBDip

4.1. Top Level Algorithm. The input of the top level algorithm i@IBDIP is an in-
stance of th&/Drp.

The initial LP consists of all elementary tours for all contractors plus a tour for each
unit from its current position to its home positiogo-home-touy. This way, both the
initial LP and the initial IP are feasible.

The search for additional columns is done inlepth-first-search branch&bound
tree(search treefor short) for each unit. Each node in the search tree corresponds to a
tour starting at the current position of a unit and ending at the position of the last event
served by the unit. A node can be completed to a feasible tour by appending the tour
from the position of the last event in the node to the unit's home position. piée
costof a node in the search tree is tlegluced cosf2, [12] of the corresponding tour
(without returning to the unit’s home position and overtime). €bstof a node in the
search tree is defined as the reduced cost of the corresponding feasible tour (including
the costs for returning to the home position and overtime). dumd pricesfor the
events and units are taken from the previous run of the LP solver.
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Input: Linear program LP, maximal search degttmaximal search degreg
current nodev (v := r if not specified), acceptance threshaldsorting crite-
rion for partial tours<

Output: The linear program LP with additional columns

if v has lengtH then
return

end if

while less thard children visiteddo

5. pick the next best child of v according to search order
if cost ofc smaller thara then
add column corresponding toto LP
end if
if LOWERBOUND(LP, c) smaller thar then
10: ADDNEWCOLUMNS(LP,1,d, c, a, <)

end if

end while

return LP

Algorithm 4.2: ADDNEWCOLUMNS

The root node of the search tree corresponds to the empty tour. Given awiode
the tree, the children af are obtained by appending one event that is not yet inv.

We generate columns for each unit in loops with increasing values for the maximal
search depth (inner loop) and the maximal search degree (outer loop). The values for
the maximal search depth are increased until no progress has been made in the previous
step provided the search depth was sufficiently large, at latest when the depth equals
the number of events. The search degree is increased until an optimality criterion is
met or the search degree has reached the number of events (see Al@bfjithm

While we are adding columns to the LP we fix the upper bound to a negative ac-
ceptance threshold: all columns that have reduced costs smaller than the acceptance
threshold are added to the LP. This acceptance threshold is updated after each iteration
depending on the number of columns produced.

This search on a dynamically growing space ensures that

o the effort of finding new columns is small in the beginning, when the dual
variables are not yet in good shape

the dual variables are updated often in the beginning

this update is fast since the number of columns in the LP is still small

we can enforce the output of a feasible integer solution early

o the search is exact later in the run when the dual information is reliable

Whenever a new integral solution is found we output the corresponding dispatch.

4.2. Column Generation. The input of the column generation part consists of an LP
(containing information on the dual prices of the previous optimum LP solution), a
maximal search depth a maximal search degrek the current node, an acceptance
thresholda, and a sorting criterior: on nodes of the search tree.

Each node in the search tree of a unit is defined by an ordered sequence of events.
This sequence uniguely specifies a tour for the unit. For each unit, the root node of the
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Input: nodev
Output: A lower bound on the cost of a node below

for eventse notinv do
compute the maximal gain efbelowv
end for
sets to the sum of the large$t— 1(v) maximal gains
return pre-cost ofv minuss

Algorithm 4.3: LOWERBOUND

search tree is initialized with the empty tour. The cost of the root node is the reduced
cost of the go-home tour. If we have visited a neda the search tree we recursively
traverse the subtrees of at masthildren ofv. The children ofv are constructed by
appending a new event to the event sequenae dte cost of the child is given by

the reduced cost of the corrensponding feasible tour. The order in which the subtrees
of the at most children ofv are traversed is given by sorting the children in the order

of increasing reduced costs of the new nogee€dy, increasing completion time of

the new nodedreedy makespanor increasing primal cosp(imal-greedy. (Other
sorting criteria can be activated on demand.)

Whenever the subtree below a node has no chance to contain a node with cost
smaller than the acceptance threshold we skip that branch (see 8e8tidWhenever
a visited node has cost smaller than the negative acceptance threshold we add it to the
LP (see Algorithnid.2).

