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problems and Table 6.24 presents the ranking of the algorithms. Figure 6.8 provides
the average, the minimum and the maximum scores for the five algorithms. In this

case, each algorithm can score a maximum of 4 points and a minimum of 0 points.

Table 6.23 shows that GA, RS, SA, and TS use the extra time to improve their re-
sults significantly. For the short runs, the ranking between the different algorithms
was SA > TS > HC > GA > RS. With the intensive runs, this ranking is modified
and becomes SA > GA > TS > HC > RS.

SA remains the best algorithm overall. However, GA now dominates the other
competitors on under-resourced problems and reduces the gap with (SA, HC, and
TS) on over-resourced problems considerably. In fact, GA and RS are the only two
techniques which improve their average score. GA goes from 1.58 up to 2.27 and
RS goes from 0.03 up to 0.3. HC goes from 1.91 down to 1.55, SA goes from 3.88
down to 3.6 and TS goes from 2.58 down to 2.25.

Table 6.25 shows the amount of exploration performed by the different algorithms.
A comparison between Table 6.25 and Table 6.21 (which reports the same data for
the short runs) underlines the considerable effort behind each intensive run. For
instance, on the 30-0-0-1 problem, RS visited 33030 solutions whereas in the short
run, 1t only had time to generate 1400 solutions. GA performed 109256 crossovers
(only 4720 for the short run), HC performed 79200 cycles (only 3240 for the short
run) and TS did 60600 cycles (only 3140 for the short run). This information is

summarised in Figure 6.9.

Runs GA HC RS TS
short 4720 3240 1400 3140
intensive | 109256 | 79200 | 33030 | 60600

Figure 6.9: Computational effort - Comparison between short and intensive runs.

The situation is more delicate for SA. The algorithm is performing fewer iterations
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during these intensive runs. For instance, on the 30-0-0-1 problem, SA performs
142 1terations whereas in the short run, it managed 190 iterations. This is due to
the fact that the number of successful moves at a given temperature went from 500

for the short runs up to 12000 for the intensive runs.

In other words, the main difference for SA between short and intensive runs is that
the algorithm is given much more time to reach equilibrium at each temperature;
the function used to reduce the temperature is identical in both sets of runs. Some
theoretical results (see Subsection 3.3.3) suggest that this annealing schedule might
not be the best option, i.e. there is no requirement to attain equilibrium at a
succession of reducing temperatures, rather the main condition for a good annealing

schedule is for the cooling to be carried out sufficiently slowly.

A number of alternatives for the annealing schedule can be envisaged. For in-
stance, SA could perform only one iteration at each temperature and reduce the
temperature very slowly or, at the other end of the spectrum, SA could keep the
temperature constant during the search. In this case, SA would be a random search
which accepts uphill moves with the probability ezp(—CA) and C is kept constant

during the search.

In conclusion, there is no overall champion among the five algorithms which all ben-
efit from the longer runs. Typically, GA takes advantage of the extra computational
effort to provide the best solutions on under-resourced problems. Again, SA is a

robust technique which performs well both on under-resourced and over-resourced

problems.
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GA HC RS SA TS
30-0-0-1 | 418611 744850 | 950471 | 389783 433014
30-0-0-2 | 191802 521610 | 747099 | 193632 240439
30-0-0-3 | 91073 372232 | 585131 107356 114528
30-0-3-1 | 255015 | 597360 | 720178 | 314549 273084
30-0-3-2 | 283818 | 618848 | 770597 | 337931 312673
30-0-3-3 | 611376 924910 1060289 | 609596 605968
30-2-0-1 | 483638 | 757418 | 862319 | 489156 | 499902
30-2-0-2 | 485557 | 649270 | 740012 | 449042 | 459864
30-2-0-3 | 1327704 | 1520217 | 1483255 | 1339915 | 1345469
30-2-3-1 | 1016668 | 1382046 | 1314405 | 1041505 | 1054138
30-2-3-2 | 725090 1185889 | 1112688 | 750395 739479
30-2-3-3 | 608013 915757 | 846271 | 641898 645515
40-0-0-1 | 914 857 2203 696 1095
40-0-0-2 | 872 811 2186 687 1146
40-0-0-3 | 843 738 2136 671 1053
40-0-3-1 | 1122 1006 2245 868 1114
40-0-3-2 | 1090 1063 2148 821 1022
40-0-3-3 | 1156 1042 2341 913 1150
40-2-0-1 | 271441 5567247 | 416225 | 238547 | 233278
40-2-0-2 | 1350 74777 27472 807 924
40-2-0-3 | 1312 91005 20370 853 1004
40-2-3-1 | 1556 55287 2494 1063 1085
40-2-3-2 | 1484 13784 2196 953 981
40-2-3-3 | 1733 278488 148155 | 1084 1164
50-0-0-1 | 945 849 2248 727 1175
50-0-0-2 | 895 750 2163 714 1163
50-0-0-3 | 862 719 2171 673 1122
50-0-3-1 | 1161 1030 2234 876 1176
50-0-3-2 | 1139 1033 2284 905 1158
50-0-3-3 | 1150 965 2260 889 1116
50-2-0-1 | 1260 919 2151 883 1063
50-2-0-2 | 1073 784 2032 699 962
50-2-0-3 | 1169 904 2074 818 999
50-2-3-1 [ 1377 1092 2141 939 971
50-2-3-2 | 1561 10286 2333 1055 1099
50-2-3-3 | 1498 1271 2337 1028 1061

Table 6.23: 4 hour runs - Average final cost.
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30-0-0-1 | 3 1 0 4 2
30-0-0-2 | 4 1 0 3 2
30-0-0-3 { 4 1 0 3 2
30-0-3-1 | 4 1 0 2 3
30-0-3-2 | 4 1 0 2 3

30-0-3-3 | 2 1 0 3 4

30-2-0-1 | 4 1 0 3 2
30-2-0-2 | 2 1 0 4 3
30-2-0-3 | 4 0 1 3 2

30-2-3-1 { 4 0 1 3 2
30-2-3-2 | 4 0 1 2 3
30-2-3-3 | 4 0 1 3 2

40-0-0-1 | 2 3 0 4 1
40-0-0-2 | 2 3 0
40-0-0-3 | 2 3 0 4 1

S

40-0-3-1 | 1 3 0
40-0-3-2 | 1 2 0
40-0-3-3 | 1 3 0 4 2

1N
N

S
w

40-2-0-1 | 2 0 1 3 4
40-2-0-2 | 2 0 1 4 3
40-2-0-3 | 2 0 1 4 3

40-2-3-1 | 2 0 1 4 3
40-2-3-2 1 2 0 1 4 3
40-2-3-3 | 2 0 1 4 3

50-0-0-1 | 2 3 0 4 1
50-0-0-2 | 2 3 0
50-0-0-3 | 2 3 0 4 1

-

50-0-3-1 | 2 3 0
50-0-3-2 | 2 3 0
50-0-3-3 | 1 3 0 4 2

>
-

S
pat

50-2-0-1 | 1 3 0 4 2
50-2-0-2 | 1 3 0 4 2
50-2-0-3 } 1 3 0 4 2

50-2-3-1 11 2 0 4 3
50-2-3-2
50-2-3-3 | 1 2 0 4 3

(=1
s
S
w

Table 6.24: 4 hour runs - Ranking of the search techniques.
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GA

HC

RS

SA

TS

30-0-0-1 | 109256

79200

33030

142

60600

30-0-0-2 | 157880

79120

33170

138

66200

30-0-0-3 | 229604

75920

33020

138

65200

30-0-3-1 | 262948

278480

108310

458

230400

30-0-3-2 | 291840

281040

107060

516

214800

30-0-3-3 | 244428

282000

111510

412

231200

30-2-0-1 | 97960

90560

33650

134

69600

30-2-0-2 | 103164

127600

34430

224

126800

30-2-0-3 | 54596

210080

36640

370

149000

30-2-3-1 | 193360

415840

114750

654

256000

30-2-3-2 | 228748

371840

117620

530

232600

30-2-3-3 | 224460

432960

128630

762

318600

40-0-0-1 | 365912

395680

32500

908

535800

40-0-0-2 | 362880

418560

33060

1036

565200

40-0-0-3 | 356580

374000

32750

932

527000

40-0-3-1 | 439100

512480

109030

1196

589200

40-0-3-2 | 447996

468080

109530

1180

563800

40-0-3-3 | 432684

533840

115310

1210

574600

40-2-0-1 | 174048

260160

35370

930

285000

40-2-0-2 | 409540

265760

35040

1000

347400

40-2-0-3 | 441248

240000

35090

952

332600

40-2-3-1 | 559396

444240

112230

1176

491200

40-2-3-2 | 515452

408720

112340

1132

471800

40-2-3-3 | 537916

409600

102640

1052

414800

50-0-0-1 | 361508

502400

32170

1216

583000

50-0-0-2 | 351576

531840

32140

1242

589200

50-0-0-3 | 3258192

550880

32500

1278

612800

50-0-3-1 | 435360

622560

102480

1374

609000

50-0-3-2 | 442340

599040

104440

1382

622800

50-0-3-3 | 446072

603680

107210

1334

628400

50-2-0-1 | 477620

414800

34920

1324

426400

50-2-0-2 | 483448

540000

33800

1362

496600

50-2-0-3 | 479948

398560

34690

1306

425400

50-2-3-1 | 543000

513520

107820

1466

522200

50-2-3-2 | 546856

453040

96760

1456

489200

50-2-3-3 | 523348

521280

116650

1426

537800

Table 6.25: 4 hour runs - Amount of exploration.
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Chapter 7

Conclusion.

This chapter summarises the work that has been presented, discusses areas of future

work, and finally concludes this thesis.

7.1 Summary.

The growing complexity of telecommunications networks means that their manage-
ment is also becoming more and more complicated. Due to several factors, e.g.
amount of data, inconsistent and incoherent data, and time constraints, Artificial
Intelligence techniques will be essential in order to carry out some of the manage-

ment functions.

This thesis focuses on one particular aspect of network management: resource

management. The key-motivation behind this work is two-fold:

e It is essential for the telecommunications operators to solve their resource

allocations problems in an efficient manner.
e Many classical techniques are inadequate because, due to the sheer size of the
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problems encountered, they cannot provide an answer in reasonable time.

Genetic algorithms have been proposed as a possible alternative. However, tradi-
tional indirect GAs are not suitable in many cases because they are too slow or too
disruptive. To answer these limitations, this thesis proposes a new class of GAs
which works directly on the chromosomes. In other words, the solutions are the

chromosomes, the GA is no longer working with an indirect representation.

This thesis offers three large empirical studies which observe the performance of
these direct GAs, and compare their performance against those of other search
techniques in the context of workforce management. A set of thirty six problems
1s used for these observations and comparisons; each problem is radically different
from the rest. More precisely, the effects of three parameters have been studied:
work load, time windows, and specialisation constraints. A problem can be under-
resourced, critically-resourced, or over-resourced, time windows can either be loose
or tight, and specialisation constraints can also be either loose or tight. These three
parameters and their possible values mean that there are twelve different configu-
rations, and for each configuration, there are three randomly generated problems.
Hence, the thirty six problems. Empirical evidence shows that work load is a key-
parameter, which decides how the algorithms perform, i.e. determines whether all

the work will be done or some will remain undone.

The two chromosomal representations, direct and indirect, are compared, and it
is shown that the direct GAs totally dominate the indirect GA, both in terms of
quality of solution and amount of exploration. The average costs achieved by the
indirect GA are in fact remarkably similar to those achieved by RS and clearly, the
association of order-based GA and schedule-builder is not suitable for this type of
problem; the indirect GA is not guiding its search properly. In general, the steady

state model performs better than the generational model.

When the problem under study is over-resourced, a more adaptable random-based
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crossover operator should be chosen; however, for an under- or critically-resourced
problem, the knowledge-based crossover which tries to maximise the amount of work
done should be preferred. This study also shows that increasing population size and
diversity helps the search process, but maintaining diversity within the population
is no easy task. As the population size increases, the probability of producing
duplicates increases, and the efforts to produce novel chromosomal material can
be expensive. This also suggests that producing the initial population via a smart
schedule-builder may lead to a loss of diversity and a poor GA performance. A
possible alternative may be to seed the initial population, the algorithm will then
have access to a limited set of above-average solutions and at the same time, the

level of diversity will not be too severely affected.

