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Abstract

Pickup and delivery problems discussed in the literatuterodllow for only particularly sim-
ple solutions in terms of the sequence of visited locationg study the very simplest pickup
and delivery paths which are concatenations of short petteisiting one or two requests. This
restricted variant, stilA(P-hard, is close to the traveling salesman problem with thditiahal
choice of what patterns to visit. We compare the number dfiotsd and unrestricted paths, and
evaluate their respective path lengths. We conclude withgalynomially solvable cases.
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1 Motivation

Generically, when items are to be transported from origindetstinations by a capacitated vehicle we
speak of theickup and delivery problerfiPDP). In particular, variants with multiple vehicles and time
window constraints have received considerable attentidheé operations research literature [3, 5, 7,
8, 9, 10, 12, 19, 20]. Remarkably, much computational egpes is drawn from problem instances
allowing only a restricted structure of solutions in ternfish® sequence of visited locations. Reasons
are a small ratio of the largest vehicle capacity and the lestalveight [9, 10, 20]; in dial-a-ride
systems, which arise in the transportation for the hangiedpand the elderly, temporal constraints
strongly restrict the total vehicle load at any time [6];stlering approaches produce on average mini-
clusters of small size [8, 12]. In [15, 16, 17] simplicity ispdicit part of the problem. The aim of this
paper is to demonstrate that well-defined restricted pickug delivery paths also have theoretical,
possibly algorithmically useful benefits.

For a comprehensive review of the relevant approximative eact solution approaches to the
PDP in its variants see [19, 20]. A catalog of practical appiimas is provided in [5]. We consider a
single vehicle only without time window constraints, inwief its arising as a subproblem in more
complicated settings.



2 Pickup and Delivery Paths

Given a set® of n requests we represent tR®P by a directed grapl® = (N,A). The node sel
comprises all pickup and delivery locationsandr—, r € ®. For each ar¢i, j) € A= N x N a weight
cij reflects the cost for traveling fromto j. For each € N we are given the siz§ of the load to be
picked up {; > 0) or delivered {; < 0), wherel,+ = —¢,-, r € . The vehicle capacity is denoted by
L.

Definition 1 Let R= {i,i2,...,ik} C N represent a directed simple path in G. R is callegiekup
and delivery pathRD path) ;<=

(i) Either{r*,;r } CRor{r",r }NR=0, forallr e R
(i) fip=rtandiy=r-foranre K then p<q

(i) $¥_q6p<L, forallk<K

Conditions (i) through (iii) are callegairing, precedenceandcapacityconstraints, in that order. Note
that aPD path must not repeatedly visit the same request.

3 Combinatorially Simple Pickup and Delivery Paths

Define P = Ureg {1}, P = Urzseq {{r7,s",s7,r 1, {r",s",r",s7}},and? = AU P,. We
use the simple node sequendes P, or patterns as building blocks for more complicated paths.
Note thaty ,.p¢p =0 for allP € 7.

Definition 2 A PD path R= {is,...,ix} is called aP-concatenation <= indicesl=py < --- <
px = K exist such that
{ip0""’ipl}v{ip1+l>"'7ip2}7"'7{ipk71+17"->ipk} ceP .

In simple words, a pattern concatenation is a concatenafipatterns. In a sense, we constrain each
request’scontextin admissible pickup and delivery paths. When restrictingselves ta?; only we
obtain a multiple traveling salesman problem.

Lemma 3 Finding (a collection of) shortegP-concatenations which visit all requestsig?P-hard in
the strong sense.

Remark. The introduction of patterns allows for considering segq@edependent travel cost. That
is, we are able to account for the extent of work required aréiqular location in dependence of the
item picked up previously.

Applications Eventhough our concept heavily constrains the gerial, we encouter applications
which require solutions which are similarly simple in stiwre to ours, all withradditional constraints
not fewer. Problems include the scheduling of switchingtaotives [16, 17], ship scheduling [11],
extraction of logs in forestry [18], and scheduling of autded guided vehicles. We discuss these
applications in more detail in [15].



4  Algorithmic Consequences

Ideas similar to pattern concatenation are well estaldigméhe operations research literature. Cluster-
first route-second heuristics group requests into minstelts and concatenadd of them into routes.

