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Abstract. Recently, new cost-based filtering algorithms for shorter-path con-
straints have been developed. However, so far only the theoretical properties of
shorter-path constraint filtering have been studied. We provide the first extensive
experimental evaluation of the new algorithms in the context of the resource con-
strained shortest path problem. We show how reasoning about path-substructures
in combination with CP-based L agrangian relaxation can help to improve signifi-
cantly over previously devel oped problem-tailored filtering algorithms and inves-
tigate the impact of required-edge detection, undirected versus directed filtering,
and the choice of the algorithm optimizing the Lagrangian dual.

1 Introduction

Path constraints play akey rolein many applications. Examplesrange from airline crew
scheduling [8, 14] and vehiclerouting [20] to thetraveling salesman [ 2] and the resource
constrained shortest path problem [1,4,6,7,12]. Of specia interest in the context of
combinatorial optimization are path constraints that incorporate the objective function.
Shorter path constraints do exactly that by stating that a set of binary variablesthat are
semantically linked to the edges of a graph must form a path from some designated
source to a designated sink, whereby the length of this path must not exceed a given
threshold value. Unfortunately, in [17] it was shown that achieving generalized arc-
consistency for shorter path constraints is NP-hard. Consequently, filtering algorithms
were developed that achieve wesker, so called relaxed consistency in the same time
that it takes to solve the shortest path problem itself. This work was purely theoreti-
cal, though. Therefore, we consider it of interest to evaluate the performance of these
filtering algorithmsin practical experiments.

For this purpose, we focus on the resource constrained shortest path problem (RC-
SPP) that consists in finding a shortest route from some given source to a designated
sink such that some given resources that are consumed while traversing the edges are
not exhausted. While the RCSPP is of interest in itself, for example in the context of
traffic guiding systems and route planners for cars and trucks, the problem also evolves
as a natural subproblem in the context of even more complex problems like vehicle
routing [20].

Based on the new filtering algorithms presented in [17], we provide an evaluation
of relaxed consistency for shorter path constraints in the context of the resource con-
strained shortest problem. In the following section, we briefly review the filtering al-
gorithms developed in [17]. In Section 3 we define the resource constrained shortest
path problem formally and present a filtering approach that considerably outperforms
previousfiltering algorithms for this problem, as we will then see in Section 4.



2 Relaxed Consistency for Shorter Path Constraints

Before we review thefiltering algorithms that we are going to use for the RCSPP later,
let us start out by defining what shorter path constraints are. In words, they express
our wish to search for paths in a (directed or undirected) graph such that the length is
smaller than some given threshold value. Formally, we define:

Definition 1. Denote with G = (V, E, ¢) a weighted (directed or undirected) graph
with ||c||s € O(poly(|E|, |V]))}, andlet h € IN.

— Asequenceof nodes P = (i1, ..., i) € VP with (if,i;1) € Eforal 1< f <h
iscalled a path fromi; to i, in G.

— A path P is called simple iff P visits every node at most once. For all i,j € V,
denote with 7 (4, j) the set of all simple pathsfrom to j.

— For all paths P, nodesi € V and edges (i, j) € E, wewritei € Por (i,j) € P
iff P visits node or the edge (4, j), respectively. For a set of nodes or edges S, we
write S C P, iff s € P for all s € S. Correspondingly, wewrite P C S'iffs € S
for all s € P.

— The cost of a path P = (i1,...,is) is defined as cost(P) := >\, Cijijya-
Accordingly, for any set S C E we define cost(S) := Z(M)GS Cij-

Definition 2. Let G = (V, E, ¢) denote a (directed or undirected) graph with n = |V/|

and m = |E|, a designated source v, € V and sink v, € V, and arc costs ¢;; € Z.
Further, assume we are given binary variables X, ..., X,,, and an objective bound
B c Z.

— Aconstraint SPC(X, ..., X, G, v1, vy, B) thatistrue, iff
1. theset {e; | X; = 1} C FE determinesa simple path in the graph G from the
source vy tothesink v,,, and
2. the cost of the path defined by the instantiation of X islower than B
is called a shorter path constraint.
— We call every simple path in G from source to sink with costs less than B admissi-
ble.
— Apath Piscalled ak-simplepathin G iff for all j € V the path P visits j at most
k times. Note that a 1-simple path isa simple path in G.
— Given a shorter path constraint, a k-simple path P from v, to v,, is called a k-
admissible path iff cost(P) < B.

As mentioned before, it can be shown that achieving generalized arc consistency
for shorter path constraints is an NP-hard task. Therefore, in [17] filtering algorithms
for shorter path constraints on arbitrary undirected and directed graphs were developed
that achieve relaxed consistency. With that term we denote filtering algorithmsfor min-
imization constraints [9] that only guarantee that those variable assignments are iden-
tified that would cause a bound rather than the optimal solution in the current subtree
itself to exceed the current best known upper bound.

The formal relaxations considered in [17] are very technical and do not give a par-
ticularly useful insight into the task of filtering shorter path constraints. Therefore, we
do not to repeat them here but just outline the filtering algorithms that we will use later.

! Thisis the common similarity assumption that states that the largest cost is bounded by some
polynomial in |E| and |V].