Then, the GA is equipped with a repair algorithm. For each child created, the
repair algorithm uses a TSP heuristic to improve the different tours and then tries
to insert un-allocated jobs in the schedule, where the heuristic has created some
empty slots. In general, this association of GA and repair algorithm is fruitful,
particularly on over-resourced problems. Due to the increased computational effort,

some exploration is lost. This suggests that GAs may benefit from extended runs.

In the 10 minute beauty contest, SA dominates the other competitors, performing
well on all problems. GA works fairly well on under-resourced problems; however,
it is outperformed by HC, SA, and TS on over-resourced problems; mainly because
GA cannot "reduce travel” as well as its three opponents. Again, the results suggest

that GA would benefit from extended runs.

The CPU intensive experiments (4 hour CPU instead of 10 minutes) show that
indeed GA benefits from more CPU time, and on under-resourced problems, GA
generally outperforms all of the other techniques. Again, SA is a robust technique
which performs well both with under-resourced and over-resourced problems. The
fact that SA is more adaptable than GA should not be unexpected. The internal

algorithm of GA has been designed to maximise the amount of work done, this
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complex internal algorithm is not as adaptable as the simpler SA.

On a more general note, when comparing search techniques, the amount of time
spent implementing them should be taken into consideration. In this study, the
implementation and the tuning of SA took less time - several weeks less - than
for GA. Hence, with respect to that particular criterion, SA is again dominant.
Moreover, HC, RS, SA and TS all require much less memory than GA. While these
four algorithms can work with a minimum of two solutions, i.e. the current solution
and the best solution, GA requires an entire population. This situation can only

become worse when the size of the problem increases.

Therefore, from this study, it appears that in many cases, SA should be preferred.
For instance, this study advocates SA when the algorithm is only given a limited

amount of time, i.e. in this case, 10 minutes, or when tLe VRP is over-resourced.

On the other hand, GA with a knowledge-based crossover should be adopted - when
CPU time is available - for the solution of under-resourced VRPs. Out of the five
search techniques studied in this thesis, direct GA is the most knowledge-based.
On hard problems, and when given enough time, GA uses this extra information
to provide the best solutions. This suggests that direct GA, using the correct
parameters (e.g. cost, profit) to preserve the best parts of the solutions, could be
used to solve highly constrained problems. SA, and also TS, would be preferable
for lightly constrained problems.

7.2 Future work.

This work can now proceed in a number of ways:

e Apply stochastic techniques to other more telecommunications-oriented problem-

domains
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o Consider several objective functions rather than only one

Consider dynamic problems rather than static problems

e Consider a distributed and cooperative approach

Integrate the search algorithms with a graphical user interface

7.2.1 Stochastic techniques and other problem-domains.

First, it may be preferable to mention where these stochastic techniques will not be
of any use. At the lowest levels in the management hierarchy, Al techniques will be
used on-line in order to accelerate the control process and reduce human interven-
tion. This will not be achieved with GA, HC, RS, SA or TS. These techniques are
iterative and thus, they cannot be considered for such fast control tasks. Rather,

neural networks may be the answer with their parallel architecture and hardware

implementations.

Stochastic techniques will be in demand at the highest levels in the management
hierarchy, where they will be used to solve different classes of resource allocation
problems: not only work force management problems but also frequency allocation

problems, design and dimensioning problems, or virtual path management problems

in ATM networks.

For instance, a heuristic algorithm has been proposed to solve the virtual path
management problem [LOGQ92]. This suggests that stochastic techniques such as
GA or SA could also be applied to this particular problem.

The next paragraphs define the virtual path management problem and show how

stochastic techniques could be used to tackle this particular problem.

ATM is the multiplexing and switching technology adopted by ITU-TSS for the fu-
ture Broadband Integrated Services Digital Network (BISDN). ATM is a connection-
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oriented technology, i.e. no information may be transferred between the users until
a connection is established. Such a connection in ATM is referred to as a virtual
channel (VC). In turn, these VCs are grouped into virtual paths (VPs). To be
precise, a VP is a bundle of VCs that have the same end-points. Virtual paths

provides a flexible logical network on top of the physical network.

Virtual path management is responsible for creating, maintaining, releasing, and
modifying the network of virtual paths. It becomes necessary to modify the ex-
isting virtual paths when some of them experience unacceptably high levels of call

rejection. Typically, two strategies can be used:

o If only a small modification is required, then only the bandwidths of the VPs
are modified. This method is called bandwidth re-allocation. The virtual
path manager re-allocates dynamically the bandwidth among the different

paths.

o If a larger modification is necessary, the routes of the VPs also have to be

modified. It then becomes a routing problem.

These two functions - bandwidth re-allocation and routing - can be performed at the
network level by a central operations system. This operations system collects traffic
load and VP (bandwidths and routes) information for the entire network, applies a
heuristic to this information and generates the appropriate control actions. Then,
the new routing tables and/or the new bandwidth allocations are down-loaded to
the different nodes of the network. Stochastic techniques working as meta-heuristics
could be associated with this heuristic in order to guide its search and improve its

performance.



7. Conclusion. 177

7.2.2 The objective function is a parameter.

As already mentioned in Section 3.1, The objective function plays an essential
part in the search by judging the quality of the candidate solutions and hence, by
guiding the search process in its exploration. Management problems can have many
- possibly conflicting - objectives: minimise the worst blocking probability, maintain
fairness, balance load, maximise throughput, maintain robustness, minimise delays.
Therefore, a future study should consider the objective function as a parameter and

study its effects on the different algorithms.

7.2.3 Dynamic problems.

The techniques presented in this thesis were designed to tackle static problems;
they do not respond to changes in the environment. Different events may occur
within a dynamic environment, such as the modification or deletion of a job, the

addition of a resource. A scheduling system must address these different situations.

Solving a dynamic problem can be regarded as solving a static problem of the same
class, many times in succession. Hence, a dynamic algorithm would have to solve
a succession of complex resource allocation problems. Rather than starting from
scratch all the time, the ideal technique would be to repair the current solution
and make it consistent with the new problem. Moreover, the solutions should be
made robust so that, when a modification in the environment occurs, the solution

requires little repair [DRUM92].

7.2.4 A distributed and cooperative approach.

Here, the problem is no longer solved by a single agent, rather the problem is

given to a number of agents; each agent is able to solve the problem entirely on
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its own. Agents can communicate during the search. Once an agent has found a
good solution, the solution is transferred to the other agents which can use this
information to guide and direct their search in the most promising areas of the
search space !. The decision to adopt such a distributed and cooperative approach

could bring many benefits:

1. Clearwater et al. [CLEA91] report that a set of cooperative agents solving
a common cryptarithmetic problem ? can achieve a combinatorial implosion,
1.e. a super-linear speed-up with respect to the number of agents. This speed-
up is due to the cooperation between the agents and the specific nature of
cryptarithmetic problems. In the context of VRPs, a distributed system might
not achieve such a formidable speed-up. An important objective for future
experiments will be to determine if (as expected) cooperation among, say, n
agents enables a faster search than n individual agents working separately.
Future experiments should also examine the effects of different communica-
tions strategies. For instance, a distributed system could have a star topology
with a central server controlling the flow of messages between all the agents.
On the other hand, the different agents could be fully connected - or they
could use a ring topology - and be able to communicate without the assis-

tance of a central controller.

2. A problem can be solved from different perspectives. Agents may employ

different algorithms, focus on different objectives ® and hence, come up with

1For example, when a GA receives a solution sent by another agent, this solution is evaluated
and inserted in the local population. If the solution manages an above-average score, it is likely
that this solution will participate to a number of crossover operations. In a sense, this technique
performs the same function as the search intensification module of TS.

2A cryptarithmetic problem can be viewed as a constraint satisfaction problem. A typical
example of such problems is given by the sum DONALD + GERALD = ROBERT. The task is
to find unique digit assignments to each of the letters so that the numbers add up correctly. For
this example, the only solutionis A = 4,B=3,D=5E=9G=1,L=8N=6,0=2,R =
7T =0.

30Observe that communications between two agents using totally different perspectives may be
meaningless.
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radically different answers at the end. Either the system can attempt to
manipulate and integrate these answers or leave the user decide which solution
best suits the problem. Such a system would be more adaptable. In a single-
agent system, if the agent finds a problem hard to solve, there is no alternative
whereas if an agent fails to solve the problem properly in a multi-agent system,

the other agents may be able to provide a better answer.

3. It can also provide an any-time system, i.e. a system which can deliver a
solution at any-time. The agents can solve the problem at different levels of
granularity. Some agents, i.e. the shallow agents, may attempt to provide
fast non-optimal solutions whereas other agents, i.e. the deep agents, may
require more processing but deliver solutions of better quality. With these
multiple levels of reasoning, the overall system can provide an answer at any
time. The quality of this answer increases with time as deep agents terminate
their search. For instance, for the solution of under-resourced problems, such
a system could incorporate GA-based and SA-based agents, the SA-based
agents would provide good quality solutions at the early stages of the search,

and later on, the GA-based agents could provide better solutions.

7.2.5 Integration with a graphical user interface.

Finally, the last step in the development of a complete management system may be

the integration of these different search techniques with a graphical user interface

(GUI).

The management process would be broken into two modules (see Figure 7.1) [CRUT93]:

1. The process module would monitor the state of the network and generate the

appropriate actions.

2. The presentation module would play an essential part by filtering the infor-
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mation presented to the operator and by allowing the operator to interact

directly with the network.

Observe and react
to network Presentation
information

Apply algorithms
to network Management

information / process \

Retrieve and effect

s S
information

Represent network \ /
information with
state and events

Functional breakdown Information flow

From: "Managemem and contro! for giant gigabit networks™,
by L.Crutcher and A A . Lazar, IEEE Network, November 1993.

Figure 7.1: Management system: observation, control, and presentation.

The GUI could follow the Seeheim model* [GREE85], already used in a previous
project [MULL92]. This model divides the interface into three layers: the presen-
tation layer defines the presentation components, the dialogue layer monitors the
dialogue between the user and the application and checks for consistency, and the
application layer receives messages from the dialogue layer and activates the corre-

sponding function of the internal application using a message-passing mechanism.

The operator will be able to view the management problem at different levels of
abstraction, e.g. call, path, physical link and network levels. The use of object-
oriented techniques will give the opportunity to implement a number of sophisti-

cated mechanisms such as direct manipulation and direct observation.

“This model has been employed by the ESPRIT project » VITAMIN” (VIsualisation sTAn-
dard tools in Manufacturing INdustry) for the development of industrial application-interfaces in
Computer Integrated Manufacturing (CIM).
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Direct manipulation means that the user is able to manipulate any network ele-
ment directly from his/her terminal by manipulating the graphical object which
represents this network element. The manipulations are translated automatically
into internal function calls by the interface itself and direct observation means that
the information on the screen is automatically updated whenever the internal data
is altered, thus allowing a continuous representation of the data of interest and also
allowing the user to observe immediately the consequences of his/her actions on

the screen.

This GUI equipped with its sophisticated mechanisms will give the opportunity to
the operator to interact in an efficient manner with the internal application and

the physical network.

7.3 Concluding remark.

This thesis has reported and discussed the results of three large empirical studies.
The main objective here was to study how a new class of GAs perform. The
breadth of this study was essential if any useful knowledge was to be gained about
the applicability of stochastic techniques - in, particular, direct GAs - to vehicle

routing problems. A study on a smaller scale would only have distorted the results.

More generally, many Al techniques are still in their infancy and large empirical
studies such as the one provided in this thesis are essential in order to gain a better
understanding of these techniques and how they can be applied to telecommunica-

tions problems.

It cannot be expected that one Al technique will dominate all the other techniques
on all the problems. More likely, each technique will have its own territory. There-
fore, such large empirical studies are essential to define which technique is best for

which class of problem and to be able - for a given problem - to anticipate the
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behaviour of the different techniques and the quality of their answers.
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Annexe A: The problem

generator.