In airline crew pairing [1, 13] often a subset of all possiplgrings to work with is enumerateal
priori. In contrast, because of the small number of patterns wki€liri?), our intention is to select a
subset ofP simultaneouslyo the construction of concatenations. Provided tha inherently given

by the problem our approach is designed to be exact. We mayt adn, existing labeling algorithms
for resource constrained shortest paths [7], see [17] foiggesstion.

Note however, that although derived from tPBP, pattern concatenation has a differpmblem
character The essential constraints of Def. 1 are explicitly coméblby the definition ofP. We
may rather consider our problem as the simplest conceivaibleip and delivery flavored extension
to theTSP. Additionally, we have to select patterns that approplygpartition the node setl. On the
one hand, this strongly suggests to focus algorithmic desigthis selection. On the other hand, it
requires some care when adapting the above mentioned niethteal construction methods.

Due to the hardness of finding a short@stoncatenation, we cannot expect to discover an exact
algorithm which isprincipally better than a complete enumeration of feasible solutidtteerdmplicit
or explicit. In order to get an impression of the size of thuson space of such algorithms, an
interesting question is how mang-concatenations exist, especially in comparison to theeiggn
situation of unrestricted pickup and delivery paths. Wéledtis issue in the next section.

Remark. Unlike two stage strategies, in presence of time windowtepag do not fix the temporal
relation of nodes, i.e., travel times within a pattern. Fmtance, [3] force a vehicle not to wait within
a cluster, and their total cluster duration is known in adean

5 The Number of Concatenations

The aim of this section is to estimate, or better upper boimedsize of the solution space of enu-
meration algorithms forP-concatenation. We would like to make the point that, whemgared

in a fair way, our restriction entailsiuchfewer feasible solutions but still guarantees an acceptabl
approximation guarantee.

For the sake of simplicity let us assumie = 1,r € ® andL = 2, in particulareverypattern is
feasible with respect to vehicle capacity. We denotebthe number ofP-concatenations which visit
all nrequests. The number afl PD paths ist" = (2n)! /2", which is simply the number of all directed
Hamiltonian paths onr2nodes, discarding those which do not respect the precedemstraints.

Lemma 4 The number ofP-concatenations o@n nodes is

] (3] ol 2i-1 '
Tp = n!'i;ﬁ' Dl(n—J) ' 1)

Proof. Each summand represents the number of different combirsatibpatterns for a fixed number
0<i < |3] of P, patterns involved in the concatenation. We assume thaintipgyeproduct evaluates
to one. For a fixed there areg(ln— 2i) P, patterns, and therefor@ — 2i + 1) possibilities to position



the first P, pattern. For the secon®, pattern there arén— 2i + 2) possible positions, and finally
(n—2i +1i) possibilities to place the last. This yields the stated pobd Symmetry in this counting
is accounted for by dividing by the numbgrof permutations of the?, patterns. Multiplication
by 2 considers the fact that there are two differ@atpatterns for a given ordered pair of requests.
Having thus calculated the number of configuration®céind?, patterns, multiplication by! assigns
requests to each particular pattern. This gives (1). O

Remark. Using (}) = (n+'),k, we may rewrite (1) as

M = n!-i%i?-(ni_i) . 2)

An interpretation of (2) is that the binomial coefficient g&/the number of possibilities to arrange
n—2i ¢, andi P patterns (in their two forms): Foifixed requests we only have to decide with which
of the remainingh — i requestgp, patterns will be built.

Remark. Using another interpretation we obtain a recursive fornfatary,, for which a different
closed forntan be given [14]. Similar to Fibonacci numbers, define |, = l andl,=Ilp_1+2-1h_2
for2<neN.

Lemmab 1, =nl-lh g . 3)

Proof. We use an inductive argument. Lemma 5 holdsrfer 1,2. Now suppose the claim be valid
for arbitrary but fixedh — 1, n € N with n even. We omit the analogue proof for odd

n+1

1@ (4 1) Liz' (”*il_i> :(n+1)!t_§2i K”T') +<I”__l'>]
n+1n|2)2'< > (n+n(n— 1! 2?2‘(” 1= >

D n+1) -l +2- (DN (= 1My = (N+ 1) (Insg +2-1n)

The last term equal@+ 1)! - 1,12. The index transformation} usesn even. O
Althought}, is exponential im, its contribution to the total number &D paths is negligible.