The acceptance threshold is doubled or halved depending on how many columns
were found. Since the column generation procedure is called very often, this con-
trols the number of columns delivered. This has (in our case) certain advantages over
stopping after a fixed number of generated colunfocéd early stoff10]):

¢ the optimal column in the current search space is not missed
e the generated columns might cover the set of events more uniformly than in
forced early stop

4.3. Pruning the Search Tree. The lower bound scheme for the subtree below a
nodev in the search tree works as follows: for all events not yet in the sequence
of v, compute thenaximal gainof servinge at some point aftev as the dual price

of e minus the unavoidable (primal) cost of serviagno earlier then the completion
time of the last event in. This unavoidable cost is the late cost plus the overtime
cost incurred wher were served next. 1 has lengthl(v) then we call the sum of

the largest — 1(v) maximal gains théotal maximal gain below). The pre-cost of
minus the total maximal gain belowis a lower bound for the cost of the cheapest
node below (see Algorithmid.3). This lower bound estimation is fast and effective
for our type of input data.

4.4. The start heuristic. We considered the alternative of starting the column gen-
eration process from a “good” initial solution constructed heuristically. The heuristic
we used consists of two phases. In the first phase, a dispatch is greedly built using a
best insertion approach. We start with all units having “return-home” tours (i.e., tours
without events) assigned to them. Then we consider all events sorted by increasing
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deadlines, which is the order in which they are given in our data sets. For eacle event
we search for the best unit’s tour—and the position within this tour—whe@n be
inserted. If the cost for insertingat this position is smaller than the cost of assigning

e to the best contractor capable of servicing it, the insertion is done and we continue
with the next event.

Input: Instance oVDpP
Output: valid dispatch
{Phase I: construct dispatch greedly by best insertion:}
initialize R, as “return-home” touru € U
forie{1,...,|E[}do
determine rout®;, and positionk* for which the cosiAc(R},, k*) of inserting
e; is minimal
5. if Ac(R}, k*) is less than the cost of assignintp its best contractdahen
inserte; in R}, at positionk*
end if
end for
{Phase II: improve dispatch by node-exchanges while possible:}
10: while 3i,j € E with XCHCOST(e;, e;) <0do
execute node-exchange between evengde;
end while

Algorithm 4.4: STARTHEURISTIC

Input: two eventse;, e;
Output: amount of increment in the dispatch cost if a node exchange between
the event®; ande; is executed
if e; ande; are currently assigned two different (unit or contractor) tabes
LetT; = (ulv, < PR < I S = IR I ein)
andT; = (ufv, €1 € H 65,85 1y ejm)
be the old tours
5. compute the COSfsy andcTz* of the new tours

Tl* = (ulv,ei],. <y €1y 65,4 gy - .,ein)
Tik = (ulv,ej],. . .,ejl,ei,ejm,. . .,ejm)
A= CTr + €1y -C1y -C1y
end if
10: if bothe; ande; are currently assigned to the same (unit) tiien
LetT = (u,ey,,...,ex, ) withi=Xk, andj =k

be the old tour. Assume w.l.0.g.< s.
compute the cost of the new tour

L LV SR -3 G- SO - SN N - N
15:  A:=c}—cT
end if
return A

Algorithm 4.5: XCHCoOsST



12 SVEN O. KRUMKE, JORG RAMBAU, AND LUIS M. TORRES

The second phase improves the dispatch by executing soneexchangsteps.

We define a node-exchange as an interchange between the current positions of two
eventse; ande;. We considered hereby three possible cases: gotind e; might

have been assigned to the same unit’s tour, to different tours, or one of them might
currently be served by a contractor. In all cases, the step consists in reptading

e; in the node sequence that describes the route currently cowgramd viceversa.
Exchanges are taken whenever they lead to improvements of the solution. The heuristic
stops when no more improving steps can be made (see Algddifym

To reduce the running-time of the heuristic, we used certain rules for discarding
insertions/node-exchanges that had no chance (or very little chance) of leading to an
improvement in the objective function. They are all based upon one simple idea which
takes advantage of the special structure of the cost function in our problems. For
any evente, it is easy to derive from its soft time window a “hard” deadl#{eafter
which the lateness cosf'®(0" — 89) equals or exceeds the cost of assigrirtg the
cheapest contractor capable of servicing it. Since this deadline has to be respected in
any optimal solution, all units that can’t reaetbefore that time are not considered
for insertions/exchanges. In all test datasets, it turned out that this hard deadline was
narrow enough to reduce the number of “reasonable moves” drastically.