Annexe A describes the software which generated the 36 problems used for the ex-
periments. This problem generator is mainly the result of some lengthy discussions
between Dr Prosser, Mr Brind and myself. Dr Prosser implemented this problem
generator. The following description is taken from a previous technical report: ”A
preliminary study of stochastic search techniques applied to vehicle routing prob-
lems”, by P.Prosser, C.Muller, and C.Brind, University of Strathclyde, February
1994.

The VRP Generator

In this section we describe the vehicle routing problem (vrp) generator. We describe
the parameters to the generator, the output from the generator, and the character-
istics of the problems created. Finally, the database of vrp’s for this preliminary

study is described.

A-1
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Parameters

The vrp generator takes the following parameters

Output file: The output file name typically follows the convention C-E-J-D-T-S-
N where C is the name of the coordinates file, E is the number of engineers,
J is the number of jobs, D is the bag of durations (typically d1 or d2, and
see below), T is the bag of time windows (typically ¢0, 1, or ¢2, again see
below), S is the amount of specialisation in the workforce (typically s0, s1,
s2, or 53, and again see below), and N is a sequence number (the number of

the problem generated with these characteristics).

Coordinates file (C) A file of postal codes with their corresponding = — y co-
ordinates, where both = and y are measured in decametres. At present we
have 7 data sets, namely Glasgow, G5k (a subset of the Glasgow postal codes
within a 5 kilometres of a central location), G7k (as G5k but a Tk radius),
Birmingham, B5k (extracted from Birmingham), B7k, and Uxbridge. When
generating a problem, the z — y locations of the jobs are randomly drawn
from the specified coordinates file without remowval. That is, it is possible to

produce two jobs with the same postal codes and (consequently) the same

z — y location.

It should be noted that a problem generated from *5k (where * may be G or B)
will tend to involve less travel (tend to be more urban) than a similar problem
generated from *7k (tends to be more rural)®. Problems generated with the

Uxbridge data set tend to be predominantly rural, involving considerable

travel.

Speed This is the average speed of an engineer, in miles per hour. Typically we

assume 12mph for our urban problems. This is then converted to metres per

5... and might even be considered to be sub-urban
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minute.

Number of engineers (E) The number of engineers for the problem (typically

30, 40, or 50).
Number of jobs (J) The number of jobs in the problem (typically 200).

Bag of durations (D) A list of possible durations for jobs, measured in minutes.
When a job is created a duration for that job is drawn randomly from this bag.
® A random number is then generated (drawn from the uniform distribution)
in the range 1 to n, where n is the number of elements in the bag. The nth
element of the bag is then selected. For example, if we wish to generate a
set of jobs such that the probability that a job has a duration of 60 minutes
is 0.1 (ie. p(60) = 0.1), p(45) = 0.3, and p(30) = 0.6 we would use the bag
{60, 45, 45,45, 30, 30, 30, 30, 30, 30}.

Bag of time windows (T) A bag of temporal intervals, where a temporal inter-
val has a start time s and an end time e. When a job is created a time
window is then selected from this bag (using the same technique described
above), such that the duration of the job is less than or equal to e — s of
the selected temporal interval. Typically a temporal interval would be (540
1020) (9 o’clock to 5 o’clock, measured in minutes from midnight, also called
all day), (540 720) the morning, and (720 1020) the afternoon. Therefore,
we may have a bag {(540 720),(540 720),(540 1020),(720 1020),(720 1020)}
which will result in the probability of a job being done in the morning equal

to 0.4 (p(morning) = 0.4), p(all day) = 0.2, and p(afternoon) = 0.4. 7.

Bag of specialisations (S) A bag of specialisations, where a specialisation is a

percentage of the population of engineers that can do a job. When a job is

A bag can be thought of as a kind of set, except elements can occur many times. The bag is
then used as an ezplicit representation of a distribut’:x.

"Note that with a bag {(540 1020)} all jobs may be done any time within the working day,
and corresponds to no temporal constraints
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created a value S is drawn from this bag (using the same technique as above).
E x S engineers are then randomly chosen from the set of engineers, and
marked as being capable of doing that job. For example, the bag so = {1.0}
implies any job can be done by any engineer (consequently no technological
constraints), s; = {0.8,0.8,0.8,0.8,0.2} implies 80% of the jobs can be done by
80% of the engineers and 20% of the jobs can be done by 20% of the engineers
(a weak technological constraint), and s3 = {0.2,0.2,0.2,0.2,0.8} implies 80%
of the jobs can be done by 20% of the engineers and 20% of the jobs can be
done by 80% of the engineers (a tight technological constraint).

Probability of compulsory jobs The probability that a job must be done. Typ-
ically p(compulsory) is 0.1

Normalised distances If set to true then all £ — y coordinates are normalised.
That is, the minimum z location (Zm:,) is found from the job set, and the
minimum y location is also found (ym:). The z — y locations of all jobs are

then reduced by z,.:n and ymin.

All jobs do-able If true then any job that is created must be feasible. A job is
feasible if it 1s possible to travel to that job, start and complete the job within
its time window, and return to the base before end of day (and all problems

have been created with this flag set to true).

Generator Output

Given the outut file name outf (for example) the generator outputs 4 files in the

following directories.

vrp/outf The actual machine readable vehicle routing problem.
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gnu/outf.jobs The x—y coordinates of the jobs. These can then be plotted (using
gnuplot) to show graphically the distribution of the jobs.

gnu/outf.base The z — y location of the base

parms/outf A summary on the problem generated. This file records the actual
parameters used when generating the problem, and gives a summary analysis

of the problem. This is described in more detail below.
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Analysis of Problems

As noted above, the parms file for a problem (parms/outf) records the actual pa-
rameters used in generating the problem, along with an analysis of the resultant
problem. A sample parms file is given below along with its corresponding graphic

(the scatter of jobs and the base on the zy plane) in Figure 1.

Coordinates file /usr/keg/bt/vrp-prelim/data/gbk

Output files /usr/keg/bt/vrp-prelim/*/g5k-30-200-d1-twl-s2-1.*
mph=12 n=30 m=200 p-compulsory=0.1

durations (15 30 45 60 75 90 105 120)

time windows ((540 720) (540 720) (540 1020) (720 1020) (720 1020))
specialisations (0.8 0.2)

Of 200 jobs 200 can be reached

There are 19 compulsory jobs

jobs per engineer 95.2 6.5 83.0 110.0 30 95.0

job durations 68.47 34.13 15.0 120.0 200 60.0
time-windows 277.8 111.5 180.0 480.0 200 300.0
duration over time window 0.28 0.17 0.03 0.67 200 0.25
engineers per job 14.28 8.97 6.0 24.0 200 6.0

distance from base in minutes 9.01 4.25 1.0 16.0 200 9.0
distance between jobs in minutes 13.0 6.54 0.0 31.0 19900 13.0
Average Engineer Load 1.2

coefficients 0.46 0.39 0.01 2.93 20100 0.32

Profit Coefficient = 3

Base Location = (4823 4482)
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The problem has 30 engineers and 200 jobs. The probability that a job is com-
pulsory is 0.1, and engineers travel at 12 mph. Durations of jobs are in the range
15 minutes to 120 minutes, in 15 minute increments, each duration equally likely
(and this bag of durations is named d1). The time window for a job can be in the
morning, all day, or in the afternoon. The probability of a job having an all day
time window is 0.2, and the probability of a morning time window is 0.4, the same
as the probability of an afternoon time window (NOTE: this bag of time windows
is named twl). The bag of specialisations (the technological constraints) dictates
that 50% of the jobs can be done by 80% of the engineers, and the remaining 50%
of the jobs can be done by 20% of the engineers (and this bag of specialisations is

named s2).

The next block of text refers to the analysis of the problem created. The figures to
the right generally fall into six columns: the mean, standard deviation, minimum,
maximum, sample size, median. In this case 200 jobs were created and all were

feasible, and 19 of those jobs were compulsory.

jobs per engineer shows the number of jobs that each engineer is capable of

doing. This can be taken as a measure of the technological constraints.

job durations shows statistics on the durations of the jobs produced. As ex-
pected, the durations of the jobs are on average about mid-way between 60

and 75 minutes.

time-windows shows statistics on the durations of time windows for jobs. In this

case the average duration of time windows is 277 minutes.

duration over time window gives an indication of the tightness of the temporal
constraints. For each job, the duration of that job is divided by the duration
of its time window, and this value is collected. If the duration of jobs are

high with respect to the duration of the time windows we get a large value,
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and this indicates that temporal constraints are tight (ie. the engineers must
get to the job close to the start of the time window). Low values correspond
to relaxed temporal constraints (ie. engineers can arrive at a job some time
after the start of a time window). Note that the tightness of the temporal
constraints are controlled by the interplay between the parameters D (bag of

durations) and T (bag of time windows).

engineers per job is symmetrical to the row jobs per engineer, allowing us a job-
based perspective of the problem. As the technological constraints become
tighter we will see this value fall. In this example we see that on average each
job can be done by 14 engineers (out of 30, and is considered a moderately

tight technological constraint).

distance from base in minutes For each job, we compute the distance from the
base to that job, in minutes, given the location of the base and the job and
the speed that engineers travel. For rural problems we expect this value to
be larger than its urban counterpart. The distance between locations is taken

as the Manhattan distance®.

distance between jobs in minutes For all pairs of jobs ® compute the travel
time between jobs. For rural problems we expect this value to be larger than

its urban counterpart. Again, Manhattan distance is assumed.

Average Engineer Load This is an estimate of the loading on engineers, and is
computed as follows. Given J jobs, each of (on average) D duration, and
E engineers we compute the average number of jobs an engineer is expected
to do (J/E). Consequently the engineer will be expected to work D.J/E

minutes in the day. The engineer must travel from the base to the first job,

8Manhattan distance assumes a grid layout, such that one travels up and down, and left and
right, but not diagonally. This is a typical restriction in an urban environment, and especially so
in Manhattan!

°If we have n jobs we compute the n(n — 1)/2 distances between jobs.
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travel between the jobs, and travel from the last job to the base. Using the
calculations on travel time (from base and inter-job) and job durations we
then divide the number of minutes an engineer is expected to work and travel

by the number of minutes in the working day (480).

If this value is large (ie greater than 0.9) we anticipate that the problem is
under-resourced, and it is unlikely that all jobs will be done. A good solution
will then (typically) attempt to minimise jobs not done. When this value
is low (ie. less than 0.85) we expect that the problem is over-resourced,
and all jobs will be done. Consequently a good solution will be one that
minimises travel (since all jobs will probably be done, this is the only scope

for differentiating solutions).

coeflicients A ratio based on the travel associated with a job, and the duration
of that job. For each job we measure the distance that could be traveled in
order to perform that job. That is, for job job; an engineer may have to travel
from job job; to job job; and take travel time ¢, ;, perform job; with duration
d;, and then return to the base taking travel time ¢;o. The coefficient C; ;
for this triangle of travel and work (from job; to job; to the base, joby) is

b i+t
calculated as C; ; = —JJ}:,—LQ.
)

This value is computed for all possible pairs of jobs job; and job;, where 1 # 7,
and 0 <1 < Jt°

Problems with high values for C; ; tend to have considerable amount of travel,
or jobs with relatively low durations. Symmetrically, problems with low values
of C;; tend to have low travel to jobs of relatively high duration. Therefore,
a rural problem tends to have high C;; with respect to its urban counterpart,
and problems with short duration jobs have high C;; compared to similar

problems with jobs of large durations.

Y0That is we also consider the tour from the base (jobo) to job;, then returning to the base.
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Profit Coeflicient The profit coefficient is used by the cost function employed by
the search process. The profit coeflicient C is taken to be the maximum value

of C; ; (rounded up to the nearest integer).

In evaluating a solution we take into consideration the sum of the durations
of the jobs that have not been done (D), and the sum of the travel time for
all engineers (T'). The cost of a solution is then CD + T. The coefficient
C guarantees that the term C D is always greater than the travel associated
with doing the jobs that have not been done. An alternative way of looking
at this is, we guarantee that the search process cannot produce a lower cost
solution by reducing travel by not doing jobs, consequently there is always a

motive to do more work.