1. On both directed and undirected graphs, the filtering algorithm starts with two
shortest path computations once from the source and the other starting at the sink
node whereby, in the directed case, the computation is performed in the reverse
graph.

2. Asaresult, we get the shortest path value from source to sink. If this value exceeds
the objective bound B, the constraint fails.

3. Otherwise, as a byproduct of the shortest path computations we get the shortest
path distances from the source and to the sink of every node for free. We use this
information to identify those nodes and arcs of the graph for which the shortest
2-simple path that visits them is above the threshold B. For the nodes, we get this
value by adding the shortest path distance from the source and that to the sink, for
edges, we add the weight of the edge to that value.

2.1 Exploiting Bridgesin Undirected Graphs

After having shrunk the graph in step 3, as a last step of our filtering algorithm we
try to identify those edges that must be visited by all paths having a length below the
given threshold. This step will be different for undirected and directed graphs. In the
undirected case, there exists a simple exact classification of the edges that must be
visited. In [17], it was shown that the edges to be required are exactly the bridges? in
the reduced graph that fall onto the shortest path:

4a. We compute the set of bridges in the reduced graph. The bridges that are also on
the shortest path from source to sink must be visited by all admissible paths, and
we mark them as required.

On top of this last step of the filtering procedure that was proposed in [17], we
add one more idea: We observe that bridgesthat are not on the shortest path cannot be
visited by any simple path from source to sink. Therefore, we can remove those bridges
and the entire part of the graph behind them as well:

5a. Remove dl bridges from the graph that are not on the shortest path.

2.2 Required Arcsin Directed Graphs

Unfortunately, we do not know asimilar classification of required arcs aswe haveit for
undirected graphs where the edges to be required are exactly the bridgesin the reduced
graph that we get after step 3. The algorithm in [17] tries to bound the shortest path
distance when having to detour around an arc on the shortest path. When implementing
this algorithm, we realized that actually we do not need to compute this bound after
having reduced the graph in step 3 of the algorithm. While preserving the samefiltering
effectiveness of the original algorithm, we can save the overhead of using a heap data
structure, because it is completely sufficient to know whether such a detour still exists;
since the arc that we use in our detour has not been deleted, we know already that the
value of the detour will not exceed the given path-length threshold.

In order to state the last step of our filtering algorithm for directed graphs, we briefly
repeat some of the terminology introduced in [17]. Let T C E denote a shortest-path

2 A bridgeis an edge whose removal disconnects the graph.



Fig. 1. The figure schematically shows a shortest-path tree T" rooted at v. Solid lines
denote arcsin G, dashed lines mark parts of the shortest path P(v1, v,,) from v, to v,,.
The triangles symbolize shortest-path subtrees. For anedgee = (r, s) € P(v1,v,), the
nodesin V' are partitioned into two non-empty sets S, and SC. If e isremoved from the
graph, the shortest path from v, to v,, must visit an edge (i, j) € (S. x S)\ T.

treein G rooted at v, . Without loss of generality, we may assume that every nodein the
graph G = (V, E) can be reached from the source node v, . Obviously, whene € E is
removed from 7', the nodes in V' are partitioned into two sets: theset v; € S, C V of
nodes that are still connected with v, in 7"\ {e}, and the complement of S, in V, S¢
(see Fig. 1). Using these naming conventions, the last step of our filtering algorithm for
directed graphsreads:

4b. Denote with E* the reduced arc set after step 3. For al arcse = (r, s) on the
shortest path from v, to v, check whether there exists any other arcse # f =
(i,7) € (Se x S¢) N EE.1f not, then e must be visited by all paths from source to
sink and it is therefore required.

Note that this last step can be implemented with the help of a simple set data structure
for an asymptotic cost of O(m + n).

3 A Filtering Approach for Resource Constrained Shortest Paths

In order to evaluate the filtering algorithms for directed and undirected graphs as de-
scribed in the previous section, we apply them in the context of resource constrained
shortest path:

Definition 3. Given a (directed or undirected) graph G = (V, E), n = |V|, m = |E],
with R + 1 edge-weight functions ! : E — IN,0 < k < R, R resourcelimits L', .. L%,
and two designated source- and sink-nodes v 1, v, € V, the resource constrained short-
est path problem (RCSPP) consists in the computation of a path P C E such that
Seeplt < Lrforalll<k<Rand) _p°isminimal.

When we denote the best known solution value found with B and set L° := B,
any RCSPP-instance can be modeled as a conjunction of R + 1 shorter path constraints
SPC(X1,...,Xm, (V,E,1¥),v1,v,, LF) for0 < k < R.

Of course, we could use these constraints to perform an ordinary tree search. How-
ever, for the RCSPP it was found that tree search approaches perform rather poorly.



Instead, to solve the RCSPP, state-of-the-art solvers compute lower and upper bounds
on the problem first and then close the duality gap. The latter task is carried out by an
enumeration procedure such as dynamic programming [15] or labeling approaches[6].
The tightening of the initial problemisvital for an effective gap closing procedure and
istherefore essentia for the overall performance and the practical success of the entire
approach.

