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The analytic center cutting plane method (ACCPM) is one of
successful methods to solve nondifferentiable optimization problems.
In this paper, ACCPM is used to accelerate Lagrangian relaxation
procedure for solving a vehicle routing problem with time windows

method (VRPTW). First, a basic cutting plane algorithm and its relationship
with a column generation technique is clarified. Then, the proposed
method based on ACCPM is explained as a stabilization technique for
Lagrangian relaxation. Both approaches are tested on a benchmark
instance to demonstrate the advantages of the proposed method in
terms of computational time and quality of lower bounds.
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1. Introduction

The growing need for efficient supply chain
management and logistics in recent years has caused
the vehicle routing problems (VRP’s) to be center of
attention again, after more than half a century of their
first introduction. Among them the vehicle routing
problem with time windows (VRPTW) is one of the
most basic and useful models introduced so far. In this
problem a network of customer nodes and a depot node
is given, with an amount of demand associated with
each customer. A fleet of wvehicles with limited
capacity should service these customers through
separate paths according to a time interval considered
for each customer called a time window. The objective
is finding a set of paths with minimum total distance
traveled by vehicles.
The literature in VRPTW is quite abundant and not all
of them will be covered in this paper. The readers can
refer to [1], [2] and [3] about heuristic and
metaheuristic studies and [3], [4] and [5] about exact
methods. Most of developed exact methods for this
problem are based on set partitioning formulation
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(column generation) or lagrangian relaxation. The
introductory work in this area is [6] where a column
generation method is used in a decomposition
framework. This work was improved by [7] and [8].
Lagrangian relaxation and decomposition is studied
primarily by [7], [9] and [10]. Since Lagrangian duality
and Dantzig-Wolf (D-W) decomposition are closely
related, considering both approaches in solution
procedures has lead to a significant improvement in
quality and efficiency of solution (see for example
[11]).

Two best exact algorithms introduced so far in the
literature are a lagrangian based branch-price-and-cut
method [12] and a branch-price-and-cut algorithm
based on set partitioning formulation [13].

The traditional approach in solving lagrangian
relaxation is subgradient method which has been
criticized in recent years [14]. The cutting plane
method is another approach which has received more
attention. Dual concept of cutting plane method is
column generation and this method has many
similarities with D-W decomposition and set
partitioning based methods.

The main drawback of this method is its slow
convergence which is treated by accelerating
techniques. In this paper a method is proposed to
stabilize and accelerate the lagrangian method for
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VRPTW for the first time. This method is called the
analytic center cutting plane method (ACCPM),
introduced basically for nondifferentiable optimization
problems ([15], [16]). We will show that this method is
well applicable in lagrangian method for VRPTW and
results in more efficient convergence compared to
classical cutting plane method.

In section two the mathematical model is described,;
section three is about lagrangian relaxation of the
VRPTW and section four clarifies the relationship with
column generation and set partitioning formulation. In
fifth section our algorithm based on ACCPM is
proposed and some computational results are presented
in section six.

Finally in section seven concluding remarks and future
research directions are addressed.

2. Mathematical Formulation
The VRPTW s defined on a directed graph

G = (N, A)where node setN consists of a subset
C ={4,...,n} of customers and nodes 0 and n+1
correspond to depot. Each customer is associated with
a demand d, and a time interval [a,,b], which is

expected to be serviced within this time called a time
window.

An interval [a,,b;] is considered for depot nodes
indicating the total time horizon for routing process.
Each arc (i, j) € A is associated with a travel distance

C;and a travel time t; that usually includes a service

time for node i (it is assumed that the triangular
inequality is satisfied for both). There are no arcs
ending at depotO or originating from depot n+1. A
fleet of U vehicles each with a capacity Q is due to

service customers through a path starting from depot 0
and ending at depotn +1.
The VRPTW can be described as the following model:

min > > ¢ xi 1)

ueU ieN jeN
st. > D xi =1 VieC @)
ueU jeN
ZZdIX:jSQ YueU ©)
ieC jeN
jeN
D oxi=> x4 =0 VieC,VueU 5)
jeN jeN

ZX;‘:”‘*']-::L YueU (6)

jeN
S+t —s] +Mx; <M Vi, jeN,vueU (7)

a, <s'<hb, VieN,VvueU (8)

Xﬁe{O,l} Vi,jeN,YueU (9

In this model x; and s; are decision variables. x; is a
binary variable indicating whether arc (i, j) is

traversed by vehicle uor not. s is the time denoting
when vehicle u starts to service customer i. M is a big
quantity that can be replaced by max{b +t, —a,}
(i,p)eA

.Constraints(2) enforce that each customer should be
visited once.