Base Location This is the z — y location of the base and is generated such that
it corresponds approximately to the centre of gravity of the location of the

jobs.

Therefore, 1t should be apparent that we can produce vrp’s that are under-resourced
and over-resourced. We can produce an under-resourced vrp by decreasing the
number of engineers, or by increasing the number of jobs or the durations of the
jobs, or by increasing the travel between jobs. Furthermore, we have a (coarse)
measure of this, namely load. Generally, we vary load by altering the number of

engineers and the durations of jobs.

Similarly, we can vary the tightness of the temporal and technological constraints.
We can increase the tightness of the temporal constraints by making the time
windows smaller, or by increasing the durations of jobs (but this has the side-
effect of increasing load). We can also increase the tightness of the technological

constraints (by limiting who can do a job).

Bringing this together, there appears to be (at least) 4 extreme scenarios. First,

we may have vrp’s that are under-resourced but with no temporal or technological
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constraints. Then, we can have under-resourced vrp’s with tight temporal and
technological constraints. There are then over-resourced problems with no temporal
or technological constraints, and over-resourced problems with tight temporal and
technological constraints. Therefore, we hope that we can investigate the role of
load independently of constraint tightness (and vice versa). Further, we have the

ability to generate a range of problems within those extremes.

VRP Database

As part of the preliminary study, 216 vrp’s have been produced, with the following

characteristics.

location All vrp’s have been generating using the gbk coordinates file. That is the
Glasgow postcodes in a 5k radius of G1. This produces urban problems, and
all problems tend to have the same distances between jobs, and between jobs

and the base.

Number of Engineers The number of engineers is 30, 40, or 50.

Number of Jobs The number of jobs is held constant at 200.

Durations Durations of jobs are drawn randomly from the bags d1 or d2, where
d1 is {15, 30,45, 60, 75,90,105,120}.
d2 is {15,15, 15, 30, 30, 30, 45, 45, 60, 60, 120, 180, 240, 300}.

Time Windows The temporal constraints, either t0, t1, or t2

t0 all jobs have a time window running from 9 to 5 (all day)

t1 probability of morning = probability of afternoon = 0.4 and probability
of all day = 0.2
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t2 probability of morning = probability of afterncon = 0.45 and probability
of all day is approximately 0.1

Specialisations Specialisation (the technological constraints), either s0, s, s2, or

s3

sO all jobs can be done by any engineer

s1 80% of jobs can be done by 80% of the engineers, and 20% of the jobs can
be done by 20% of the engineers

s2 50% of the jobs can be done 80% of the engineers, and 50% of the jobs
can be done by 20% of the engineers

s3 80% of the jobs can be done by 20% of the engineers, and 20% of the jobs
can be done by 80% of the engineers

n A sequence number. Typically 3 problems are generated at each parameter

setting

Problems have the following broad characteristics. As the number of engineers
increases the load per engineer falls, and the problem moves from being under-
resourced to over-resourced. Problems with durations d1 will tend to be less heavily
loaded than problems with durations d2. Problems with time windows t0 have no
temporal constraints, and problems with t3 have the tightest temporal constraints.
Problems with specialisation sO0 have no technological constraints and problems

with s3 have the tightest technological constraints

At present the following set of problems has been generated. For g5k (urban),
number of engineers 30, 40, or 50, all possible combinations of durations (d1 or
d2), time windows (tw0, twl, tw2), and specialisations (s0, sl, s2, s3), 3 problems

at each setting (in total 3 x 2 x 3 x 4 x 3 = 216 problems).

e Problems g5k-50-* will be over-resourced compared to ghk-40-*, and ghk-30-*

i1s under-resourced.
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e Problems *-d2-* will tend to have a greater spread of job durations than

problems *-d1-*) and *-d2-* will tend to put a higher loading on engineers

e Problems *-tw0-* have no temporal constraints, and problems *-tw2-* is the

most temporal constrained.

e Problems *-s0-* have no technological constraints, and problems *-s3-* have

the most technological constraints.



Annexe B: Raw results.

The following tables give the raw experimental results. Each line corresponds to
the five applications of an algorithm to a specific problem. A table entry is a triple:

cost, travel and work not done.



Annexe B: Raw results.

Problems 1 2 3 4 b

30-0-0-1 973932 1932 1620 982916 1916 1635 1000927 1927 1665 991944 1944 1660 964899 1899 1605
30-0-0-2 793969 1969 1320 767947 1947 1260 767970 1970 1260 766953 1953 1276 766946 1946 12756
30-0-0-3 622880 1980 1036 604966 1966 1006 622956 1956 103b 631997 1997 1060 631978 1978 1050
30-0-3-1 768017 2017 1260 767052 2052 1276 T67057 2057 1276 767043 2043 12756 767020 2020 1276
30-0-3-2 820993 1993 13656 794034 2034 1320 776019 2019 1290 812078 2078 1350 811989 1989 1360
30-0-3-3 1108906 1906 184b 1018777 1777 1696 1099945 194b 1830 1063889 1889 1770 1099981 1981 1830
30-2-0-1 910940 1940 1616 883968 1968 1470 919981 1981 1530 874934 1934 1465 902031 2031 1600
30-2-0-2 766918 1918 1276 768028 2028 1260 776103 2103 1290 776092 2092 1290 768071 2071 1260
30-2-0-3 1504884 1884 2506 1487037 2037 2475 1504834 1834 260b 1495901 1901 2490 1504811 1811 2505
30-2-3-1 1325044 2044 22056 1316123 2123 2190 1370188 2188 2280 1334063 2063 2220 1362060 2060 2250
30-2-3-2 1135987 1987 1890 11563943 1943 1920 1146087 2087 1906 1163168 2168 1935 1145031 2031 1906
30-2-3-3 884097 2097 1470 902048 2048 1500 866126 2126 1440 884132 2132 1470 893102 2102 1486
40-0-0-1 2290 2290 0 2235 2235 [} 2269 2269 0 2229 2229 0 2278 2278 0
40-0-0-2 2226 2226 0 2247 2247 [} 218b 2186 0 2235 2235 0 2287 2287 0
40-0-0-3 2180 2180 0 2211 2211 0 2190 2190 0 2111 2111 0 2173 2173 0
40-0-3-1 2302 2302 [} 2235 22356 0 2336 233b [} 2324 2324 0 2296 2296 Q
40-0-3-2 2154 2164 0 2211 2211 0 2229 2229 4] 2160 2160 [s] 2209 2209 []]
40-0-3-3 2385 2385 0 23856 2385 4] 2441 2441 0 2434 2434 0 2380 2380 Q
40-2-0-1 46127b 2276 765 461334 2334 76b 434268 2268 720 461119 2119 765 452280 2280 750
40-2-0-2 65293 2293 106 56199 2199 S0 74199 2199 120 65213 2213 1056 56313 2313 20
40-2-0-3 47360 2360 75 47465 2465 75 29442 2442 45 b6421 2421 90 56398 2398 90
40-2-3-1 47643 2643 75 11547 2647 15 2510 2510 [4] 2594 2694 0 2716 2716 0
40-2-3-2 23561 2351 0 2309 2309 Q0 2423 2423 0 2267 2267 0 2276 2276 0
40-2-3-) 191412 2412 316 182435 24356 300 200383 2383 330 1643568 2358 270 182395 23956 300
50-0-0-1 2260 2260 0 2312 2312 Q 2332 2332 0 2310 2310 0 2273 2273 0
50-0-0-2 2242 2242 Y 2249 2249 0 2231 2231 0 2194 2194 [*] 2249 224¢ 0
50-0-0-3 2223 2223 [1] 2242 2242 0 2181 2181 [*] 2217 2217 0 2224 2224 Q
50-0-3-1 2293 2293 0 2274 2274 0 2234 2234 0 2322 2322 0 2262 2262 4
50-0-3-2 2340 2340 0 2288 2288 0 2299 2299 0 2307 2307 2] 2333 2333 [9]
50-0-3-3 2292 2292 0 2305 2306 0 2359 2369 1] 2326 2326 ] 2307 2307 0
50-2-0-1 2228 2228 0 2231 2231 0 2208 2208 0 2232 2232 0 2228 2228 0
50-2-0-2 2083 2083 0 2108 2108 0 2106 2106 0 2104 2104 0 2104 2104 0
50-2-0-3 2114 2114 0 2129 2129 0 2070 2070 0 2104 2104 0 2120 2120 [
50-2-3-1 2208 2208 ] 2200 2200 0 2173 2173 Q 2179 2179 0 21856 2185 [1]
50-2-3-2 2364 2364 0 2389 2389 0 2393 2393 [ 2376 2375 0 2429 2429 0
50-2-3-3 2409 2409 0 2417 2417 0 2440 2440 0 2414 2414 0 2401 2401 0

Table B.1: PMX, raw results.




Annexe B: Raw results.

Problems 1 2 3 4 5

30-0-0-1 721464 1464 1200 703428 1428 1170 7124564 1454 11856 667413 1413 1110 649364 1364 1080
30-0-0-2 469433 1433 780 469409 1409 780 424387 1387 706 523536 1536 870 451444 1444 750
30-0-0-3 253363 1363 420 208448 1448 496 3616561 15651 600 271422 1422 450 280387 1387 46b
30-0-3-1 514624 1624 855 506629 1629 840 514639 1639 866 541647 1647 900 568708 1708 945
30-0-3-2 B86T1H 17156 97b 640774 1774 1065 b68615 16156 945 541613 1613 900 586684 1684 976
30-0-3-3 838470 1470 1396 901611 1611 1500 829493 1493 1380 838542 1542 1395 838531 1531 1395
30-2-0-1 766816 1816 1276 748745 1746 12456 776742 1742 1290 820869 1869 1366 820862 1862 1366
30-2-0-2 757938 1938 1260 694747 1747 11565 685854 1854 1140 649783 1783 1080 712883 1883 1185
30-2-0-3 1432638 1638 2385 1396595 16956 23256 1423677 1877 2370 1423701 1701 2370 1432692 1692 23856
30-2-3-1 1162929 1929 1936 1180857 1867 19656 1334049 2049 2220 1226018 2018 2040 1162869 1869 1935
30-2-3-2 1064925 1926 1765 1018919 1919 1696 1046002 2002 1740 1072997 1997 1785 1082039 2039 1800
30-2-3-3 784923 1923 1306 730820 1820 1216 829981 1981 1380 784948 1948 1306 7TH798 1798 1290
40-0-0-1 1399 13989 0 1346 1346 0 1348 1348 0 1403 1403 1] 1343 1343 [}]
40-0-0-2 1232 1232 0 1342 1342 0 1414 1414 0 1298 1298 3] 1340 1340 0
40-0-0-3 1360 1360 0 1207 1207 0 1329 1329 0 1333 1333 0 1268 1268 0
40-0-3-1 1628 1528 0 1465 1465 1] 1529 1629 Y 1409 1409 [4) 1476 1476 0
40-0-3-2 1446 1446 0 1509 1609 0 1626 1626 9] 1426 1426 4] 1477 1477 0
40-0-3-3 1501 1501 0 1506 1505 0 1663 1663 0 1630 1630 0 1448 1448 0
40-2-0-1 442086 1986 73b 407033 2033 675 415981 1981 690 389029 2029 645 433993 1993 720
40-2-0-2 29035 2035 4b 656210 2210 106 47023 2023 75 74176 2176 120 56165 2165 90
40-2-0-3 56302 2302 80 2166 2166 0 2046 2046 0 2171 2171 0 2134 2134 0
40-2-3-1 2319 2319 [4] 2427 2427 0 2464 2464 [s] 2426 2426 0 2630 2630 1]
40-2-3-2 2064 2064 4] 1943 1943 [*] 1982 1982 [s] 1962 1962 0 2466 2466 0
40-2-3-3 164286 2285 270 182349 2349 300 164222 2222 270 20032 2032 30 1823056 2306 300
50-0-0-1 1418 1418 4] 1393 1393 ] 1328 1329 0 1452 1452 2] 1485 1485 0
50-0-0-2 1246 1246 0 1363 1363 [ 1401 1401 0 1349 1349 0 1268 1268 0
50-0-0-3 1261 1261 0 1288 1288 ] 1286 1286 0 1473 1473 0 1287 1287 0
50-0-3-1 1611 1611 0 1459 14569 o] 1564 1664 0 1584 1684 0 1493 1493 0
50-0-3-2 1433 1433 0 1670 1570 0 1444 1444 0 1642 1642 0 1617 1617 0
50-0-3-3 1497 1497 0 1627 1627 0 1505 156056 0 1547 1647 0 1676 1576 [
50-2-0-1 1641 1641 0 1659 1659 0 1657 1657 0 1686 1686 9] 1778 1778 0
60-2-0-2 1449 1449 [3] 1523 1523 0 1488 1488 [ 1424 1424 [] 1685 15685 (]
50-2-0-3 16564 15564 0 1679 1679 0 1608 1508 0 1530 1630 0 1578 1678 [}
50-2-3-1 1739 1739 [ 1933 1933 0 1767 1767 [1] 1972 1972 0 1818 1818 0
50-2-3-2 2146 2146 0 2128 2128 ) 2158 2158 0 2085 2085 0 2043 2043 0
50-2-3-3 2030 2030 [1] 1933 1933 0 1944 1944 0 1983 1983 0 1860 1860 Q