Following this framework, we assume that an initial upper bound B has been com-
puted before thefiltering phase that will, as a byproduct, also provide alower bound on
the problem. Instead of having the shorter path constraints communicateviavariabledo-
mains only, we use the CP-based L agrangian relaxation framework as published in [ 16,
18, 19]. Precisely, we relax al linear constraints -, ... X, < L*,1 < k < R,
and penalize their violation in the objective function. Given any vector of Lagrangian
multipliers0 < A € Q*, we consider the constraint

SPC(X1, ..o, X, (VB "+ > Ml¥),v1,00, L0+ >0 A LF).
1<k<R 1<k<R

As usual, the question arises how to compute good Lagrangian multipliers that will
yield a good lower bound on the problem and allow us to filter effectively. In general,
we can use any subgradient, bundle, or volume algorithm for this purpose[3, 5, 10, 11].
Since most benchmark sets for the RCSPP contain only one resource (i.e.,, R = 1), we
use a specialized algorithm for the optimization of the Lagrangian dual with only one
multiplier.

3.1 Maximizing One-Parameter Piecewise Linear Concave Functions

A schematic view on the Lagrangian dua for RCSPP-instances with R = 1 isgivenin
Figure 2. Assume that we know an interval [A, B] in which the function (let us denote
it with f) must take its maximum.

Interval Partitioning One way to find the function’s maximum in the given interval
is to trisect the interval by introducing two interior points A < X < Y < B. When
we evaluate the functionat X and Y and find that f(X) > f(Y) (f(X) < f(Y)), due
to its concaveness we can deduce that f must take its maximum in the interval [A, Y]
([X, B]). Thus, we have found a smaller interval in which the function must take its
maximum. We can repeat this process until the width of the interval has become small
enough. Of course, in every iteration we could choose new interior pointsin the current
interval. However, in order to save some evaluations of the function f we should try to
reuse one of the former inner points. If we partition the current interval according to the
golden section, we know that the interval length will decrease geometrically and that
one inner point can always be reused, which means that we need to perform only one
evaluation of f in each iteration. The procedureis sketched graphically in Figure 2.
For the optimization of the Lagrangian dual this means that we can e-approximate
the best Lagrangian multiplier A in O(log %) iterations, whereby L denotes the width of
theinitial interval. Each iteration involves the solution of only one L agrangian subprob-
lem. In the context of the RCSPP, the subproblem is a shortest-path problem. Moreover,
assuming that there exists a path that obeys the resource restriction (i.e., when aprimal
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Fig.2. Maximizing a piece-wise linear concave function by interval partitioning (left)
or by cutting planes (right).

solution exists at all and consequently the dual is not unbounded), it is easy to show
that the optimal Lagrangian multiplier cannot be greater than n||l°||.,. Consequently,

we can solve the Lagrangian dual in time O(log % (m+nlogn)).

With this method, the proposed filtering a gorithm for the RCSPP with one resource
works as follows: We choose an initial interval [0, n||{°||~]. Denote with L the length
of the current interval with left end-point . Then, we solve the Lagrangian shortest-
path subproblem for interior points X = [ + @L andY =1+ @L. While
solving the shortest-path problem, we also apply our filtering algorithm as described in
the previous section. Depending on the point that achieves alarger shortest-path value,
we cut off either the right or the left part of the interval and proceed by solving one
more Lagrangian dual and filtering in each successive iteration of the algorithm.

Cutting Planes Another way of computing the function’s maximum in the given in-
terval is to use a cutting plane algorithm [13]. Clearly, if the function has a negative
slope on the left end point of theinterval, then this is the point where the function takes
its maximum in the given interval. Analogous reasoning holds for the right end point
of the interval if the slope there is positive. Now, if the left end point has a positive
slope and the right end point a negative one, then the two lines intersect for some point
in the middle of the interval. We evaluate the function at that point and check whether
the slopeis positive or negative (if it is horizontal then we are obviously done). If it is
positive (negative), then this point becomes the new left (right) end point of our search
interval, and we continue until the computed inner point does not change anymore.

With this method, the proposed filtering algorithm for the RCSPP with one resource
works as follows: We choose an initial interval [0, n|1°||]. We solve the Lagrangian
subproblem at the two end points and perform cost-based filtering. Then we repeatedly
intersect the slopes at the end points of our interval to determine inner points for which
we process the Lagrangian subproblem again. Depending on whether the solution to the
subproblem exceeds the resource limit or not, the corresponding Lagrange multiplier
becomes the new left or right end point of our search interval (see Figure 2).



Note that our filtering routine is actually changing the problem while we are solv-
ing the Lagrangian dual. In general, this is problematic since really both algorithms
designed for maximizing concave functions over convex polytopes are not designed to
cope with changesin the problem during the optimization. I nstead, one could just mark
the changes to be made. However, we found that both our algorithms for maximizing
the Lagrangian dual were very robust and yielded good results even when incorporating
the changes “on the fly”. As a matter of fact, this was very beneficial since the succes-
sive calls to the shortest path algorithm become cheaper and cheaper, since the graph
size reduces considerably during filtering, as we will see in the following section.