Constraints (3) concern vehicles capacity limit and
constraints (4)-(6) define paths structure traversed by
vehicles. Constraints (7) and (8) concern time windows
restrictions.

3. Lagrangian Relaxation

The VRPTW is NP-hard since it is reducible to
classic VRP with little modifications. So it is worthful
to propose a good lower bound for the problem to be
then used in more general frameworks like branch-
bound to get optimal solutions. The lagrangian
relaxation is among the methods that offers high
quality lower bounds for most of problems. For
computing a lagrangian lower bound for VRPTW we
start with relaxing of constraints (2) and adding them
to the objective function (1) as follows:

L(A)=min 3 > > cxi =24 (> % —1)

uel ieN jeN icC  ueU jeu (10)
st. (3)-(9)
where coefficients 4 >0 are called Lagrangian

multipliers. This lagrangian relaxation gives us a lower
bound on the optimal solution of main problem (1)-(9).

Let R, be the set of all feasible solution for (3)-(10)
This set can be split into U separate identical subsets
R such that R, =R". Therefore L(A)splits into
U simpler subproblems for each vehicle u as:

L, (4)=min > >'C,x; (12)

ueU ieN

sty > d;x; <Q (12)

ieC jeN
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2 % =1 (13)
jeN

jeN jeN

D Kiny =1 (15)
jeN

S +t; —s; +Mx; <M Vi,jeN (16)
a, <s,<b VieN (17)
X; € {01} Vi, jeN (18)
Where

€, =¢,—4 VieC,jeN, otherwise C; =c;.Each
feasible solution according to (12)-(18) denotes a path
reR which starts at depot 0 and ends at depot
n+1regarding the capacity and time windows
restrictions. This subproblem itself is a kind of
elementary shortest path problem which has been
attacked with several algorithms in literature.

Our aim is finding the best lagrangian lower bound. So
the lagrangian dual problem can be described as
follows:

LD(A) =max Y 4 +u(r2i\g > G xijr] (19)

ieC ieN jeN

where decision variable X; ~corresponds to each

feasible pathr € R. This problem is maximization
over a finite number of linear functions and therefore a
piecewise linear an concave function.

Two major solution procedures have been proposed for
tackling lagrangian dual problem. At first subgradient
method introduced as a simple way to updating
lagrangian multipliers and improving lower bounds.
Afterwards this method criticized in literature and
attentions turned to other approach, the cutting planes
methods. In cutting plane method the lagrangian dual
problem is replaced with an equivalent linear problem
as follows:

LD(2)=max Y A +Upu (20)
ieC
ySZZéuxijr VreR (21)
ieN jeN

A >0 22)

Especially we start with a limited number of feasible
paths, a subset ‘R’instead of ‘R, generating limited
number of constraints (21). Then we generate
iteratively new constraints to narrow the space and
reach to optimal point. These constraints are generated
via lagrangian subproblem (11)-(18).

The ways of generating new constraints leads to
different cutting plane methods. In basic cutting plane
method known as Kelley’s method (introduced in [17]
and [18]) a restricted lagrangian dual problem is solved
to optimality and related optimal lagrangian multipliers
are sent to lagrangian subproblem to generate new
constraints.

If subproblem cannot generate new constraints the at
hand best lower bound is the maximum lower bound
we seek for.