Table B.2: Direct3, raw results.
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Problems 1 2 3 4 [}

30-0-0-1 667377 1377 1110 658409 1409 1095 694423 1423 1155 685402 1402 1140 b9b5342 1342 990
30-0-0-2 442412 1412 735 397279 1279 660 478487 1487 795 379294 1294 630 433394 1394 720
30-0-0-3 289403 1403 480 280417 1417 465 280415 14156 466 334530 1630 bbb 280404 1404 465
30-0-3-1 B77730 1730 260 505628 1628 840 5236569 1669 870 478584 1584 796 496561 1561 826
30-0-3-2 BOBBTT 1677 840 514461 14561 855 496522 1522 825 541624 1624 900 B9b656 16566 990
30-0-3-3 802444 1444 1335 811540 1540 1350 847469 1469 1410 820502 1602 13656 838497 1497 13956
30-2-0-1 63165656 16565 1060 703620 1620 1170 739712 1712 1230 766726 1726 1276 676814 1614 11256
30-2-0-2 68587 1876 1140 622692 1692 1035 685808 1808 1140 b86746 1746 976 676731 1731 11256
30-2-0-3 1432546 15646 23856 140656569 1559 2340 1432548 1548 23856 14064356 1435 2340 1441676 1676 2400
30-2-3-1 1171947 1947 1950 1189952 1952 1980 1207981 1981 2010 1263031 2031 208% 1306986 1986 21756
30-2-3-2 1018996 19956 1696 1018924 1924 1695 1009879 1879 1680 046844 1844 1676 973836 1836 1620
30-2-3-3 712876 18756 1185 820799 1799 13656 820922 1922 1366 766816 1816 1276 803040 2040 1335
40-0-0-1 1354 1354 0 1330 1330 ] 1388 1388 0 1271 1271 0 1326 1326 0
40-0-0-2 1364 1354 0 1381 1381 Q 1278 1278 o] 1271 1271 0 1392 1392 4]
40-0-0-3 1284 1284 0 1309 1309 Q 1372 1372 9] 1276 1276 0 1295 1295 [+
40-0-3-1 1630 1630 0 1682 1582 0 1629 1629 0 1478 1478 0 1456 1466 0
40-0-3-2 1442 1442 0 1394 1394 0 1448 1448 o] 1606 1605 0 1513 1513 0
40-0-3-3 1566 16566 Q 1490 1490 0 1646 1646 0 1589 1689 0 15633 15633 0
40-2-0-1 406976 1976 675 370999 1999 615 375890 1890 630 397991 1991 660 379920 1920 630
40-2-0-2 38097 2097 60 73853 1863 120 2083 2083 O 1874 1874 0 2010 2010 0
40-2-0-3 1980 1980 0 56002 2002 90 2057 2067 0 2103 2103 0 2166 21656 Q
40-2-3-1 2171 2171 0 2163 2163 0 2465 2465 4] 2180 2180 Y] 2387 2387 0
40-2-3-2 1961 1961 0 2014 2014 0 2022 2022 0 1984 1984 0 1964 1964 0
40-2-3-3 182145 2145 300 110178 2178 180 83158 2168 135 101166 2165 166 128225 2226 210
50-0-0-1 1336 1335 0 1420 1420 [} 1277 1277 0 1387 1387 0 1379 1379 0
50-0-0-2 1398 1398 0 1436 14356 0 1472 1472 0 1274 1274 [ 1434 1434 0
50-0-0-3 1367 1367 0 1306 13086 0 1308 1308 0 1409 1409 0 1215 12156 Q
50-0-3-1 1666 1666 Q 1684 1684 Q 1660 15600 0 1661 1661 0 1664 1664 0
50-0-3-2 1547 1547 0 1679 15679 Q 1676 1676 [+] 1490 1490 0 1634 1634 0
50-0-3-3 1632 1632 Q 1682 1582 4] 16656 1665 [s] 16569 16569 [v] 1614 1614 0
50-2-0-1 1636 1636 0 1661 15561 3] 1776 1776 4] 1744 1744 0 1741 1741 0
50-2-0-2 1648 1648 0 1634 1634 [s] 1491 1491 1] 1660 1660 0 1470 1470 0
50-2-0-3 1540 1540 0 1569 1569 Q 15613 1513 [4] 1686 15686 [ 1665 1665 []
50-2-3-1 1893 1893 0 1988 1988 3] 1768 1768 0 18156 1816 0 1876 1876 0
50-2-3-2 2171 2171 [*] 2100 2100 []] 2212 2212 0 2080 2080 0 1968 1968 0
50-2-3-3 2018 2018 0 2008 2008 [}] 1907 1907 0 1937 1937 [} 2070 2070 [

Table B.3: Direct3-s, raw results.
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B-5

Problems 1 2 3 4 b

30-0-0-1 631329 1329 1050 568245 12456 945 595346 1346 990 559239 1239 930 586273 1273 875
30-0-0-2 370299 1299 615 433353 1353 720 433373 1373 720 352207 1207 585 334210 1210 bbb
30-0-0-3 217317 1317 360 262314 1314 4356 208312 1312 346 289387 1387 480 280389 1389 465
30-0-3-1 433407 1407 720 406502 1502 676 442513 1513 736 4875654 1554 810 406434 1434 675
30-0-3-2 487494 1494 810 469494 1494 780 532540 1540 885 478b14 16514 796 469503 1603 780
30-0-3-3 775406 1406 1290 847559 1659 1410 776368 1368 1290 802476 1476 1335 766379 1379 1275
30-2-0-1 640517 1517 1065 676657 1657 1126 631649 1549 1050 694592 1692 11565 604487 1487 10056
30-2-0-2 658573 1673 10956 b9b772 1772 990 586601 1601 975 586639 1639 976 613546 1546 1020
30-2-0-3 1432574 1674 23856 13783856 13856 2295 1387526 1626 2310 1432473 1473 2385 1414487 1487 2356
30-2-3-1 1198919 1919 1996 12079056 190b 2010 1162694 1694 1935 1189778 1778 1980 1144785 1785 1906
30-2-3-2 892736 1736 14856 955827 1827 1590 919724 1724 1630 028867 1867 1645 901760 1760 1600
30-2-3-3 767795 1796 1260 784815 1816 13056 766840 1840 1276 739782 1782 1230 7759562 1952 1290
40-0-0-1 1364 1354 0 1349 1349 0 1364 1364 0 1314 1314 0 1304 1304 0
40-0-0-2 1339 1339 [}] 1413 1413 0 1338 1338 [ 1263 1263 Q 1348 1348 0
40-0-0-3 1299 1299 0 1280 1280 O 1304 1304 0 1300 1300 0 1427 1427 Q
40-0-3-1 1652 1652 0 1492 1492 0 1681 1681 0 1518 1618 ] 1671 1571 [1]
40-0-3-2 1494 1494 0 1498 1498 0 1624 1624 0 1617 1517 [ 15602 1602 0
40-0-3-3 1623 1623 0 1631 1631 0 1664 1664 0 1697 1597 0 1688 1688 0
40-2-0-1 415982 1082 690 424843 1843 705 352858 1858 586 406869 1869 67b 361881 1881 600
40-2-0-2 1798 1798 0 1719 1719 0 1841 1841 0 19978 1978 30 1846 1846 0
40-2-0-3 2054 2054 0 20256 20256 9 1996 1996 0 1895 18956 [} 1954 1954 0
40-2-3-1 2187 2187 [} 2124 2124 0 2215 2215 0 21156 2116 0 2241 2241 0
40-2-3-2 1967 1967 4] 1996 1996 0 1863 1863 0 1965 1965 0 1981 1981 0
40-2-3-3 101160 2160 165 128260 2290 210 83199 2199 136 164209 2209 270 65187 2187 106
50-0-0-1 1381 1381 0 1384 1384 4 1358 1358 0 1320 1320 ] 1428 1428 0
50-0-0-2 1353 1353 0 1467 1467 0 1448 1448 0 1412 1412 [ 1433 1433 0
50-0-0-3 1270 1270 0 1349 1349 0 1289 1289 [¢] 1288 1288 0 1206 12056 0
50-0-3-1 1679 1679 O 1601 1601 0 1640 1640 0 1699 1599 Q 1607 1607 0
50-0-3-2 1770 1770 1] 1521 1521 [§] 1726 1726 0 1612 1612 0 1646 1645 0
50-0-3-3 1676 1676 0 1560 1550 0 1645 1645 [ 1718 1718 0 1676 1676 0
50-2-0-1 1774 1774 0 1732 1732 0 1798 1798 0 1821 1821 Y 1756 1766 [}
50-2-0-2 1647 1647 0 1606 1606 [¢] 1659 15569 [4] 1528 1528 0 15682 1662 0
b0-2-0-3 1608 1608 0 1489 1489 [¢] 1563 15653 0 15668 1568 0 1690 1690 [
50-2-3-1 1872 1872 0 2023 2023 ] 1932 1932 0 1797 1797 0 18356 18356 2]
50-2-3-2 2119 2119 0 20564 2054 0 2022 2022 [{] 2168 2168 [ 1884 1884 []]
50-2-3-3 2119 2119 0 20156 2016 0 2052 20562 0 2123 2123 0 1983 1983 0

Table B.4: Direct4-s, raw results.




Annexe B: Raw results.