4 Numerical Results

We have outlined the shorter-path filtering algorithms and described how CP-based La-
grangian relaxation can be applied for two-shorter-path-constraint problems. The latter
correspond to resource constrained shortest path problems (RCSPPs). We have cho-
sen to base our experimentation on the RCSPP for various reasons. Of course, when
evaluating the practical efficiency of shorter-path constraint filtering, we would like
to eliminate all possible side effects caused by other constraints of the problem under
consideration. Therefore, the purest evaluation would be to consider the shortest path
problem. However, since al filtering algorithmsfor shorter-path constraints are actualy
based on efficient shortest-path algorithms, thisis not a feasible choice.

Note also that the application of filtering algorithms usually only makes sense for
NP-hard problems. So the natural ideaisto consider a problem that consistsin the con-
junction of two shorter-path constraints, which corresponds to the search of improving
solutionsfor the RCSPP with oneresource. This problemis NP-hard and filtering meth-
odsfor it have been studied along time before the idea of constraint programming was
developed [1,4]. Therefore, it is of particular interest to investigate how CP performs
in comparison with those problem-tailored filtering algorithms.

This being said, it is important to note here that we do not aim at providing a com-
plete state-of-the-art algorithm for the RCSPP itself. Our goal isinstead to evaluate the
practical performance of shorter-path constraint filtering, and the RCSPP appears as a
very reasonable benchmark for such an evaluation. There exist very efficient algorithms
for the optimization of the RCSPP [1,4,6,7,12]. Most of them incorporate a filtering
component, but it could be interweaved with the specific algorithm. Note also that an
upper bound is required to perform filtering. Now, in order to avoid that we are actu-
ally measuring the performance of an upper bounding procedure and not the quality
of shorter-path filtering, we do not provide a primal heuristic for the RCSPP. Instead,
we base our experimentation on upper bounds of predefined and controlled accuracy,
so that we are able to evaluate the performance of the existing and the new filtering
algorithms when the quality of the primal heuristic varies.

Thus, when interpreting the following experimental results, keep in mind that shorter-
path filtering is just one component in an RCSPP solver, and that we do not provide a
complete solver for this problem here. Especially, we do not provide algorithmsfor the
computation of good upper bounds.



| [|Austria S|Austria B|Scotland S|Scotland B|Road S[Road B ||
Undirected|| 46160 | 165584 | 65024 252432 |50826 |171536
LSA 7589 | 252590 | 7.784 - 0.651 | 3472
MZ 0.492 2.186 0.891 12.378 | 0.791 | 3.273
Directed || 46160 | 165584 | 65024 252432 | 50826 (171536
LSA 6.489 | 257.361 | 7.581 - 0.651 | 3.461
MZ 0.474 2.339 2914 11.053 | 0.792 | 3.283
| Curvel]| Curve2 | Curve3 | Curve4 [Curve5|Curve6||
Undirected|| 19890 | 39580 99890 199580 |199890 (399580
LSA 5.607 | 18.603 | 155.749 - - -
MZ 0.055 1.436 2.438 0.596 0.797 -
Directed 9945 19790 49945 99790 | 99945 |199790
LSA 3537 | 12.286 | 29.939 - - -
MZ 0.039 1.128 2.078 0.394 0.594 (183.034

Table 1. Thetable showsthe initial number of edgesin the undirected and directed ver-
sions of the test files and the time needed by L SA and MZ to solvethem. A - indicates
a solver was unable to compute a solution due to exhaustive memory consumption.

4.1 Overview of Experiments and Benchmark Sets Used

In our experiments, we run tests to determine under which parameters our algorithms,
that combine shorter-path filtering with CP-based L agrangian relaxation (SPFCP), per-
form best. The performance of the algorithms is measured by the number of edges
filtered and the CPU time taken. We seek to answer the following questions. Is there
any advantage towards using the undirected version (marked by SPFCP-U) over the di-
rected version (SPFCP-D) of our filtering method? Does using required-arc (-RE) and
bridge detection (-BD) as part of the filtering have any benefit? And, which method
for optimizing the Lagrangian dual is better, interval partitioning (-1P) or cutting plane
(-CP)?Finally, we add a comparison of the SPFCP a gorithm with two existing filtering
algorithms when used for the RCSPP.

For the optimization of the RCSPP after the initia filtering phase, we use our own
implementation of a standard RCSPP label setting algorithm (LSA) or our implementa-
tion of the RCSPP algorithm by Mehlhorn and Ziegelmann (MZ) [15]. The experiments
measure CPU timein seconds and were performed on an Intel Pentium 4 2.5GHz, 1Gb
RAM machine running Red Hat Linux 9. The filtering programs, LSA, and MZ were
compiled using gcc version 3.2.2 with the optimizing flag.

We use the RCSPP benchmark files provided by Mehlhorn and Ziegelmann [15] 3.
All input graphs specify a designated source and a sink, edge cost and resource, and a
resource limit. We use two variants of the benchmark files: the original directed files
and converted undirected versions. The latter were generated by viewing the arcs as
undirected and flipping a coin in case of multi-edges. Files that were generated in that
way are marked with an extra '*’. Note that an undirected graph can be viewed as
a bi-directed graph where resource and cost coefficient for al edges are the same in

% Datafiles are available at http://www.mpi-sb.mpg.de/"mark/cnop/.



both directions. Thisinterpretation allows us to use the directed version of our filtering
algorithm on this benchmark set as well, so that we can compare the undirected and
the directed filtering variants on this benchmark set. Table 1 shows information on the
size of the graphs as well as the time needed to solve them using MZ and LSA. The
following is a description of the types of RCSPP problems the input graphs represent.
Digital elevation models (DEM): These graphs are grid graphs representative of ele-
vation data over areas of Austriaand Scotland. The problemisto find the path with the
minimum total height difference while satisfying a constraint on distance.