Lemma 6 limp T}, /1" =

Proof.
G -[2J2n+i~2ﬁl(n—j) S By
" (2! & it 4 — (2n)!
1.5n
=2 (n+1)1(2n+2)h--~2n st T 20n5n —0
for n — oo, O



Already for very smalhthe ratio is almost zero, but this was to be expected: The eosyn is not
fair. More meaningfully, let us comparB-concatenations againBD paths of an almost identically
constrained vehicle, one with= 2. This condition is weaker; it allowis , iy ,i1,i3,i5,...,i} i i~
withi,iq,...,ix € R, k> 1 as afeasible path segment. it, denote the number &fD paths feasible
for this situation.

Lemma7 1_,=3"1n!

Proof. We prove this result by induction. Far= 1 we haverL 0= = 3°.1! = 1 which is clearly true.
Now let T_, = 3" In! hold for an arbitrary but fixech € N. We will iteratively construct a path
respecting. = 2. For each stage, given that {0,1,2} items are in the vehicle, arldrequests are
not yet completed, i.ek destination nodes are not yet visited, denota}b;he number of different
possibilities to complement the current path from the aurmode. We seekE*% = ”*1 In the
beginning no request is completed and the vehicle is empty.

When the vehicle is empty akdequests are not completed, we hiaymssibilities to immediately
continue the path, i.et§ = k- 1¥. When one item is in the vehicle, we can immediately deliver t
item, reducingk by one and making the vehicle empty, or we can pick up anotesr,ifor which we
havek — 1 possibilities. In the latter case, two items are in the eehithus we must deliver precisely
one of them. Then, one item remains in the vehicle, laisdreduced by one, i. err2 =2 Tl ~1 for any
k. More formally, we have

=+ 1=+ (P+n-g =
(n+1)-(tg+2n-17) = (n+1)-(15+2n- FS)—S-(M—l)-TB
Hence, by the induction hypothesis arfd=1'_, we havet]"3 = 3"(n+1)! as claimed. O
Lemma 8 limp_.e1}/10_»,=0 .

Proof. Upper bounding?, by eliminating the binomial coefficients via

5207 < 320) < 25 (1) < #5() - =

we obtain 2 - 21/3-1 = 3.,/8"/3" — 0 as claimed. O

NIS
NI:!

When the vehicle capacity is two by definition of the probleiuation, the restriction taP-
concatenations is not that severe. Still, asymptoticdfigir fraction amongPD paths withL = 2
vanishes.

6 Error Analysis

What is the influence of our restrictions on the quality olusioins in terms of the path length? One
easily sees that a vehicle restricted®econcatenations versus a vehicle driving gen@@lpaths
performs arbitrarily bad. On the other hand, when restrictihe latter vehicle th. = 2 the situation
changes.



Lemma 9 Given the optimal length L, of a PD path with L= 2, and the optimal lengthsl of a
P-concatenation in G, therpl< 3-1. —, and this bound is tight.

Proof. For a vehicle withL = 2, consider an optimaD pathR = {i1,...,ix} in G of lengthl__».
We think of items loaded either into storage hold 1 or 2 dutimg journey. Then, we construct an
approximatingP-concatenation as follows.

Start iniy, proceed in the order given Byand pickup andmmediatelydeliver all items which are
loaded into hold 1. Return tiq, and repeat for storage hold 2. In the worst case- i; andr— = ig
for somer € R, andci,i, = G, ,ix = 0. Then, the length of thi®-concatenation is exactly three times
lL—2. O

Note that we construct an approximatifig-concatenation, so that, unfortunately, this gives no
better approximation guarantee tham&P approximation.

7 Polynomially Solvable Cases

A natural question in connection with hard optimizationkgemns is to ask for polynomially solvable
special cases. We assume again that we have to vigitedjuests in a concatenation. In the context of
the TSP, two research directions are classical: Special attrébafehe cost matrix, and restrictions to
special (typically sparse) graph structures. [2] considethird class similar in spirit to our approach,
viz. constraining the combinatorial variability of a tour. We @masize theTSP polynomial time
special cases—which are numerous—because they immedigtel rise to an analogous statement
for ,-concatenation. Interestingly, when we drop T8 component of our problem, the remaining
selection of patterns is easy.

Proposition 10 A shortestP-concatenation can be found in polynomial time if the seqeaesf pat-
terns is irrelevant, i.e., all arcs joining two patters hazero weight.