The heuristic obtained a solution in less than an half second for ten of the twelve
instances considered. (The other two demanded about 1.3s.) The gap between the
solution value and the LP-lower boundB (see sectio®.2.3 varied between 2.1%
and 5.3% for the instances belonging to the “low” and “medium” load configurations,
and between 7.3% and 19.2% for the “high” and “extreme” load cases. Although
these values are in general significantly better than the first ones found by the column
generation algorithm alone (i.e., without using start heuristic), it turned out in all cases
that this advantage was rapidily consumed during the first 5 seconds. The column
generation process seems thus to be very efficient in finding all good tours constructed
by the heuristic.

4.5. Default Settings. We used the following start values as defaultZiBDIP. The
values were not changed during the test runs.

e The initial LP contains all elementary contractor tours plus the tours coming
from a column generation step with degie@nd unbounded depth where each
event was assigned to its closest unit in advance.

The initial search depth is set to= 3.

The initial search degree is setda= 1.

The initial acceptance threshold is setto= —1.

The minimal tour length that is searched for is set te- [E|/|U| + 3.

The time bound for solving the reduced IP is sel®% of the elapsed com-
puting time.

The initial order< is set to reduced cost sorting, followed by completion time
sorting and primal cost sorting.

4.6. Limitations. The efficiency ofZIBDIP depends on the relation of late costs to
drive costs. Rule of thumb: the larger the late costs are in comparison to the drive costs
the better is the performanceDfBDIP and vice versa. Also, whenever tours of length



REAL-TIME DISPATCHING 13

more than ten events are in an optimal solution, our method significantly degrades in
performance.

Consequently, the algorithm is not suitable for dispatching without effective time
windows. It is also not suitable when the drive costs dominate the late costs.

In the case of the particular dispatching problem of ADAC, the mentioned limita-
tions do not apply.

4.7. Remarks on the Test Implementation. The algorithm was implemented in stan-
dard C++ using the GNU C++ compiler version 2.9%p [Standard container struc-
tures were taken from the Standard Template Libragc{or , list , priority
gueue ) [9]. For the computation of distances a distance cache was employed.

5. COMPUTATIONAL RESULTS ONREAL-WORLD DATA |I: OUR MODEL VERSUS
A GENETIC ALGORITHM APPROACH

In this section, we present computational results and a comparison to an experimen-
tal prototype codAD2 which has been kindly provided by Intergraph Public Safety
(IPS), our industrial partner in addition to the ADAC. The key learning of this sec-
tion is that for the type of data in the real-world ADAC problem the method based on
Integer Programming outperforms a professional code based on primal heuristics and
genetic algorithms.

5.1. Prototype Codes. The first prototype is an experimental cofiB2.exe, which

is based on a genetic algorithm combined with a number of heuristia®.was care-

fully produced by our industrial partner in order to make the most out of the genetic
algorithms approach. It was evaluated in four parameter-settings proposed by the pro-
ducer (see SectidnZ2.2.

The codeZIBDIP was run with and without the start heurisBélEU described in
Section4.4. Other than that, the same configuration was used on all test instances:
the initial search depth was set3pthe initial search degree was setltoThe initial
acceptance threshold was sef to

The codeAD?2 is based on a genetic algorithm appro& which can be initial-
ized with two different start-heuristid§ and CL. An additional best-insertion type
heuristicHEU may also be used in the solution process. This prototype was evaluated
in four parameter-settings proposed by the producer. The ZIRI2IP was run with
the same configuration on all test instances: the initial search depth was3s¢héo
initial search degree was settoThe initial acceptance threshold was set-h

5.2. Test Setup. In this section we explain the setup which was used for the tests. The
evaluation followed the scientific guidelines proposeii8]. Sectior5.2.1describes

the test data, Sectidh.2.2 lists the hardware and software setup and Se@i@m3
specifies the evaluation guidelines given by the ADAC.

5.2.1. Test Data. The test data was provided by ADAC/IPS from the database archive

of the currently running PANDA-system. For each of four “system load situations”,
low, medium, high and extreme, a number of data sets were selected. The test sets vary
in the number of open events (# events) which must be serviced and the number of
ADAC-units (# units). The three extreme load data sets were obtained by duplicating
events in smaller data sets. All other data sets consisted purely of snapshots of the
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Data File System Load # events| # units
1403_low low 106 84
1903_low low 44 73
2702_low low 93 74
0904 _medium | medium 104 96
1504_medium | medium 125 93
1602_medium | medium 119 94
1704 _high high 156 83
1903 _high high 196 108
2702_high high 215 98
540e_99u productive data, 540 99
simulated extreme load
770e_200u simulated extreme load 770 200
Xtreme simulated extreme load 775 211

TABLE 1. Overview over the data sets used in the evaluation.

database. Tabl@ lists the details of the various test instances. In all cases a single
external contractor (“generic contractor”) of unlimited capacity was available as an
alternative serving-unit for the requests.