Road graphs: This benchmark set contains US road graphs. Edges in these graphs
are weighted by distance and congestion. The problem is to find the route that takes
minimal time while satisfying constraints on fuel consumption.

Curve approximation: In some applications, such as computer graphics programs,
it is necessary to represent infinitely detailed curves with less complex functions. In
this benchmark set, curves are estimated by many straight lines/edges joined at break-
points/nodes which lay on the original curve. It is desirable to reduce the number of
breakpoints used to estimate the curve while satisfying a constraint on the amount of
error introduced. Modeled as an RCSPP, solutions to these instances minimize the num-
ber of sampling points when approximating a curve by a piecewise linear function.

4.2 Undirected and Directed SPFCP

In Section 2, we proposed two implementati ons of the SPFCP algorithm, onethat filters
on directed graphs and one that filters on undirected graphs. We explained how the
undirected version has the advantage of being able to reason viathe detection of bridges.
We now want to compare the two variants by using the bi-directed benchmark set. We
varied the upper bound on the objective from optimal to +5% optimal to examine how
the performance of the SPFCP algorithms degrade. Table 2 shows the results of the
comparison using both the directed and undirected versions of SPFCP with required-
arc and bridge detection used.

When comparing the raw numbers, the directed version is capable of filtering more
edges than the undirected version on the same graphs. However, on most of the tests
where the algorithms were given an optimal bound on the objective the filtered graphs
from the directed algorithm has exactly half as many edges as the graphs from the undi-
rected algorithm. This is because the undirected algorithm must meet the constraint of
leaving a bi-directed graph after filtering whereas the directed version does not. So,
the filtered graphs from both a gorithms when given an optimal bound on the objective
arerelatively the same, the directed version just additionally filters out return edges on
the shortest path. The undirected version runs faster though, by 53% on average when
given an optimal upper bound. When the value of the upper bound is 5% above the op-
timal value, the directed version filters on average 20% more edges than the undirected.
However, the undirected version is still 45% faster on average.

In general, thetime taken by the SPFCP a gorithmsto perform thefiltering increases
as the quality of the upper bound decreases. This phenomenon can easily be explained
in that successive iterations of the filtering algorithm during the optimization of the
Lagrangian dual require more time when previous iterations were not as effective at
removing edges. While the undirected version workstwice as fast asthe directed variant



Optimal +5%
Graph SPFCP-D-RE || SPFCP-U-BD || SPFCP-D-RE || SPFCP-U-BD
# Edges| Time||# Edges| Time|[# Edges|Time [}# Edges|Time
AustriaSmall* || 213 |0.367| 426 |0.153|| 3667 |0.443| 6882 .260
AugdriaBigr || 436 |1.650| 872 [1.017| 8903 [L.860| 14742 [1.243
Scotland Small*|| 652 |0.547|| 1304 [0.287| 6879 0.613|[ 11258 .347
Scotland Big® || 494 [2.793|| 988 |[L.927| 24155 [B.170]| 30584 R.377
Road Small* 899 |0.610(| 1596 |0.320|| 1559 [0.627| 2180 [0.340
Road Big* 1278 |1.807|| 2476 |0.997| 2755 [1.870| 3904 [1.000

Curve 1* 301 |0.107| 602 ]0.040|| 13555 [0.127| 15896 0.053
Curve 2* 300 |0.193|| 600 |0.063|| 15824 0.247| 20138 0.110
Curve 3* 811 |0.660| 1622 |0.287|| 99865 [0.837 | 99886 0.430
Curve 4* 810 [1.150(| 1620 |0.423|/188321 {1.293 ||191684 0.577

Curve 5* 2018 |1.380| 4036 |0.647{|199890 [1.820 ||199890 0.990
Curve 6* 2091 (2.387| 4182 |0.953|392448 [3.243 |[393974 [1.697

Table 2. The table shows the number of remaining edges and the CPU-time in seconds
taken to filter the bi-directed graphs using both the directed and undirected versions of
the SPFCP agorithm with bridge and required-arc detection. We vary the quality of
the upper bounds between optimal and 5%. The Lagrangian dual is optimized using the
cutting plane algorithm.

of the SPFCP, the directed version is more effective and more general since it can filter
both directed and undirected graphs.

4.3 Required-Arc and Bridge Detection

Next, we would like to investigate what the benefit of identifying edges that must be
visited by any improving path is. Note that this aspect was one of the main contribu-
tionsin [17]. We found that, in the DEM and curve approximation graphs the required-
arc and bridge detection algorithms were ineffective. This is caused by the structure
of these graphs that have many alternate optimal routes. However, on the road graph
test files required-arc and bridge detection turned out to be quite effective and also
caused the filtering of more edges than just using the SPFCP algorithm without the
detection of required arcs. Table 3 shows the results for running both the undirected
and directed versions of the SPFCP a gorithm on the bi-directed road graphs with and
without required-arc and bridge detection.