4. Column Generation

Column generation method for VRPTW is closely
related to stated cutting plane method. Investigating the
similarities between these methods helps us to better
understand the cutting plane methods and develop
techniques to improve them. Column generation
method for VRPTW is based on the set partitioning
formulation for the problem.
Let R be the set of paths satisfying capacity and time
window constraints of (3)-(8) and let be the cost of each

pathr € R . Binary coefficient a takes value 1 if it is
included in a path and takes O otherwise. Decision
variable is z_ indicating whether a path is used in

optimal solution or not. The set partitioning formulation
of VRPTW is described as follows:

min > c,z, (23)
o
sty a,z, =1 VieC (24)
o
>z, =U (25)
o
Z {01} (26)

Constraints (24) ensure that every node will be visited
exactly once time in optimal solution and constraint
(25) denotes the number of required vehicles. This
problem gives us the same optimal solution of main
problem (1)-(9). Sometimes the equality constraints

International Journal of Industrial Engineering & Production Research, December 2012, Vol. 23, No. 4


https://ijiepr.iust.ac.ir/article-1-451-en.html

[ Downloaded from ijiepr.iust.ac.ir on 2025-07-18 ]

H. Karimi & A. Seifi

Acceleration of Lagrangian Method for the Vehicle Routing Problem ... 312

(24) are changed to inequality by replacing “=" with
“>37

This replacement does not change the optimal solution
(due to the triangular inequality) but makes the solution
process easier with diminishing the dual space. It is
worth mentioning that this formulation is also
equivalent with Dantzig-Wolfe decomposition of
VRPTW when any solution of the problem is expressed
as a convex non-negative combination of paths
admitting time window and capacity constraints (3)-(9)
[3].

It is desirable to compute a lower bound from this
model by relaxing it into a linear problem. The main
difficulty in solving the linear relaxation is the huge
number of columns in the model. To treat with this
difficulty column generation method has been
proposed. In this method we start the linear model with
a limited number of paths or variables (a subset
R < R) and iteratively generate required columns
(variables). We generate columns with minimum
reduced cost via a subproblem called pricing
subproblem.

This pricing subproblem is the same as lagrangian
subproblem (11)-(18) with a slight difference in
objective function by subtracting a single dual variable
associating with constraint (25) (refer to [19] for more
details).

To constructing this pricing subproblem we need the
optimal dual variables of restricted linear problem. To
this end these dual variables could be found by solving
restricted linear model or the equivalent restricted dual.
This restricted dual can be formulated with following
model:

max » 4, +UA 27
ieC
sty a,A, +u<c, reR (28)
ieC
2, >0 (29)

The interesting result is that this dual problem is the
same as restricted lagrangian dual problem (20)-(22).
Especially if we apply these replacements:

c =2 Cij Xije

ieN jeN

& = Z Xijr

jeN

The procedure of Kelley’s cutting planes in lagrangian
relaxation is equivalent to the column generation
method on set partitioning formulation and both

methods result in a same lower bound. Due to these
similarities, Kelley’s method is often called simply a
column generation procedure.

5. Analytic Center Cutting Plane Method

The column generation approach to deal with
lagrangian relaxation has received its own critiques in
literature (see for example [20]). Therefore several
ways have been developed to improve lagrangian
relaxation method. These methods are usually called
stabilization techniques. The main approach in these
methods is diverting the dual variables from being
optimal (extreme) points which slowed down the
overall convergence rate. Interested reader can refer to
[21] where several stabilization techniques have been
reviewed.
The analytic center cutting plane method (ACCPM) is
a successful method that has been developed for
nondifferentiable optimization problems. Since the
lagrangian dual problem (19) is a concave
nondifferentiable problem, ACCPM can be considered
a stabilization technique for VRPTW which have never
been used for this problem before.
The key point in this method is using the analytic
centers as candidate duals (lagrangian multipliers) to
be sent to subproblem. We start with a bounded set
pertaining to lagrangian dual space which contains
optimal point(s) (this is called a localization set). Then
the analytic center of this localization set is found and
sent to lagrangian subproblem. The returning constraint
from subproblem is appended to localization set and to
decrease it. This sequence is continued until the
localization set is small enough that contains only
optimal point(s).
The localization set is a convex polyhedron related to
lagrangian dual problem (19). Suppose that we are at
k —th iteration of the solution procedure. A localization
polyhedron can be described as:

F (A, 1) =
(Au): DaA-us<c,  VreR'
ieC
Y A-UpuzL(A) (30)
ieC
220

Where R is related subset of paths for k —th iteration

and L(A) is the best lagrangian bound found so far.