The cost factors are in the following relations (absolut values are not disclosed here):
A delay of one hour is as expensive as 20 hours of driving and approximately as ex-
pensive as three contractor services. Overtime costs make for one third of the delay
penalty. These data are a result of a careful internal modeling process in cooperation
with ADAC and IPS.

5.2.2. Hardware and Software Setuffhe codeAD2 was used on &33 Mhz Pen-

tium Ill machine equipped witB56 MB of RAM running the Windows 2000-server
operating system (version 5.00.2195, service-phékstalled). A single user was
logged in for the total evaluation period. As suggested by the producer, the proto-
type was run with four different settings: iterated combined with genetic algorithm
(IT+GA), close combined with genetic algorithi@l(+GA), iterated combined with
heuristics and genetic algorithfTGHEU+GA) and close combined with heuristics
and genetic algorithmGL+HEU-+GA).

TheZIBDIP-prototype was used on80 Mhz Pentium Il machine equipped with
256 MB of RAM running Linux as operating system (kernel version 2.2.16). As in the
case ofAD2, a single user was logged in during the test. The protoBIB®IP was
compiled using th&sNU C++compilergcc , version 2.95.2 19991024 (releadd). [

The compiler flags werdD6 -mpentiumpro  (-O6: optimize,-mpentiumpro
produce code for Pentium Il and later processoB8BDIP used the linear program-
ming (LP) and integer linear programming (ILP) solver CPLEX versi@n6]).

The ZIB-prototype was run in two combinations, the core-algoritiBDIP based
solely on dynamic column generation and a combinaZitBDIP+ZHEU of this ap-
proach together with the start heuristic from Sectoh

Virtual memory effects were not an issue during the test series. All codes ran
in RAM without swapping.
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FIGURE 2. Results for low system load.

5.2.3. Evaluation GuidelinesBoth prototypes were used with the described param-
eter settings on all test instances. The solutions computed by the prototypes after 5,
15, 30, 60 and 120 seconds were evaluated. For the largest test in&i46ee89u ,
770e_200u andXtreme we also recorded the solution quality delivered after 600 sec-
onds. The measure used to judge the quality of the solutions we usedkttinee error

in percent with respect to the LP-lower boun8 for the optimal solution.

The LP-lower-bound.B was used instead of the “real” (integral) optimal solution,
since computing a proof of the optimality of the currently-at-hand integral solution
turned out to be time consuming. Moreover, for all test instances the optimal (integral)
solution was at mo£t.494% above the lower bound and for most instances actually co-
incided with the lower bound; hence the relative error with respect to the lower bound
LB yields essentially the same results as the comparison with the optimal (integral)
solution.

5.3. Results. This section is dedicated to the presentation of the computational results
of the two prototypes on the 12 test instances described in Table

5.3.1. Low Load. Three test instances representing “low load” situations were fed into
the two prototypesi403 low , 1903 low and2702_low . The results are shown
in Figurel2 The solution quality of the start heurisZ¢HEU which terminated in less
than0.01 seconds for each of the instances is shown ab tbecond mark.

ZIBDIP found provably optimal solutions for all but the first instanté@3_low )
within the first5 seconds of computing (in fact, all these solutions were determined
within less than five seconds of computing time). BdiO3 low a solution with
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FIGURE 3. Results for medium system load.

0.22% error was output within thg second time limit (afte®.45 seconds). The use of
the start heuristic4IBDIP+ZHEU) appeared to be unnecessary in all cases.

The best parameter setting f&D2 was CL+GA. Within the critical 5 second
time limit solutions with relative error of at mos&6 could be determinedlT+GA
performed similarly. The combinations involving the heuristidstHEU+GA and
IT+CL+GA, initially found solutions with relative error of abodt+9% which were
not improved substantially until th& second time limit.

5.3.2. Medium Load.The test data for “medium load” consisted of the three instances
0904 _medium , 1504 medium and1602_medium . The results obtained are shown
in Figure3

All algorithms behaved similarly to the “low load” situatio@lBDIP found prov-
ably optimal solutions for all instances within the fitsseconds of computing (op-
timality certificates were obtained aftért8 s, 0.70 s and0.43 s). The combination
involving the start heuristic4IBDIP+ZHEU) performed the same. The start heuris-
tic ZHEU consumed less thah02 seconds of computing time on each of the three
instances.