Thetest results show how required-arc and bridge detection improve the SPFCP al-
gorithm’sability to filter edgeson all of the road graph test files. They also show that, as
the value of theinitial upper bound on the objective deviates from optimality required-
arc and bridge detection becomes more valuable. In the case of using the undirected
SPFCP on the Road Small* test file, bridge detection filters 7% more edges with an
optimal upper bound and 13% more with an upper bound of +5% from optimal. Gener-
aly, SPFCP-U-BD takes less time to complete than SPFCP-D-RE and SPFCP-U. This
can be attributed to the bridge detection being most effective in the early iterations of
thefiltering algorithm and isillustrated in Figure 3.



Optimal +1% +3% +5%

Graph | Algo |[# Edges| Time|[# Edges|Time|[# Edges|Time [[# Edges|Time
-D 1181 |1.457|| 1314 |1.460| 1597 |1.487| 2294 {1.657

Road Small|-D-RE|| 899 |[1.570|| 965 |1.560( 1171 (1.563|| 1813 [1.770
SPFCP- |-U 1718 |1.357| 1812 |1.360| 2046 [1.383| 2640 [1.583
-U-BD|| 1596 |1.137| 1658 |1.143| 1852 [1.153| 2332 {1.323

-D 1414 |2.097|| 1493 |2.093| 1717 [2.127| 2100 P2.127

Road Big |-D-RE|| 1278 |2.217|| 1307 |2.217| 1385 [2.243|| 1672 P.223
SPFCP- |-U 2528 (1.417|| 2584 |1.423| 2724 |1.427| 3178 [1.460
-U-BD|| 2476 |1.360|| 2506 |1.360| 2574 [1.373| 2980 ({1.407

Table 3. The table shows the number of remaining edges and the CPU-time, in sec-
onds, taken to filter the bi-directed road graphs using both the directed and undirected
versions of the SPFCP algorithm with and without bridge and required-arc detection.
The Lagrangian dual is optimized using the interval partitioning algorithm.

4.4 Interval Partitioning vs Cutting Plane

In the following experiments, we compare the performance of SPFCP-D while using
the two agorithms for closing the duality gap, cutting plane and interval partitioning.
Table 4 summarizes our results. Using the cutting plane algorithm improves the speed
of the SPFCP filtering algorithm dramatically over using interval partitioning: SPFCP-
D-CP is 63% faster on average when given an optimal upper bound and 65% faster
on average when given an upper bound of +5% from optimal. In the optimality proof,
both methods filtered roughly the same amount of edges, while interval partitioning is
slightly more effective than the cutting plane algorithm.

The faster computation times and the dlightly diminished effectivity of the cutting
plane agorithm are explained by the fact that the method is able to close the dual-
ity gap in far fewer iterations, which can be seen by comparing Figures 4 and 5. We
can see clearly how the cutting plane algorithm considers more meaningful Lagrangian
multipliers much earlier in the search, which results in a much quicker computation of
the lower bound as well as more filtering at earlier stages of the optimization. Also,
it needs less iterations close to the optima multipliers where the interval partitioning
algorithm considers quite a few very near optimal multipliers before the desired ap-
proximation quality is achieved. The cutting plane needs just one iteration once that it
is close enough to the optimum. We believe it is for that reason that the algorithm is
slightly less effectivein itsfiltering abilities. Still, we prefer the cutting plane algorithm
over interval partitioning since it is able to filter amost as many edgesin a fraction of
the time.

45 Filtering for the RCSPP

In this section we compare the performance of the SPFCP a gorithm against previously
developed filtering algorithmsfor the RCSPP. Particul arly, we compare against the algo-
rithm from Angjaet al. (AN) and the algorithm from Beasley and Christofides (BC) [1,



50000
40000
30000 \
20000

10000 *.

1 3 5 7 9 11 13 15 17 19 21 23
[<+— SPFCP-U-BD —=- SPFCP-D-RE |

Fig.3. This figure shows the remaining size of the Road Small* instance after each
iteration of the interval partitioning algorithm.

4]. Both AN and BC only remove edges from the graph without detecting those edges
that must be visited by all improving paths. AN considers the pure shorter-path con-
straints on the objective and the resource only, without integrating them in a Lagrangian
fashion. BC performs filtering for the optimal Lagrangian multiplier. It is important
to note here that suboptimal Lagrangian multipliers can have stronger filtering abili-
ties than the optimal ones [16]. Therefore, the idea of CP-based Lagrangian relaxation
makes sensg, i.e. it is areasonable approach to filter even during the optimization of the
Lagrangian dual and not just for optimal multipliers only.