Proof. Consider an undirected graph with vertex¥gt/V, :={i |i € R} U{i’ |i € R} and edge set
EiUBUEs:={(i,)) |i#je R}IU{({",]) |i#]e R}U{(i,I") |i € R}, i.e., for each request exists
a node inVy and a copy iV, joined by an edge itfies, and (V1,E;) and (V,, E») are complete, c.f.
Fig. 1. Edgedi, j) € E; and(i’, ) € E; are weighted with the cost of a cheapest of the four patterns
in P, involving requests and j. Similarly, twice the cost of the?; pattern for request defines the
weight for (i,i’) € Es.

Let M be a perfect matching in this graph. The edge 8&{s= M N (E; UE3z) andM; = MnN
(E2 UEg), respectively, each define a selection of patterns in théoabwvay. Furthermore, iM
is a minimum weight perfect matching, the edge weighMafequals that oM,. Otherwise, either
MNE; or MN E, would have greater weight, contradicting the optimalityMbf Thus, the weight of
M is twice the cost of an optimal selection of patterns. Serilrese patterns in any order gives an
optimal solution to theP-concatenation problem. Polynomial time computabilityMyfseee.q., [4],
completes the proof. O

We will now restrict the position of a request within a corsaition, adopting an interesting idea
for the TSP. We follow the lines of the original presentation [2]. Forisemn concatenation, we say
that request precedesrequestj if and only if i~ is visited beforej—, i.e., i is completed not later
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Figure 1: Sketch of the undirected graph constructed in theff Proposition 10

than j is. Given an integer X k < n, and a linear orderingl,...,n) of the set® of requests, a
concatenation is required to fulfill the following conditio

Foralli jel,....n, j>i+k = iprecedeyg . 4)

In other words, theposition of request within a concatenation is required to be in the interval
i —k+1,i+k—1]. Since fork =1 the ordering1,...,n) is already optimal, (4) holds for a relatively
smallk only when the ordering is sufficientlyloseto the optimal one. We state the main result of [2]
in our terminology.

Theorem 11 Finding an optimal®;-concatenation witl{4) needs @Qk?2<2n) time.

An outline of the proof is as follows. The basic idea is to explhe restricted candidate set for
a given position in the concatenation in the well known dyitapnogramming approach to thespP.
This leads to the construction of a layered gr&ph= (N*,A*) with (in our casen+ 2 layers, the
layers being the node se, | =0,...,n+ 1, whereNg andN;,_; only contain virtual start and end
nodes of paths. Each node M represents & pattern in positiorl together with the knowledge
about which requests were already visited. Two nodes aseeadi if and only if the corresponding
requests and j can be served consecutively according to this knowledge(é4ndThe respective
arc is weighted witht;- j+ + ¢j+j-. [2] shows thatN'| < (k+1)22,1 =0,...,n+1, and that the
in-degree of every node is bounded ky This gives an upper bound on the number of arc&in
The claimed result then follows from the one-to-one coroesignce between shortest path&inand
optimal P;-concatenations i, and the computability of such paths in a layered grap®(fA*|).
Repeating all the technicalities in this place would be imddowever, this proceeding suggests an
immediate generalization.

Proposition 12 Construction of an optimaP-concatenation wittf4) can be done in @6 - k*2%*n)
time.

Proof. Every path inG* represents a feasible sequence of requests to be complitetegpect to
(4). Giveni € N*, denote by re(j) the respective request. When all patternirare allowed, for
every two adjacent nodésind j in G* we have to decide according to which pattern the correspondi
requests re() and reqj) are to be served. Actually, given that fegprecedes re(q ), in addition to
consecutively serving tw@; patterns, there are tw-patterns possible.



To represent this we exter@”. We make four copie®\',; andN/,,, p= 1,2, of the node
setsN, | =2,...,n—1, two copiesN; ,;, p= 1,2, of Ny, and two coplesNn p2r P=1,2, of Ny
The nodes ier*’p,l and No.2: will represent beginning and ending, respectlvelgezapattern in one
of its two formsp € {1,2} in the |™ position of a concatenation. In each nodeMgt,, p=1,2,
| =1,...,n—1, we make{d(i)| copies from each € N, whered(i) denotes the set of arcs leaving
nodei. Denote byiiq € N',;, a € &(i), andiz € N',,, p= 1,2, the respective copies of N,

I =1,...,n. Allarcs in A* remain intact. Additionally, we introduce the followingitarc sets:

Ap= U {(1a,i2) eNfpaxNig po [ (i) €A o e d(i)},  p=12
lel,...,n—-1

A;,p: U {(i27j170() € Npr,ZXNI*—i-l,p,l | (iaj) EA*,G Eé(i)}, p=12

le{2,...,n—-2}

Ap= U {jne) eNF XNy | () € A% a e 3(i)}, p=12
1€{0,....,n—2}

Aip= U {(20) eNfprx N | (i,]) €A}, p=12
le{2,...,n}

and
e = U {(i2, j10) € N|T172 X N|*+172,1 | (i,]) e Ao e (i)}

le{2,....n—2}

Ar = U {(i2, j10) € foz,z X N|*+1,1,1 | (i,])) e A" aed(i)} .
le{2,....n—2}

Let us denote by" andi~ the origin and destination location, respectively, of thguest associated
with nodei € N*. We keep all arc weights;; for (i, j) € A* unchanged, i.ewij = G- j+ +Cj+j-. We
lose no generality in assuming that

p= 1lrepresent§j*,i*,i~,j }, and
p=2representsit,j* i, j }.

Observe, that each g € N*,;, a € 8(i), | =1,...,n—1, has auniquesuccessor ilN?",; ,,. By
analogy with the above, we denote by stiig ) the origin location of the request associated with
this successor. This enables us to assign the followingh®ig the additional arcs:

(Lo, j2) €EAG1Y Cj+i+ +C+i- +C-j-  (i1a,J2) €AGo C+j+ +Cjri- +Ci-j-
(i2,j10) €Ap1" G- suce(jra) (i2,J10) €EAp2: Ci-j+

(i, jr1a) € Az,l © G- succ (jra) (i,j1a) € Acz + Gi—j+

(i2,)) €Ag1: Gij+ +Cjrj- (i2,j) €Ag2: Gi-j+ +Cj+j-

(i2,j1a) €EAct Ci-j+
(i27 jl,G) € A? : Ci*sSUCC’L(jl,a)

Figure 2 gives an overall idea of our network constructiononk the definition of our node sets we
obtain an upper bound ak?2<-2)2 (the square of Balas’ bound) for the number of arcs entering
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anyN',,, p=12, | =1,...,n—1. This dominates the original upper bound on the numberas ar
entering the other node sets. There are six sets with aresrmsomeN", ;, Viz. A, 1, Aj 5, Ac 1, Aco,
A;, At, and the claim follows from Thm. 11. O

Figure 2: Expansion of Balas’ network constructed in theopad Thm. 12. Each line represents the
arcs connecting adjacent node sets. A thin line indicatstiie corresponding arc set has cardinality
|A*|, whereas bold lines indicate arc sets with cardinghty|2.

It is interesting to see that tHg™*,i™,i~, j~ } patterns cause the costly expansion of the network.
Without the expansion we would not have a unique successop@és inipq € N'p 4, o € &(i),
I =1,...,n— 1. Unfortunately, this successor determines which loaagdo be visited in the pattern
first. Thus, we would not have been able to define arc weiglts fer arcs inAy ;. Note, however,
that for {i*, j*,i—, j~} patterns the first location to be visited is always known wihéngiven which
request is to be completed first.

Corollary 13 An optimal concatenation af; and {i™, j*,i~, j~} patterns with(4) can be found in
time Q(5-k?2<2n).

Proof. Again, we construct an expanded network. Wedlet 1 andp = 2 in the above construction
for the proof of Prop. 12. This leads to four arc sét$, throughAy ,, each of which has cardinality
|A*|. We are able to uniquely define the respective arc weightsigaly as above, and the claim
follows from Thm. 11. O

8 Conclusion

We investigate very simple pickup and delivery paths in aadit way. We introduce small patterns
serving exactly one or two requests and concatenate thempaths. This concept is successfully
applied in [17]. In this paper we demonstrate that our retsbm drastically reduces the search space
of an implicit enumeration algorithm for finding an optinfb path. In fact, all exact solution ap-
proaches to th®DP, we are aware of, rely on some dynamic programming schemebdBynding
the prolongation of the path length by our restriction to etda of three, we have proven thdt
concatenations give, in a sense, a good representatioh Rb glaths where at most two requests are
simultaneously served.



Acknowledgement

| wish to thank Thomas Lindner, Tom Matsui, and Hannes Sdiee&lelpful discussions. | gratefully
acknowledge the careful reading and constructive suggestf an anonymous referee of an earlier
version of this paper [15].