B-6

Problems 1 2 3 4 [

30-0-0-1 487160 1160 810 586237 1237 976 514177 1177 8565 5141564 11564 856 532198 1198 885
30-0-0-2 298185 11856 496 307197 1197 510 361280 1280 800 271144 1144 450 361284 1284 600
30-0-0-3 181246 1246 300 164176 1176 2b5 181229 1229 300 190272 1272 315 172233 1233 286
30-0-3-1 388419 1419 645 388473 1473 645 370407 1407 815 362395 13956 585 370415 1416 6156
30-0-3-2 478476 1476 7956 469443 1443 780 424441 1441 7085 451424 1424 760 433467 1467 720
30-0-3-3 767378 1378 1260 703291 1291 1170 694325 1326 1166 685299 1299 1140 721377 1377 1200
30-2-0-1 541409 1409 900 622564 1564 10356 586471 1471 976 5864564 1454 9756 b77468 1468 960
30-2-0-2 523588 1588 870 bb9661 1661 930 532493 1493 8856 804590 1690 1005 b50489 1489 916
30-2-0-3 1369318 1318 2280 1378382 1382 2295 1360431 1431 2266 1387338 1338 2310 1406532 1532 2340
30-2-3-1 1162664 1664 1936 1108762 1762 1845 1135647 1647 1890 1108723 1723 1845 1099776 1775 1830
30-2-3-2 883660 1660 1470 847737 1737 1410 793634 1634 1320 8836956 1695 1470 847703 1703 1410
30-2-3-3 7BTT47 1747 1260 739684 1684 1230 784954 1954 13086 757684 1684 1260 712641 1641 1185
40-0-0-1 1221 1221 0 1267 1267 %) 1236 1236 0 1337 1337 [1] 1196 1196 0
40-0-0-2 1217 1217 0 1298 1298 [ 1262 1262 0 1284 1284 [}] 1221 1221 0
40-0-0-3 12564 12564 0 1220 1220 Y 1248 1248 0 1147 1147 4] 1209 1209 Q
40-0-3-1 1603 1603 0 1463 1463 0 1396 1396 0 1429 1429 0 1463 1463 0
40-0-3-2 1368 1368 0 1436 1436 4] 1379 1379 0 1398 1398 0 1393 1393 Y]
40-0-3-3 1559 1669 Q0 1482 1482 0 1484 1484 [+] 1473 1473 [ 1562 1562 0
40-2-0-1 398060 2060 660 361888 1888 600 379838 1838 630 370754 1764 616 343783 1783 570
40-2-0-2 1713 1713 0 1676 1676 0 1850 1860 0 1827 1827 0 1686 1686 0
40-2-0-3 1702 1702 0 1786 1785 0 1718 1718 0 1631 1631 0 1749 1749 0
40-2-3-1 19560 1950 0 1950 1950 4] 1828 1828 [9] 2116 2116 0 1960 1960 []]
40-2-3-2 1821 1821 0 1780 1780 0 1936 1936 0 1852 1862 0 18056 1805 0
40-2-3-3 64907 1907 1056 38053 20b3 60 19988 1988 30 56020 2020 20 b56943 1943 90
50-0-0-1 1287 1287 0 1209 1209 o] 1308 1308 0 1307 1307 Q 1273 1273 0
50-0-0-2 1206 1208 0 1232 1232 (o] 1235 12356 0 1380 1380 3] 1211 1211 0
50-0-0-3 1106 11056 0 1131 1131 ] 1361 1361 0 1216 1216 0 1239 1239 []]
50-0-3-1 1453 1453 0 1466 1466 0 1621 1521 0 1593 1593 0 1633 1633 0
50-0-3-2 1482 1482 0 1501 1501 0 1633 1533 0 1468 1468 0 1612 1612 0
50-0-3-3 1480 1480 0 1490 1490 1] 1476 1476 0 1472 1472 0 1469 1469 Q
50-2-0-1 1699 1699 0 1766 1766 0 1682 1582 0 1618 1618 0 1588 1588 0
50-2-0-2 1494 1494 0 1652 1552 0 1600 1600 [} 1406 1406 [1] 1487 1487 0
50-2-0-3 1434 1434 0 1542 1542 0 1496 1496 0 1492 1492 Q0 1529 1629 0
50-2-3-1 1787 1787 [ 1875 1676 7] 1790 1790 0 1823 1823 0 1783 1783 0
50-2-3-2 1924 1924 [3] 1989 1989 0 1908 1908 0 2080 2080 0 1927 1927 0
50-2-3-3 1844 1844 0 1876 18756 [ 1899 1899 0 1873 1873 0 1920 1920 0

Table B.5: Direct4-s:200, raw results.




Annexe B: Raw results.

B-7

Problems 1 2 3 4 b

30-0-0-1 559220 1220 830 586290 1290 976 668272 1272 945 bb920b 1206 930 496128 1128 825
30-0-0-2 316162 1162 5256 361232 1232 600 361250 1250 600 298187 1187 496 289118 1118 480
30-0-0-3 217296 1296 360 190290 1290 316 199241 1241 330 172287 1267 285 154200 1200 265
30-0-3-1 316292 1292 5256 352397 1397 5856 316313 1313 52b 334316 1316 555 307305 13056 510
30-0-3-2 334330 1330 bbb 343321 1321 B70 379382 1382 630 361338 1338 800 352323 1323 b85
30-0-3-3 658284 1284 1095 658246 1246 1096 6568242 1242 1096 676281 1281 11256 604183 1183 10086
30-2-0-1 6568608 1608 1096 640470 1470 10656 586404 1404 975 631508 1608 10560 694567 1667 1186
30-2-0-2 622635 1635 103b B68601 1601 945 541595 15956 900 604600 1600 10086 586721 1721 975
30-2-0-3 1396614 1614 232b 1405672 1672 2340 1378629 1629 22956 1396414 1414 2326 1406547 15647 2340
30-2-3-1 1072626 1625 178B 1072694 1594 1785 1099527 1527 1830 1090633 1633 18156 1081680 1680 1800
30-2-3-2 811610 1610 13860 811644 1644 1350 83862b 1625 1395 802576 1576 1336 757582 1582 1260
30-2-3-3 658604 1604 1096 685621 1621 1140 6315560 1660 1050 631605 1605 10560 667582 1682 1110
40-0-0-1 2214 2214 [s] 2107 2107 0 2220 2220 Q 2229 2229 0 2238 2238 [}
40-0-0-2 2182 2182 0 2226 2226 0 22256 2226 4] 2243 2243 0 2209 2209 [}
40-0-0-3 2156 215656 0 21568 2158 0 2177 2177 0 2143 2143 0 21563 2163 [+
40-0-3-1 1446 14456 0 1410 1410 0 1361 1361 [ 1388 1388 0 1430 1430 0
40-0-3-2 1310 1310 Q 1423 1423 0 1318 1318 [} 1298 1298 0 1343 1343 0
40-0-3-3 1476 1476 4] 1520 1520 0 1479 1479 0 1494 1494 0 1506 1606 0
40-2-0-1 343767 1767 B70 352762 1762 585 389203 2203 646 343699 1699 670 334765 1765 566
40-2-0-2 1835 18356 0 1899 1899 0 1782 1782 Y 1850 1850 0 1843 1843 0
40-2-0-3 1730 1730 0 1693 1693 Q0 1784 1784 0 1803 1803 0 1688 1688 0
40-2-3-1 1797 1797 [} 1895 1896 0 1870 1870 0 1866 1866 0 1872 1872 0
40-2-3-2 1686 1686 0 1746 1745 0 1663 1663 0 1714 1714 0 1732 1732 0
40-2-3-3 1893 1893 0 1905 19056 0 11020 2020 15 1823 1823 0 28973 1973 45
50-0-0-1 2301 2301 0 2276 2275 8] 2293 2293 4] 2224 2224 0 2291 2291 0
50-0-0-2 2169 2169 0 2190 2190 "] 2216 2216 [} 2156 21566 0 2219 2219 0
$0-0-0-3 2153 21563 [s] 2197 2197 ] 2222 2222 (1] 2148 2148 [4) 2197 2197 0
50-0-3-1 1411 1411 0 1462 1462 8] 15600 1600 %] 1497 1497 0 1458 1458 [
50-0-3-2 1381 1381 0 1459 1459 4] 1412 1412 [ 1533 1633 0 1563 1663 0
50-0-3-3 1349 1349 [4] 1431 1431 0 1419 1419 0 1679 1579 0 1483 1483 [4]
50-2-0-1 2115 21156 0 21565 215656 0 2190 2190 [+ 2193 2193 Q 2172 2172 0
50-2-0-2 2040 2040 0 2038 2038 [+] 2068 2068 0 2033 2033 0 2068 2068 0
50-2-0-3 2069 2069 0 2053 20563 0 2098 2088 0 2068 2068 1] 2087 2087 0
50-2-3-1 1Bb7 1657 0 15569 16569 0 1672 1672 0 16256 16256 3] 1799 1799 [3]
50-2-3-2 1910 1910 0 1808 1808 []] 1933 1933 [] 1817 1817 0 1916 1916 0
50-2-3-3 1863 1863 0 1801 1801 o] 1863 1863 0 1806 1806 0 1846 1846 "]

Table B.6: Direct4-5:400, raw results.




Annexe B: Raw results.

B-8

Problems 1 2 3 4 5

30-0-0-1 b41201 1201 900 532151 11561 885 496160 1160 826 560184 1184 9156 559203 1203 930
30-0-0-2 32562562 1262 540 271149 1149 460 289106 1106 480 289183 1183 480 370230 1230 616
30-0-0-3 164211 1211 26b 1641567 1187 2656 217276 1276 360 199267 1267 330 244293 1293 40b
30-0-3-1 271292 1292 4560 307310 1310 510 298287 1287 495 298276 1276 495 334372 1372 bbb
30-0-3-2 343322 1322 570 3973568 13568 660 424392 1392 705 379313 1313 630 362349 1349 b8b
30-0-3-3 694348 1348 1166 685287 1287 1140 676249 1249 1126 712286 1286 11856 685280 1280 1140
30-2-0-1 631471 1471 1050 640652 1562 1065 649528 1528 1080 6675626 1526 1110 640583 1583 10656
30-2-0-2 604770 1770 1005 622682 1682 1035 559562 15662 930 604584 1684 1006 496404 1404 82b
30-2-0-3 1405457 1467 2340 1378471 1471 2295 1387461 1461 2310 1378631 1531 2295 1387458 1458 2310
30-2-3-1 1045733 1733 1740 1126663 1663 1875 1090860 1660 1816 1108641 1641 1845 1072643 1643 17856
30-2-3-2 802680 1680 13356 802598 15698 1335 784617 1617 1305 8026563 1653 1336 820879 1679 1366
30-2-3-3 640587 1687 1065 703676 1676 1170 876641 1641 1126 712679 1679 1185 7216356 16356 1200
40-0-0-1 1233 1233 [ 1247 1247 0 1204 1204 0 13156 1316 0 1202 1202 0
40-0-0-2 1238 1238 0 1238 1238 4] 1242 1242 0 1161 1151 0 1128 1128 0
40-0-0-3 1226 1226 Y] 1148 1148 0 1225 1225 0 1220 1220 ] 1242 1242 Q
40-0-3-1 1477 1477 0 1420 1420 0 14856 1485 0 1362 1362 0 1337 1337 0
40-0-3-2 1309 1309 0 1391 1391 9] 1323 1323 0 1324 1324 [ 1302 1302 0
40-0-3-3 1426 1425 0 1479 1479 Y 1490 1490 0 1439 1439 0 1458 1458 0
40-2-0-1 343846 1846 B70 335009 2009 565 307720 1720 510 379989 1989 630 361846 1846 600
40-2-0-2 1824 1824 0 1836 1836 0 1793 1793 0 1746 17456 0 1926 1926 0
40-2-0-3 1736 1736 0 1689 1689 0 1633 1633 [¢] 1764 1764 0 1876 1875 Q
40-2-3-1 1897 1897 0 1824 1824 0 1788 1788 []] 1899 1899 [1] 1821 1821 0
40-2-3-2 1685 16956 0 1698 1698 0 1623 1623 0 1766 1765 0 1677 1677 0
40-2-3-3 10960 1960 16 1884 1884 3] 19974 1974 30 556999 1999 90 46860 1860 7B
50-0-0-1 1321 1321 0 1226 1226 0 1332 1332 4] 1234 1234 Q 1336 1336 0
50-0-0-2 13256 1326 0 1183 1183 0 1269 1269 4] 1242 1242 0 .242 1242 0
50-0-0-3 1187 1187 0 1234 1234 3] 1172 1172 [}] 1138 1138 0 1181 1181 0
50-0-3-1 1435 1436 0 1405 1405 9] 1373 1373 0 1633 1533 0 1489 1489 0
50-0-3-2 1461 1461 0 1369 1369 o 1348 1348 0 1462 1462 0 1461 1461 0
60-0-3-3 1479 1479 0 1410 1410 5] 1391 1391 0 1610 1510 0 1426 1426 [«
50-2-0-1 1688 1688 0 1593 15693 0 1676 167b 3] 1510 1510 0 1582 1682 0
50-2-0-2 1503 1603 0 1492 1492 ) 1477 1477 0 1478 1478 0 1445 1446 0
50-2-0-3 1444 1444 0 1529 1529 0 1384 1384 0 1477 1477 0 1437 1437 0
50-2-3-1 1666 1666 0 1665 16656 [] 1797 1797 0 1591 1691 [1] 1782 1782 0
50-2-3-2 1790 1790 0 1881 1881 0 1883 1883 0 1874 1874 4] 1764 1754 [
50-2-3-3 1744 1744 0 1822 1822 [ 1773 1773 0 1867 1867 0 1742 1742 [}]

Table B.7: Dupli-1, raw results.