As in the “low load” cases the best parameter settingAid2 wasCL+GA which
delivered solutions with maximum error 6% within the first5 seconds of comput-
ing. IT+GA was slightly worse and failed to beat the 5%-error barrier within the first
5 seconds twice, albeit only by a marginal amount.
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FIGURE 4. Results for high system load.

5.3.3. High Load. To determine the behavior of the prototypes in “high load” situa-
tions the three data set§04_high , 1903 high and2702_high were given to
the prototype codes. Figuddisplays the results.

ZIBDIP found solutions with maximum errd).7% within the first5 seconds of
computing time, independent from whether the start heuristic was used or not. The
start heuristiZ HEU needed at mos$t05 seconds to terminate for instandg®4_high
and1903_high , and0.13 seconds fo2702_high

Instance2702_high turned out to be the most difficult to handle for the proto-
types.ZIBDIP provided &.70% error aftedt seconds.

AD2 in its best setting for this data seZl(+HEU+GA) could not get below an
error 0f20%.

In general, AD2 showed some degradation in performance on the data sets. For
none of the instances a solution with error better the could be computed within
the first5 seconds. To achieve an error of less thafo it was necessary to run the
prototype for30—60 seconds.

5.3.4. Extreme Load.Three test instances representing “extreme load” situations were
used to test the two prototypes40e_99u , 770e_200u andXtreme . Due to the
size of the instances in addition to the previously listed time bounds the output of the
prototype afte600 seconds of computing were logged. The computational results are
shown in Figurél

The trends observed for the “high load” instances continued for the “extreme load”
data. The ZIB-prototyp&IBDIP degraded slightly in performance on the “extreme
load” data sets compared to the smaller examples from the previous sections. Instance
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FIGURE 5. Results for extreme system load.

540e_99u was easiest to handle EIBDIP and a solution withl.0% error was
available afteb seconds. This solution could be improved t0.28% error after two
minutes and t®.21% error after the maximum 00 seconds. Foir70e_200u
ZIBDIP started with10.1% error after> seconds (which is still roughly a factor bf
better than the solution found by the béfd2 setting and roughly0 times as small

as the error ofCL+GA which was the besAD2 setting for smaller instances). The
last instanceXtreme, appeared to be the most difficult f@&tBDIP to handle. After

5 seconds the error was% (compared t®65% for the best setting iAD2), after

15 seconds an error of onB.5% remained. Still, even in this case the optimality gap
could be decreased €063% before the00 second time bound. For instang&geme

the use of the start heuristiZlBDIP+ZHEU) was advantageous. In combination with
the heuristic the benchmark error affeseconds of computing time was onlg%
compared ta33% without the heuristic. However, for the other “extreme load” data
sets the start heuristic did not help to improve the results. The start heuristic delivered
its solution on each instance in less tHah seconds.

AD?2 took a serious dip in performance. Aftgrseconds only in one case (setting
IT+HEU-+GA applied to540e_99u ) a solution with error less tha20% could be
determined. In all other cases the error was larger 53&6 Even afte600 seconds of
computing the best solutions could not beat3beerror barrier. The settinGL+GA
more or less broke down completely. For none of the data sets solutions with less
than400% error could be found within the first seconds of computing time, after
600 seconds still about00% error remained in the best case.
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FIGURE 6. Results for2702_high

6. COMPUTATIONAL RESULTS ONREAL-WORLD DATA IlI: EFFECT OFDYNAMIC
PrICING CONTROL

While in the last section we have shown that the model and the algorithmic approach
are more suitable for our problem than an approach based on primal heuristics and
genetic algorithms, we add some more information on the performance of algorithmic
variants ofZIBDIP.

In particular, in order to show the effectiveness of iBDIP algorithm, we com-
pared (on the basis of one high and one extreme load data set from the previous section)
the following setups:

e an unmodifiedcolumn generation procedure, where the pricing step is done
on the whole search space and all columns with negative reduced costs are
included in the new reduced LRI-off)

o forced early stopn the pricing step: whenever one column with negative re-
duced costs is found then the pricing step is interrupted, and the new column
is added to the reduced LP (this method was successfully applietCbgn
modified instances of some Solomon probleearfystop),
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FIGURE 7. Results forXtreme

o the default settings aIBDIP (default).