References

[1]

[2]

[3]

[4]

[5]

[6]

R. Anbil, J.J. Forrest, and W.R. Pulleyblank. Column getion and the airline crew pairing
problem. InProceedings of the International Congress of MathematieiBerlin Extra Volume
ICM 1998 ofDoc. Math. J. DMV pages Il 677—686, August 1998.

E. Balas. New classes of efficiently solvable generdlimaveling salesman problemsinn.
Oper. Res.86:529-558, 1999.

R. Borndorfer, M. Grotschel, F. Klostermeier, and Qitker. Telebus Berlin: Vehicle scheduling
in a dial-a-ride system. In N.H.M. Wilson, edit@Zomputer-Aided Transit Schedulingplume
471 ofLecture Notes in Economics and Mathematical Systpages 391-422, Springer, Berlin,
1999.

W.J. Cook, W.H. Cunningham, W.R. Pulleyblank, and A. §ehr. Combinatorial Optimiza-
tion. John Wiley & Sons, Chichester, 1998.

G. Desaulniers, J. Desrosiers, A. Erdmann, M.M. Solopnaor F. Soumis. The VRP with pickup
and delivery. In P. Toth and D. Vigo, editorBhe Vehicle Routing Probler8IAM Monographs
on Discrete Mathematics and Applications, chapter 9. SIRKi|adelphia, 2001.

M. Desrochers, J.K. Lenstra, M.W.P. Savelsbergh, an8demis. Vehicle routing with time
windows: Optimization and approximation. volume 16Sitidies in Management Science and
Systemgpages 65-84. North-Holland, 1991.

[7] J. Desrosiers, Y. Dumas, M.M. Solomon, and F. Soumis.€eloonstrained routing and schedul-

ing. In M.O. Ball, T.L. Magnanti, C.L. Monma, and G.L. Nemisay editorsNetwork Rout-
ing, volume 8 ofHandbooks in Operations Research and Management Scipages 35—-139.
North-Holland, Amsterdam, 1995.

[8] J. Desrosiers, Y. Dumas, and F. Soumis. The multiple clehdlial-a-ride problem. In J.R.

Daduna and A. Wren, editorsComputer-Aided Transit Schedulingolume 308 ofLecture
Notes in Economics and Mathematical Systgmges 15-27. Springer, Berlin, 1987.

[9] J. Desrosiers, G. Laporte, M. Sauvé, F. Soumis, and efea. Vehicle routing with full loads.

[10]

[11]

Comput. Oper. Res15(3):219-226, 1988.

Y. Dumas, J. Desrosiers, and F. Soumis. The pickup alidedg problem with time windows.
European J. Oper. Reb4:7-22, 1991.

K. Fagerholt and M. Christiansen. A combined ship scifieg and allocation problem]. Opl.
Res. So¢51(7):834-842, 2000.

10



[12] I. loachim, J. Desrosiers, Y. Dumas, M.M. Solomon, andMilleneuve. A request clustering
algorithm for door-to-door handicapped transportati@ransportation Scj.29(1):63—-78, 1995.

[13] D. Klabjan, E.L. Johnson, G.L. Nemhauser, E. Gelmam &nRamaswamy. Solving large
airline crew scheduling problems: Random pairing genenaéind strong branchingComput.
Optim. Appl, 20(1):73-91, 2001.

[14] D.E. Knuth. The Art of computer programming, Vol. 1: Fundamental Altforis Series in
Computer Science and Information Processing. AddisoniéyeReading, 1969.

[15] M.E. Lubbecke.Engine Scheduling by Column GeneratidthD thesis, Braunschweig Univer-
sity of Technology, Cuvillier Verlag, Gottingen, 2001.

[16] M.E. Lubbecke and U.T. Zimmermann. Computer aidededdling of switching engines. In
Mathematics—Key Technology for the Futusg@ringer, Berlin, 2002. To appear.

[17] M.E. Lubbecke and U.T. Zimmermann. Engine routing aetieduling at industrial in-plant
railroads. Transportation Scj.2003. To appear.

[18] M. Ronngvist, A. Westerlund, and D. Carlsson. Exti@ttof logs in forestry using operations
research and geographical information system®raceedings of the 32nd Hawaii International
Conference on System Sciend&EE, 1999.

[19] M.W.P. Savelsbergh and M. Sol. The general pickup atfigety problem. Transportation Scj.
29(1):17-29, 1995.

[20] M. Sol. Column Generation Techniques for Pickup and Delivery Raotd PhD thesis, Eind-
hoven University of Technology, 1994.

11