The analytic center of this polyhedron is used as
lagrangian multipliers for subproblem in contrast to
column generation algorithm where we use optimal
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values of restricted dual problem (27)-(29) as
lagrangian multipliers.

Perhaps the most challenging step in this algorithm is
computing the analytic center of polyhedron F (4, ).
The rich literature of interior point methods provides us
enough knowledge to deal with this step. For ease of

exposition suppose that we have max{b'A: A" A < c}

as a restricted dual problem. The aim is to find the
analytic center of this localization set:

{A:A% <c }
F(4)= . (31)
b2 > L(A)

To find the weighted analytic center of this polyhedron
we need to maximize this potential logarithmic
function:

max ¢(s) =wlog s, + Y_ logs, (32)
i=1

st. s=c—A"A>0 (33)

s, =b"A-L(1))0 (34)

Where w is the weight indicating the importance of
lower bound constraint in localization set. Let z be the
primal variable of stated dual problem. The necessary
and sufficient conditions for optimality of this
maximization problem are:

Sz=e (35)
SoZg=W (36)
Zgb-Az=0 Z, >0 (37)
s+A'A=c s>0 (38)
s, —b'1=1L(1) S, >0 (39)

Interior point methods literature suggests several
techniques to solve this system of equations. If we have
a primal feasible solution (z > 0)then we can use a
primal Newton’s method. If only a dual feasible
solution (S > 0) is available then a dual Newton’s
method can be used.

And if we have both primal and dual feasible
points (z > 0,s > 0) at hand we can use a primal-dual
Newton’s method.

The overall algorithm of improved lagrangian method
for VRPTW can be described now. Fig. 1 depicts the
main steps of proposed method.

Initialization: Start with a subset R' = R of paths
containing at least one feasible solution for restricted
dual problem (27)-(29).

Repeat: (While no new constraint could be found)
1. Construct restricted dual problem for
k -th iteration and its related

localization set F, (4, ) .

2. Find the analytic center (A, ") of
F(,u).
3. Send (A“,4) to Lagrangian
subproblem (11)-(18).
4. Find L(i,,&) and new constraint of
type (28).
5. k—>k+landgotol.
End (while).
Output: current analytic center (A°,z’) is the
optimal point of LD(A) and » A +Uy is the
ieC

best lagrangian lower bound for VRPTW.

Fig. 1. ACCPM based lagrangian method for
VRPTW

Primal subset has significant effect of column
generation and should be chosen carefully. Another
critical consideration is first localization set which
should be bounded and contained optimal point. If we
do not have enough information in first iterations we
can execute some Kelley iterations (i.e. getting extreme
points instead of analytic centers) to tune an
appropriate localization set.