We have plotted over time the development of the optimal solutions of the reduced
LPs (RLP) and the corresponding IPs (RIP) as well as the accumulated number of
columns.

The results in Figurel and[? show that a vanilla column generation algorithm is
not capable to meet the real time requirements: far too many generated columns lead
to an unacceptable solution time both in pricing and in LP solving. This, by the way,
does not change if the column generation step is interrupted after the optimal column
was found. It can be seen thiatced early stogs for our special kind of problem
not the proper approach to deal with this diffculty: too many iterations are wasted by
adding columns with inferior quality, and $orced early stops clearly outperformed
by ZIBDIP’s default settings.

Observe in Figur@ that a successful optimality check for the default setting of
ZIBDIP made the program terminate already within 15 seconds whereak-tfeand
theearlystop settings need a great deal longer to nail down the optimal LP solution.

We have run this test on all of our data with the same results, except that for the low
load instances the differences were not equally substancial.
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FIGURE 8. Results for2702_high

For a more detailed look at the effects of specific algorithmic featur@BiDIP,
we compared the performances of

forced early stofearlystop),

ZIBDIP in default settingsdefault),

ZIBDIP with start heuristicsdefault_heu?2),

ZIBDIP the acceptance threshold is set to zero throughout, thus all tours with
negative reduced costs found in the restricted searchspace are acoepted (
accept-threshold),

e ZIBDIP without the variation of sorting criteria in the pricing step: tours are
always extended in the order of increasing reduced costs rather than according
to alternating sorting criteria€d-costs-only).

We concentrate on the early phase that is most important for the realtime-application
(5 seconds for high load instances, 15 seconds for extreme load instances). [Bigures
throughL0 show the performance indicated by the objective values and the number of
generated columns.

We add one additional set of input dageob700 with 700 events and 00 units.

It was created randomly and has release times in the future. It serves as a stability
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FIGURE 9. Results forXtreme

checker for our methods since we expect that its uniform structure and relatively small
late penalties allow for longer tours and make it hardeZI&DIP to find the optimal
tours.

The results in Figure8 throughlLd show that using the starting heuristics ususally
improves the IP solutions &IBDIP during the first five seconds. The convergence of
the further column generation procedure is, however, not affected by the start heuris-
tics.

Dropping the dynamic acceptance threshold leads to more columns resulting in a
slightly worse performance in the speed of LP convergence. This behaviour is, how-
ever, by far not as significant as the restriction of the search space: once the search
space is restricted acceptance control of new columns is a fine tuning issue.

The influence of the variation of sorting criteria, while neglectable on the real-world
data, is strong in the random data example. This is plausible because a greedy search
by reduced costs is more promising in the absence of long tours. Riob@00 has
tours of lengtt? in its near-optimal solution while faktreme there are only tours of
length4, a pure greedy search is to “narrow-minded” to find the best tours early.
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FIGURE 10. Results foprob700

Anyway: since varying the sorting criterion does not harm in the other test cases it
seems advisable to use it in order to be weaponed against pathologic input data.

7. CONCLUSION

We have presented the specialized column generation algoZitBBIP that solves
a real-world large scale vehicle dispatching problem with soft time windows under re-
altime requirements. The problem arises as a subproblem in an online-dispatching task
that was proposed to us by the German Automobile Association (ADAC). The algo-
rithm clearly outperforms an experimental prototype code based on primal heuristics
and genetic algorithms provided by our industrial partner. More@I&DIP is able
to provide a lower bound based on an optimal LP solution in seconds for all real-world
instances provided by ADAC.

It was shown that the concept of Dynamic Pricing Control can significantly speed
up convergence of the column generation process, thereby making a method that has
proven to be effective for large scale offline problems ready for the use in online-
algorithms under realtime requirements. The most important ingredient is the dy-
namically growing search space, whereas the dynamic acceptance threshold and the
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variation of sorting criteria rather help to make the algorithm robust against pathologic
input data.

Another interesting experience is that of-the-shelf MIP solving by CPLEX was good
enough to provide us with near-optimal intergral solutions. Nevertheless, in extreme
load situations the time to repeatedly solve IPs can probably be reduced significantly
by employing clever rounding schemes. Since these are rare cases in practice, this was
not considered necessary by our project partners.

The practical impact of this work is th&iBDIP is being reimplemented into the
new commercial standard automatic dispatch system distributed by IPS, one of the
main providers of dispatching software, superseding the former code based on primal
meta-heuristics. Moreover: this product will finally be used in ADAC’s help centers.
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