Annexe B: Raw results.

B-9

Problems 1 2 3 4 b

30-0-0-1 595313 1313 990 550206 1206 915k 506166 1166 840 568181 1181 945 577247 1247 960
30-0-0-2 289167 1167 480 3612756 1276 600 370268 1258 6156 307171 1171 510 379303 1303 630
30-0-0-3 208286 1286 346 190232 1232 316 190221 1221 316 199287 1287 330 217261 1261 360
30-0-3-1 397428 1428 660 388448 1448 645 415438 1438 690 433504 1504 720 433540 1540 720
30-0-3-2 424419 1419 706 469471 1471 780 433399 1399 720 460499 1499 765 406358 1358 676
30-0-3-3 739352 1362 1230 721318 1318 1200 703321 1321 1170 757372 1372 1260 802373 1373 1335
30-2-0-1 649538 1638 1680 613494 1494 1020 667570 1570 1110 640492 1492 1065 613540 1640 1020
30-2-0-2 532510 1510 886 B9BT06 1706 990 b595686 15686 930 506604 1604 840 5b9598 1698 930
30-2-0-3 1378405 1405 2295 1378389 1389 2296 1387659 1659 2310 1387511 1611 2310 1406566 1566 2340
30-2-3-1 1163739 1739 1920 1180740 1740 1965 1081796 1795 1800 1117870 1870 1860 1099796 1796 1830
30-2-3-2 866661 1661 1440 847592 1592 1410 856766 1766 142b 847659 16569 1410 856662 1662 1426
30-2-3-3 685625 1626 1140 685639 1639 1140 712814 1814 11856 748746 1746 12456 676741 1741 1125
40-0-0-1 1103 1103 0 1272 1272 0 11156 1116 0 1136 1136 0 1125 1126 0
40-0-0-2 1132 1132 4] 1081 1081 0 10563 1063 [ 1208 1208 0 1145 1146 1]
40-0-0-3 1114 1114 0 1106 11056 0 1214 1214 0 1093 1093 0 1149 1149 0
40-0-3-1 1406 1406 5] 1401 1401 0 1421 1421 0 1422 1422 0 1360 1360 [1]
40-0-3-2 1440 1440 0 1364 1364 0 1418 1418 0 1364 1364 0 1399 1399 0
40-0-3-3 1376 1376 0 14456 1445 0 1367 1367 0 1452 14562 0 1480 1480 0
40-2-0-1 316876 1876 526 352922 1922 585 343763 1763 b70 362771 1771 585 343828 1828 570
40-2-0-2 1776 17756 9] 1906 1906 0 1723 1723 Y] 1852 1852 0 37911 1911 60
40-2-0-3 1826 1826 [4] 17556 1766 0 1943 1943 4] 1897 1897 0 1741 1741 0
40-2-3-1 2082 2082 4] 2078 2078 0 2056 2056 0 2096 2096 0 1902 1902 0
40-2-3-2 1903 1903 0 1826 1825 0 1714 1714 0 1847 1847 0 1906 1906 0
40-2-3-3 46894 1894 76 92167 2167 160 83019 2019 135 47064 2064 76 3805B8 2068 60
50-0-0-1 1103 1103 0 1211 1211 0 1106 1106 0 1138 1138 0 1139 1139 0
60-0-0-2 1210 1210 0 1164 1164 [s] 1171 1171 ] 1108 1108 0 1219 1219 Q
50-0-0-3 1126 1126 0 1064 1054 [s] 1210 1210 0 1090 1090 0 1098 1098 Q
50-0-3-1 1451 1451 0 1422 1422 0 1369 1369 0 1467 1467 0 1409 1409 0
50-0-3-2 1482 1482 1] 1374 1374 0 1496 1496 0 1481 1481 0 1384 1384 0
50-0-3-3 14656 14565 [4] 1455 1465 0 1401 1401 0 1463 1453 0 1449 1449 0
50-2-0-1 1676 1676 0 1562 1662 4] 1491 1491 0 1461 1461 [} 1649 1549 0
50-2-0-2 1291 1291 0 13569 1369 [s] 1352 1362 0 1461 1461 [v) 1300 1300 [}]
50-2-0-3 1479 1479 1] 1427 1427 [1] 1380 1380 ] 1476 1476 Q 1421 1421 Q
50-2-3-1 1762 1762 0 1744 1744 [%] 1726 1726 0 1651 1651 0 1752 1762 [
50-2-3-2 1826 1825 0 2062 2052 1] 1946 1946 (9] 1910 1910 0 1828 1828 o
50-2-3-3 1874 1874 0 1819 1819 ¢} 1844 1844 0 1862 1862 Q 1857 1867 Q

Table B.8: Dupli-2, raw results.




Annexe B: Raw results. B-10

Problems 1 2 3 4 b

30-0-0-1 523168 1168 870 541227 1227 900 577248 1248 960 BTT7247 1247 960 550189 1189 91b
30-0-0-2 3071456 11456 510 334229 1229 bbb 316208 1209 526 325192 1192 540 325189 1189 540
30-0-0-3 181106 1106 300 109092 1092 180 190247 1247 3156 208226 1226 345 181137 1137 300
30-0-3-1 361402 1402 600 33434b 1346 bbb 379440 1440 630 379394 1394 630 289268 1268 480
30-0-3-2 3703560 1360 616 397379 1379 660 343298 1298 570 379322 1322 630 379337 1337 630
30-0-3-3 730296 1296 1216 694203 12983 115656 748334 13342 1246 667240 1240 1110 721327 1327 1200
30-2-0-1 6225156 15615 1035 bB6430 1430 975 b77438 1438 960 b59421 1421 830 B77393 1393 960
30-2-0-2 568b31 1631 945 541466 1466 900 b23410 1410 870 514433 1433 8bb 604681 1581 1006
30-2-0-3 1414496 14856 23566 1405462 1462 2340 1378369 1369 2295 1396593 1693 2325 13874568 1458 2310
30-2-3-1 10995670 1670 1830 10905856 1666 18156 1144737 1737 19056 11356582 1582 1890 1163647 1547 1920
30-2-3-2 776523 1523 1290 7935568 1558 1320 820681 1581 138b 820634 1634 13656 820580 1680 1365
30-2-3-3 730610 1610 1216 694566 1666 11566 712613 1613 1185 712629 1629 1185 7395696 15696 1230
40-0-0-1 1232 1232 0 1176 1176 0 1162 1162 0 1212 1212 0 1104 1104 4]
40-0-0-2 1194 1194 0 1202 1202 0 1122 1122 o] 1142 1142 0 1201 1201 3]
40-0-0-3 1101 1101 o] 1236 1236 4] 1129 1129 [¢] 1182 1182 o] 1186 1186 [»]
40-0-3-1 13566 1355 0 1400 1400 [v] 1393 1393 0 1378 1378 ] 1377 1377 0
40-0-3-2 1320 1320 0 1340 1340 0 1366 1366 (¢} 1294 1294 0 1342 1342 [s]
40-0-3-3 1417 1417 o} 1342 1342 Q 1516 1616 0 1441 1441 o] 1467 1467 Q
40-2-0-1 361799 1799 600 334685 1686 bbb 352687 1687 5856 361793 1793 600 352686 1686 585
40-2-0-2 1623 1623 o] 1766 1766 0] 1905 19056 [¢] 1739 1739 1] 16756 167b 0
40-2-0-3 16561 1661 Q 1769 1768 0 1642 1642 0 1591 1691 [s] 1744 1744 0
40-2-3-1 2130 2130 0 1944 1944 0 1878 1878 4] 2069 2069 [« 1996 1996 0
40-2-3-2 1670 1670 o] 1782 1782 ] 1726 1726 s 1669 1663 o] 1682 1682 [¢}
40-2-3-3 1864 1864 ] B5910 1910 90 55933 1933 90 91829 1829 150 119042 2042 195
50-0-0-1 133C 1330 0 1193 1193 0 1280 1280 0 1261 1261 0 1168 1168 0
b0-0-0-2 1196 1196 o 1210 1210 o] 1133 1133 [s] 1168 1168 Q 1169 11Rr9 0]
b0-0-0-3 1138 1138 0 1177 1177 0 1091 1091 [+} 1096 1096 1] 1260 1260 0
50-0-3-1 1442 1442 0 1376 1376 o] 1421 1421 0 1427 1427 [s] 1482 1482 [v]
50-0-3-2 1440 1440 [4] 1503 1503 0 1632 1532 0 1342 1342 0 1463 1453 0
B0-0-3-3 1436 1436 Q 1429 1429 0 1496 1495 [o] 1510 1610 0 1477 1477 0
50-2-0-1 16564 1564 0 1513 1513 Q 1610 1610 o] 1661 16b1 0 1603 1603 0
50-2-0-2 1410 1410 0 144p 1445 [x] 1341 1341 3] 1304 1304 1] 1431 1431 0
b0-2-0-3 1498 14908 0 1629 1629 5] 1391 1391 0 1362 1362 0 1509 1669 ]
50-2-3-1 1646 1646 [s] 1672 1672 [v) 1660 16560 [s] 1764 1764 v} 1647 1647 Q
50-2-3-2 1889 1889 0 1898 1898 0 18566 1856 [1] 1863 1863 [v] 1926 1926 0
50-2-3-3 1839 1839 [3} 1872 1872 ] 1893 1893 0 1877 1877 0 1906 1906 0

Table B.9: Direct4-s:200+repair, raw results.




Annexe B: Raw results. B-11

Problems 1 2 3 4 b

30-0-0-1 b77195 11956 960 604246 1246 10056 613290 1290 1020 640290 1290 10686 640333 1333 10656
30-0-0-2 397262 1262 660 397239 1239 660 406292 1292 676 379236 12356 630 388279 1279 645
30-0-0-3 244268 1268 40b 262316 1316 435 271366 1366 460 236276 1276 390 244304 1304 406
30-0-3-1 298260 1260 49b 3523563 13563 :1:1 2982b7 12867 496 280246 1246 465 334282 1282 bbb
30-0-3-2 388386 1386 64b 3432565 1266 BT0 307308 1308 B10 379376 1376 630 388360 1350 645
30-0-3-3 703251 1251 1170 613136 1136 1020 694282 1282 11566 730342 1342 12156 685268 1268 1140
30-2-0-1 712632 1632 1185 6225619 1519 1036 721609 1609 1200 685476 14756 1140 676487 1487 1125
30-2-0-2 613709 1709 1020 B77680 1680 960 6046566 16566 1006 5B6666 1666 976 595746 1746 990
30-2-0-3 13875456 1645 2310 1441623 1623 2400 1423666 1566 2370 1432620 1620 2386 14145568 15568 2366
30-2-3-1 1090588 1588 18156 1072631 1631 1786 1126620 1620 1878 1117663 1663 1860 1081669 1669 1800
30-2-3-2 829634 1634 1380 793600 1600 1320 748600 1600 1246 TBE7601 1601 1260 811581 1581 1360
30-2-3-3 694596 15696 11656 649661 16561 1080 649513 1613 1080 676642 15642 1128 6765565 16566 112k
40-0-0-1 1144 1144 [s] 1252 1252 ] 1192 1192 0 12656 12565 1] 1278 1278 0
40-0-0-2 1174 1174 [s] 1123 1123 0 1161 1161 [1] 1262 1252 0] 1172 1172 0
40-0-0-3 1212 1212 0 1303 1303 0] 1136 1136 0 1204 1204 0 1169 1169 4]
40-0-3-1 1449 1449 1] 1323 1323 [¢] 1342 1342 0 1469 14569 1] 1319 1319 0
40-0-3-2 1412 1412 ] 1232 1232 [+] 1326 1326 0 1296 1295 0 1369 1369 0
40-0-3-3 1456 14566 0 1414 1414 0 1351 1351 s} 1444 1444 Q 1407 1407 o]
40-2-0-1 361970 1970 600 424899 1899 706 379939 1939 630 343790 1790 B70 3798656 1865 630
40-2-0-2 1896 18956 [s] 165656 16656 0 1736 1736 [s] 2002 2002 0 1746 17456 Q
40-2-0-3 1824 1824 0 1911 1911 0 1833 1833 [b] 1611 1611 0 1926 1926 o]
40-2-3-1 1898 1898 [+ 1869 1859 Q 1921 1921 0 1823 1823 0 1816 1815 0
40-2-3-2 1739 1739 (o] 1738 1738 0 1818 1618 0 1632 1632 [s] 1614 1614 Q
40-2-3-3 19844 1844 30 1820 1820 1] 28806 1906 4b 46898 1898 76 19837 1837 30
50-0-0-1 1316 131b [0} 1297 1297 0 1234 1234 0 1297 1297 0 1342 1342 0
50-0-0-2 1262 1262 [o] 1288 1288 0 1216 1216 0 1239 1239 0 1271 1271 0
50-0-0-3 1222 1222 [+} 1206 1206 0 1297 1297 4] 1193 1193 4] 11856 1185 0
50-0-3-1 1374 1374 s} 1383 1383 0 1476 1476 s} 1471 1471 (] 1410 1410 )
50-0-3-2 1439 1439 (s} 1394 1394 5] 1368 1368 Q 14056 1406 0 1327 1327 o]
50-0-3-3 1494 1494 Q 1370 1370 5] 1439 1439 0 1419 1419 0 1493 1493 3]
50-2-0-1 1627 1627 [s] 1597 1597 0 1637 1637 0 1527 18627 5} 1604 1604 ]
b0-2-0-2 1459 14569 1] 1440 1440 [} 14456 14456 0 1414 1414 1] 1472 1472 0
50-2-0-3 1416 14156 [s] 13%0 1390 0 14656 146b 0 1426 1426 ] 1433 1433 [¢]
b0-2-3-1 1701 1701 [+] 1762 1762 [5} 1687 15687 [+] 1662 1562 1] 1609 1609 0
560-2-3-2 1785 17856 Q 1861 1861 1] 1722 1722 v} 1812 1812 0 1942 1942 [}
50-2-3-3 1815 1816 v 1811 1811 o] 1764 1764 0 18456 18456 a 1742 1742 ]