Table 5 showsthe resultsfor experimentsusing the directed input graphs and SPFCP-
D-BD versus AN and BC. Comparing BC and AN first, we find that BC filters much
better, but also takes significantly more time to do so. Thisis not surprising, since BC
needs to solve the Lagrangian dual whereas AN works by just four shortest-path com-
putations. We observe that SPFCP can increase the filtering effectiveness further (by
40% on average) while using less computation time than BC but still about twice as
much as AN. The fact that SPFCP runs faster than BC has to be attributed to the al-
gorithm’s ahility to filter out most of the edges in the first few iterations of solving
the Lagrangian dual, thereby reducing the graph size and making successive iterations
quicker. While SPFCP filtering works slower than AN, from the solution times of the
RCSPP agorithms LSA and MZ on the filtered graphs we see that the additional effort
is very worthwhilein the context of the RCSPP. Since this problem, though NP-hard, is
still relatively easy to solve, we conjecture that the improved filtering power of shorter-
path filtering in combination with CP-based Lagrangian relaxation will probably pay
off even more in the context of more complex problems that incorporate shorter-path
constraints.
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Fig. 4. Thisfigure shows the percentage of edges filtered by SPFCP-D at each iteration
of the cutting plane algorithm used to solve the L agrangian rel axation.
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Fig. 5. Thisfigure shows the percentage of edges filtered by SPFCP-D at each iteration
of theinterval partitioning algorithm used to solve the Lagrangian relaxation.



interval partitioning cutting plane

Graph Optimal +5% Optimal +5%

# Edges| Time ||# Edges| Time [[# Edges|Time|}# Edges|Time
AustriaS|| 229 |1.293| 3150 [1.750| 231 |0.367| 3341 0.430
AustriaB || 410 |7.623| 7097 |8.160| 410 [1.607| 7323 [1.767
Scotland S|| 304 |[2.040| 3864 |2.317 || 263 [0.537| 4737 0.607
Scotland B|| 494 |14.113|| 17220 (14.970| 494 [2.770| 21578 B.113
Road S 899 |1563| 1813 |1.767 | 899 |0.607| 1559 (0.620
RoadB || 1278 |2.217 | 1672 |2.223 | 1278 |[1.793| 2755 [1.813
Curvel || 306 |0.217| 7948 |0.300| 301 [0.067( 7948 D.090
Curve?2 300 |0.270 || 10067 {0.403 || 300 |0.107| 10069 D.170
Curve3 || 836 |1.090 | 49943 |1.797 | 811 |0.447| 49943 D.600
Curve4 || 803 |1.643| 95842 |2.673 | 810 [0.710/95842 D.847
Curve5 || 2018 |2.587 | 99945 |4.067 || 2018 [0.953 (99945 [1.310
Curve6 || 2034 |3.953|/196987|5.947 | 2091 [1.553 (196987 p.263

Table 4. The table shows the number of remaining edges and the CPU-time, in seconds,
taken by SPFCP-D-RE using the cutting plane and interval partitioning algorithms for
solving the Lagrangian dual. The quality of the upper bound was varied from optimal
to +5% from optimal.

5 Conclusions

We provided an experimental evaluation of shorter-path filtering by applying it to the
resource constrained shortest path problem. We have compared the undirected and the
directed versions of shorter-path filtering and found that the undirected version, where
applicable, works about twice as fast while the directed version is more effective and
enjoyswider applicability. Regarding the identification of edges that must be visited by
all improving routes, we found that this ability is of useonly in rare special caseswhere
no aternative improving paths exist.

Further, we have seen that, in the context of CP-based Lagrangian relaxation, the
choice of the algorithm solving the Lagrangian dual can have a significant impact on
the overall performance of the filtering algorithm. For one-parameter relaxations, we
have found that a method based on cutting planes can be much more efficient than an
interval partitioning algorithm.

Finally, our experiments showed that, even for this comparably simple problem, an
increase in filtering power can yield to significant performance improvements and that
shorter-path constraint filtering outperforms previously developed filtering algorithms
for the RCSPP.



"uoNALWINSUOD AJOWBL BAISNeYXS 01 8NP UONN|0S
© pulj 01 8|CeUN SeM JBA[CS B eyl Sae0IpUl -, W 'sydelf pausl|ly 8y} Joj uonn|os fewndo Ue pulj 01 Z|A PUe VST SIBAI0S dSSDY 8yl Aq
usYel sl -NdD ay) pue ‘sydelb pa1oa.ip uo Buiel|1) 8U1 J0J USXel Spuodss Ul awi-NdD ay) “(Buel ) se1fe wnwindo ay) andwiod 01 peau
[111S SIBA|0S 3Y) Ty} 0s) 8uo snid punog Jemo| fewndo ue 01 UM Bulel |l Je1je seips Bulufewsl Jo Jsquuinu 8yl SMoUS a(cel 8y 'S a|qel

TEO 8EO[ €651 T60¢|| 900] 9€07] €S6°E| YEOCZ| SOT'06T - |ETS'T 0646619061 - 018" |06466T|| 9°MND
8TO] 9€0] €56°| 8T0¢| ¥T10] LEO| /8G°¢| 8T0C|| 810" | 6¥0°| OV6°| 8TOC || <65 - 0.V | GV666 || GBMND
¢00| 0TO] OT/'| OT8 | 00] 60071 EVOT| €08 || €6E - | €99°]| 06466 | ¥6€° - /8€" | 06166 || ¥9MND