6.Computational Results

To illustrate the differences between proposed method
and classical approach both algorithms have been
implemented and CPU time and convergence rate of
them have been investigated. The algorithms have
tested on a benchmark problem of VRPTW. An
instance of 25 vertices (24 customers) was chosen from
R1-type of well-known Solomon problems [22]. Both
algorithms implemented in MATLAB but subproblems
modeled and solved via MATLAB/GAMS interface
using solver CPLEX versoinl12 within GAMS. All tests
were done on a Pentium-1VV 2.2 GHz with 2 GB of
RAM under Microsoft Windows operating system.
Table 1 indicates final results of implementation. In
this table improvement of lower bound (LB) is
compared for our ACCPM based lagrangian method
(ACCPM) and classical column generation method
(Kelley). For each iteration the CPU time (time) is
included too. The best lagrangian lower bound we seek
for is 616. As expected the proposed method has
reached to this value in less iteration and less total CPU
time.
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Tab. 1.Improvement of Lower Bounds Fig. 2 depicts the convergence rate of both methods. In
ACCPM Kelley this figure number of iterations is compared against the
Iteration LB time LB time difference of lower bound and best value. It is obvious
1 -9627 0.35 -8144 0.5 that convergence rate of proposed method is more
2 -7159 0.29 8112 047 stable than classic approach regardless of primal lower
3 -6782 027 -8032 0.6 bounds which are smaller in our approach.
4 -6782 0.39 -8000 0.57
5 -6782 0.3 -8000 0.66
6 -6782 0.36 -8000 0.56 0 , , I
7 -6782 0.37 -8000 0.59 r———
8 -6782 0.3 -7968 0.52 T Kelley
9 -6782 035  -7872 056 2000 ACCPM | 1
10 -6782 0.35 -7872 0.53
11 -6782 0.32 -7856 0.57 4000 i
12 -6139 0.34 -7856 0.62
13 -5415 0.36 -7856 0.59 2
14 -4302 0.3 -7856 0.61 B 7
15 -3856 0.36 -7856 0.59
16 -3856 0.32 -7856 0.54 -3000 J
17 -2288 0.3 -7856 0.57
18 -1100 0.37 -7856 0.55 10000 |
19 -411 0.36 -7856 0.53
20 71 0.28 -7856 0.62
21 375 0.36 -7856 0.55 -12000[J 1'0 2'0 3'0 4'0 5'0 sb 20
22 469 0.35 -7856 0.59 lterations
23 469 0.29 -7808 0.56 .
y 104 0.3 7808 0.59 Fig. 2. Total convergence rate of two methods
25 496 0.35 168 0.57 .
26 532 03 168 058 _ 7. Concluding Remarks
27 542 0.44 168 0.61 In this paper, the analytic center cutting plane method
28 543 0.37 168 0.56 has been introduced into the vehicle routing problem for
29 556 0.27 168 0.55 the first time to deal with lagrangian relaxation of the
30 569 0.37 168 057 problem. At first we have described basic cutting plane
31 983 0.36 168 0.55 methods and its relationship with column generation
32 583 0.36 168 0.58 h in VRPTW- th h . d
33 583 033 168 059 approach in TW; then we have incorporate
34 594 0.37 168 0.56 ACCPM into classic cutting plane method to improve
35 594 0.32 168 0.64 its efficiency ( as a stabilization technique) of finding
36 594 0.31 168 0.6 lagrangian lower bound. The computational result on a
g; 282 823 gg 8'25 benchmark instance demonstrates the superiority of
39 605 0.38 383 0.56 prop_osed algorithm in rate of overall convergence and
40 613 0.38 415 0.7 quality of lower bounds.
41 615 0.33 463 058 Our proposed method to compute lower bounds could
42 616 0.28 487 0.59 be a good starting point to develop a more general
43 487 0.59 framework like branch-and-price or some heuristic
44 487 0.57 algorithms. This method can also be applied to other
45 516 078 related problems to VRPTW.
46 516 0.58
47 539 0.6
48 539 058 References
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53 558 0.59
54 574 0.57 [2] Braysy, O., Gendreau, M. ,“Vehicle Routing Problem
55 574 0.66 with Time Windows, Part ii: Metaheuristics”, Transport
56 574 057 Sci, 2005(b), VVol. 39(1), pp. 119-139.
57 574 0.6 . )
58 574 058 [3] Cordeau, J.-F., Desaulniers, G., Desrosiers, J., Solomon,
59 580 059 M., Soumis, F., “The Vrp with Time Windows”, In: P.
' Toth, D.Vigo, (Eds.), The Vehicle Routing Problem,
60 592 0.63 ; .
61 616 0.59 Vol. 9. SIAM Monographs on Discrete Mathematics and
Time 14.21 35.71 Applications, Philadelphia, 2002, pp. 157-193.

International Journal of Industrial Engineering & Production Research, December 2012, Vol. 23, No. 4


https://ijiepr.iust.ac.ir/article-1-451-en.html

[ Downloaded from ijiepr.iust.ac.ir on 2025-07-18 ]

315 H. Karimi & A. Seifi

Acceleration of Lagrangian Method for the Vehicle Routing Problem ...

[4] Kallehauge, B., Larsen, J., Madsen, O.B.G., Solomon,
M.M., Column generation, chapter “Vehicle Routing
Problem with Time Windows”, Springer, New York,
2005.

[5] Kallehauge, B., “Formulations and Exact Algorithms
for the Vehicle Routing Problem with Tme Windows”
Computers & Operations Research, 2008, Vol. 35 (7),
pp. 2307 2330.

[6] Desrochers, M., Desrosiers, J., Solomon, M., “A New
Optimization Algorithm for the Vehicle-Routing
Problem with Time Windows”, Operations Research,
1992, Vol. 40 (2), pp. 342-354.

[7] Kohl, N., Desrosiers, J., Madsen, O.B.G., Solomon,
M.M., Soumis, F., “2-Path Cuts for the Vehicle Routing
Problem with Time Windows”, Transportation Science,
1999, Vol. 33 (1), pp. 101-116.

[8] Imich, S., Villeneuve, D., “The Shortest-Path Problem
with Resource Constraints and k-Cycle Elimination for
k>=3", INFORMS Journal on Computing, 2006, Vol.
18 (3), pp. 391- 406.

[9] Kohl, N., Madsen, O.B.G., “An Optimization Algorithm
for the Vehicle Routing Problem with Time Windows
Based on Lagrangean Relaxation”, Operations
Research, 1997, Vol. 45, pp. 395-403.

[10] Fisher, M.L., Jornsten, K.O., Madsen, O.B.G., “Vehicle
Routing with Tme Windows: Two Optimization
Algorithms”, Operations Research, 1997, Vol. 45, pp.
488-92.

[11] Kallehauge, B., “Lagrangian Duality and non-
Differentiable Optimization-Applied on Vehicle Routing”
[in Danish], Master's Thesis, Technical University of
Denmark.

[12] Kallehauge, B., Larsen, J., Madsen, O.B.G,,
“Lagrangian Duality Applied to the Vehicle Routing
Problem with Time Windows”, Comput Oper Res, 2006,
Vol. 33(5), pp. 1464-1487.

[13] Jepsen, M., Petersen, B., Spoorendonk, S., Pisinger, D.,
“Subset-Row Inequalities Applied to the Vehicle-
Routing Problem with Time Windows”, Operations
Research, 2008, Vol. 56 (2), pp. 497-511.

[14] Hiriart-Urruty, J.B., Lemaréchal, C., Convex Analysis
and Minimization Algorithms I-1l, grundlehren der
matematischen wissenschaften, Berlin  Heidelberg:
Springer, 1993, pp. 304-305.

[15] Goffin, J.L., Haurie, A., Vial, J.-Ph., “Decomposition
and Nondifferentiable Optimization with the Projective
Algorithm”, Management Science, 1992, Vol. 38(2),
pp. 284-302.

[16] Goffin, J.L., Vial, J.Ph., “Convex Nondifferentiable
Optimization: a Survey Focused on the Analytic Center
Cutting Plane Method”, Optimization Methods and
Software, 2002, VVol. 17(5), pp. 805- 867.

[17] Kelley, J.E., “The Cutting-Plane Method for Solving
Convex Programs”, Journal of SIAM, 1960, Vol. 8, pp.
703-712.

[18] E. W. Cheney, A. A. Goldstein, “Newton’s Method for
Convex Programming and Tchebycheff
Approximation”, Numerische Mathematik, 1959, Vol. 1,
pp. 253-268.

[19] Feillet, D., “4 Tutorial on Column Generation and
Branch-and-Price for Vehicle Routing Problems”, 40R,
A Quarterly Journal of Operations Research, 2010, Vol.
8(4), pp. 407 — 424.

[20] Vanderbeck, F., “Implementing Mixed Integer Column
Generation”, in: Column Generation, Kluwer Academic
Publishers, Boston, MA, 2005.

[21] du Merle, O., Villeneuve, D., Desrosiers, J., Hansen, P.,
“Stabilized Column Generation”, Discrete Mathematics,
1999, Vol. 194, pp. 229-237.

[22] Solomon, M.M., “Algorithms for the Vehicle Routing
and Scheduling Problems with Time Window
Constraints”, Operations Research, 1987, Vol. 35, pp.
254-265.

International Journal of Industrial Engineering & Production Research, December 2012, Vol. 23, No. 4


https://ijiepr.iust.ac.ir/article-1-451-en.html
http://www.tcpdf.org