00} 600] 2vv| 118 v00{ 600] 60T | 9e8| €50 | 600 | osv| 9z || 8z07¢|siTog| eze | aweer || £onno
ovof #00] 201| oo || ovo] v00] ozz | ooe|| ovo | w00 | est| soe || ertT| Sezer | €207 | 62961 || zoninD
100} #00] 2907 TO€E || T00] ¥00] 2T2 | 90e || seo 185 £90'| Sve6 || 80 | e69°€ | ov0 | Swes || Temno
€90; 810] €61 8.21] S90| 210{ 2122| 822T|| 220" | 6107 L2t TvOT || 818'T| 22T |022T[TTL60T| @ Peoy
es0; 600] 209 668 €50] 600] €951| 668 ]| ¥S0° | TT0°|0TOT] 60T || 8TE | 882" | O£V |9vvie || S peoy
050! 600 0222 v6v || 250] 800l €TTw1 ver | ¥80 | ec0|ee8t Z8et | ve0r| - |e£67T|ovS60e]|g puenoos
ov0} €00 es| €9z || v0] s00] ov0z| voe || ¥90° [ 0zo | €88 | 906 || €897¢] T2z L |cer | 299ey ||S puenoos
670; 200 2091 OTv || 250] 200] €292| o1v || 6v0 | 200 |evT'd OTr || 98/T|96585¢|06T T|L9TET| grLSNY
ovol zoo| 29¢| tez ] ovol 200] 62| 622 ] 660" | 200 [ 029 | svz || see | etrs | 282 | o8vsz || seusny
ZW[ vsTawii[sabp3] zW[vs T awit [sebpa] zw [ vs[ewri[sebpa [ zw | w1 [owni[sebpa || ydeio
A0S | i || ApS | BiH A0S R A0S R
d0-ado4dsS dI-Q do4dS og NV




References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Y. Angja, V. Aggarwal, K. Nair. Shortest chain subject to side conditions. Networks, 13:295-
302, 1983.

. D. Applegate, R. Bixby, V. Chvatal, and W. Cook. On the solution of Traveling Salesman

Problems. Doc. Math. J. DMV, ExtraVolume ICM II1, pp.645-656, 1998.

. F. Barahona and R. Anbil. The Volume Algorithm: producing primal solutions with a sub-

gradient algorithm. Mathematical Programming, 87:385-399, 2000.

. J. Beadley, N. Christofides. An Algorithm for the Resource Constrained Shortest Path Prob-

lem. Networks, 19:379-394, 1989.

. H. Crowder. Computational improvements for subgradient optimization. Symposia Mathe-

matica, X1X:357-372, 1976.

. J. Desrosiers, Y. Dumas, M. Solomon, F. Soumis. Time Constrained Routing and Scheduling.

Handbook in Operations Research and Management Science 8: Network Routing, North-
Holland, 8:35-139, 1995.

. |. Dumitrescu, N. Boland. The weight-constrained shortest path problem: preprocessing,

scaling and dynamic programming algorithms with numerical comparisons. International
Symposium on Mathematical Programming (ISMP), 2000.

. T.Fahle, U. Junker, S.E. Karisch, N. Kohl, M. Sellmann, B. Vaaben. Constraint programming

based column generation for crew assignment. Journal of Heuristics, 8(1):59-81, 2002.

. F. Focacci, A. Lodi, M. Milano. Cost-Based Domain Filtering. Principles and Practice of

Constraint Programming (CP) Springer LNCS 1713:189-203, 1999.

A. Frangioni. A Bundle type Dual-ascent Approach to Linear Multi-Commodity Min Cost
Flow Problems. Technical Report, Dipartimento di Informatica, Universita di Pisa, TR-96-
01, 1996.

A. Frangioni. Dual Ascent Methods and Multicommaodity Flow Problems. Doctoral Thesis,
Dipartimento di Informatica, Universita di Pisa, TD-97-05, 1997.

G. Handler, I. Zang. A Dua Algorithm for the Restricted Shortest Path Problem. Networks,
10:293-310, 1980.

J.E. Kelley. The Cutting Plane Method for Solving Convex Programs. Journal of the SAM,
8:703-712, 1960.

A. Makri and D. Klabjan. A New Pricing Scheme for Airline Crew Scheduling. INFORMS
Journal on Computing, 16:56-67, 2004.

K. Mehlhorn, M. Ziegelmann. Resource Constrained Shortest Paths. Proc. 8th European
Symposium on Algorithms (ESA), Springer LNCS 1879:326-337, 2000.

M. Sellmann. Theoretical Foundations of CP-Based Lagrangian Relaxation. Principles and
Practice of Constraint Programming (CP), Spirnger LNCS 3258:634-647, 2004.

M. Sellmann. Cost-Based Filtering for Shorter Path Constraints. Principles and Practice of
Constraint Programming (CP), Springer LNCS 2833:679-693, 2003.

M. Sellmann and T.Fahle. Coupling Variable Fixing Algorithmsfor the Automatic Recording
Problem. Annual European Symposium on Algorithms (ESA), Springer LNCS 2161: 134~
145, 2001.

M. Sellmann and T. Fahle. Constraint Programming Based Lagrangian Relaxation for the
Automatic Recording Problem. Annals of Operations Research, 118:17-33, 2003.

P. Toth and D. Vigo. The Vehicle Routing Problem. Monographs on Discrete Mathematics
and Applications, SIAM, Philadelphia, 2001.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