Table B.10: Dupli-1+repair, raw results.




Annexe B: Raw results.

B-12

Problems 1 2 3 4 b

30-0-0-1 622222 1222 1035 631326 1326 1060 631313 1313 1050 541202 1202 900 622240 1240 1036
30-0-0-2 307147 1147 b10 379260 1260 630 370282 1282 6156 415294 1294 690 352237 1237 585
30-0-0-3 199240 1240 330 271287 1287 4560 226266 1256 376 253313 1313 420 208247 1247 345
30-0-3-1 361289 1289 600 370328 1328 6156 397421 1421 660 388391 1391 645 370372 1372 6156
30-0-3-2 397377 1377 660 379361 1361 630 442327 1327 736 433350 1360 720 469415 1416 780
30-0-3-3 712323 1323 1186 676226 1226 1125 767379 1379 1260 703271 1271 1170 685237 1237 1140
30-2-0-1 685527 1627 1140 703489 1489 1170 694545 15456 11556 676538 15638 1126 721637 1537 1200
30-2-0-2 613584 1684 1020 596639 1639 290 622643 1643 1035 604579 1579 1006 b68621 1621 945
30-2-0-3 14325606 1605 2385 1432471 1471 2386 1432507 1607 2385 1432634 1634 2385 1423616 1616 2370
30-2-3-1 1117723 1723 1860 1136678 1678 1890 1081590 1690 1800 1126673 1673 1875 1072676 1675 1785
30-2-3-2 829636 1636 1380 910690 1690 15615 910608 1608 1515 829511 15611 1380 775603 1603 1290
30-2-3-3 676b4b 15456 11256 721639 1639 1200 748600 1600 1245 721648 1648 1200 712612 1512 1185
40-0-0-1 1085 10856 0 1160 1160 [ 10569 1069 0 1128 1128 [} 1070 1070 1]
40-0-0-2 1061 1061 0 1082 1082 Q 1044 1044 0 1060 1060 Y 1061 1061 0
40-0-0-3 086 986 0 1104 1104 [ 1026 1026 0 978 978 0 1038 1038 0
40-0-3-1 1378 1378 [ 1321 1321 0 13356 13356 0 1327 1327 0 1401 1401 9
40-0-3-2 12567 1257 0 1278 1278 0 1343 1343 0 1282 1282 0 1326 1326 [}
40-0-3-3 1360 1360 0 1358 1358 0 1471 1471 0 1412 1412 0 1359 13569 0
40-2-0-1 370866 1866 615 3528456 18456 585 388882 1882 645 370627 1627 615 370929 1929 615
40-2-0-2 1660 1660 0 1892 1892 0 1714 1714 0 1629 1629 0 1767 1767 0
40-2-0-3 1699 1699 0 1814 1814 0 1679 1879 0 1799 1799 0 1631 1631 0
40-2-3-1 1818 1818 1] 1962 1962 0 2096 2096 4] 1849 1849 0 2028 2028 0
40-2-3-2 1669 1669 0 1709 1709 0 1868 1868 0 1763 1763 0 1719 1719 [}
40-2-3-3 469856 19856 76 56906 1906 90 64824 1824 106 1951 19E1 0 64946 1946 106
50-0-0-1 1118 1118 0 1216 1216 0 1143 1143 0 1201 1201 0 1221 1221 0
50-0-0-2 1097 1097 0 1110 1110 0 1039 1039 0 1077 1077 0 1012 1012 0
50-0-0-3 1026 1026 1] 1081 1081 4] 1040 1040 [) 1069 1089 [}] 1006 1006 )
50-0-3-1 1362 1362 0 1383 1383 0 1424 1424 0 1297 1297 0 1336 1336 0
50-0-3-2 1350 13560 0 1427 1427 ] 1372 1372 0 1303 1303 [}] 1321 1321 [})
50-0-3-3 1378 1378 0 1316 1316 1] 1369 1369 0 1336 1336 0 1450 1450 0
50-2-0-1 1522 15622 0 1604 1604 0 1699 1699 0 1606 1506 0 1439 1439 0
50-2-0-2 1310 1310 0 1301 1301 [] 1230 1230 [ 1367 1367 0 1422 1422 [}
50-2-0-3 1352 1362 [1] 1499 1499 Q 1348 1348 3] 1424 1424 0 1380 1380 0
50-2-3-1 1674 1674 0 1697 1597 (¢} 1620 1620 0 1513 1513 0 1613 1613 0
50-2-3-2 1911 1911 0 1901 1901 0 1790 1790 4] 1908 1908 0 1802 1802 0
50-2-3-3 1792 1792 [} 1897 1897 0 1724 1724 0 1633 1633 0 1735 1735 0

Table B.11: Dupli-2+repair, raw results.




Annexe B: Raw results.

B-13

Problems 1 2 3 4 [

30-0-0-1 973918 1918 1620 882869 1869 1635 964890 1890 16056 9739256 1926 1620 982882 1882 1635
30-0-0-2 748926 1926 12456 784974 1974 1306 793962 1962 1320 766951 19561 1275 784968 1968 13056
30-0-0-3 6139565 1956 1020 631968 1968 1060 632010 2010 1050 595929 1929 990 613992 1992 1020
30-0-3-1 767993 1993 1260 758009 2009 1260 748967 1967 1245 767014 2014 12756 785062 2062 13056
30-0-3-2 821011 2011 136856 821068 2068 1366 812072 2072 1350 8210bb 20bb 1365 803023 2023 1335
30-0-3-3 1090903 1903 1815 1090884 1884 1816 1108919 1919 18456 1090928 1926 18156 1081943 1943 1800
30-2-0-1 901574 1974 1500 910967 1967 1516 910998 1998 1616 911029 2029 16156 910974 1974 16156
30-2-0-2 767064 2064 1276 767066 2066 127b 776063 2063 1290 776067 2067 1290 776066 2066 1290
30-2-0-3 1495836 1836 2490 1495845 1846 2490 1504872 1872 2606 1604810 1810 25056 14956877 1877 2490
30-2-3-1 1361186 2186 2265 1370027 2027 2280 1352164 2164 2250 1370176 2176 2280 1370108 2108 2280
30-2-3-2 1163096 2096 193b 1154147 2147 1920 1154056 20566 1920 1163081 2081 1935 1136064 2054 1890
30-2-3-3 901984 1984 1600 884083 2083 1470 920183 2183 1630 911141 2141 1616 929124 2124 15456
40-0-0-1 2272 2272 0 2272 2272 0 2251 2251 0 2265 2265 [i] 2174 2174 1]
40-0-0-2 2183 2183 [} 22356 2236 0 2260 2260 0 2246 2245 [] 2232 2232 [1]
40-0-0-3 2166 2166 0 2206 2205 0 2204 2204 0 2168 2168 0 2190 2190 0
40-0-3-1 2306 2306 0 2333 2333 0 2315 2316 [) 2313 2313 0 2309 2309 0
40-0-3-2 2205 2206 0 2216 2216 0 2223 2223 [+ 2176 2178 1] 2181 2181 0
40-0-3-3 2366 2356 0 2426 2426 0 2412 2412 0 2380 2380 0 2339 2339 0
40-2-0-1 461248 2248 76b 452312 2312 750 443139 2139 736 425304 2304 7056 443374 2874 736
40-2-0-2 661656 21656 105 56199 2199 90 56219 2219 90 56219 2219 90 38244 2244 60
40-2-0-3 56272 2272 90 56379 2379 20 56330 2330 90 56369 2369 90 56321 2321 90
40-2-3-1 20561 25661 30 2573 2673 4] 47b81 2581 75 2480 2480 0 384561 2451 60
40-2-3-2 2320 2320 0 2256 22566 0 2226 2226 0 2310 2310 [ 2285 2285 0
40-2-3-3 173288 2288 285 191347 2347 316 218421 2421 360 191351 2361 3156 182433 2433 300
b0-0-0-1 2317 2317 0 2310 2310 [*] 2309 2309 0 2300 2300 0 2333 2333 Q
50-0-0-2 2236 2236 0 22b6b 2266 0 2230 2230 0 2251 2261 0 2204 2204 0
60-0-0-3 2241 2241 0 2226 2225 0 2237 2237 0 2258 2268 0 2212 2212 [
50-0-3-1 2279 2279 0 2284 2284 0 2260 2260 0 2296 2296 Y] 2263 2263 0
50-0-3-2 23356 2336 0 2393 2393 0 23656 2365 0 2398 2398 1] 2335 2335 Q
50-0-3-3 2338 2338 0 2343 2343 0 2321 2321 0 2323 2323 0 2304 2304 0
50-2-0-1 2156 2156 0 2232 2232 0 2215 2215 0 2209 2209 0 2108 2108 0
50-2-0-2 2116 2116 0 2097 2097 0 21056 21056 0 2111 2111 0 2110 2110 0
50-2-0-3 2133 2133 0 2117 2117 0 2076 2076 [4] 2141 2141 0 2132 2132 0
60-2-3-1 2220 2220 0 2176 21786 [} 2171 2171 0 2185 21856 0 2171 2171 0
50-2-3-2 2313 2813 0 2392 2392 0 2358 23568 [} 2397 2397 1] 2313 2313 [}
50-2-3-3 2412 2412 0 2388 2388 [ 23562 2362 0 2390 2390 0 2386 2386 0

Table B.12: Random Search, raw results.




Annexe B: Raw results.

B-14

Problems 1 2 3 4 b

30-0-0-1 577218 1218 960 5956220 1220 990 586219 1219 9756 586197 1197 975 559161 1161 930
30-0-0-2 388233 1233 6456 388252 1252 6456 406300 1300 676 442322 1322 735 370269 12569 6156
30-0-0-3 271307 1307 4560 298393 1393 4956 208242 1242 346 235267 1267 390 208283 1283 3456
30-0-3-1 451513 1513 760 433476 1475 720 460461 1461 766 460600 1500 765 4424456 1445 735
30-0-3-2 5145630 1530 8bb 505524 15624 840 4874b4 1464 810 523534 1534 870 460510 1510 7656
30-0-3-3 784348 1348 13056 802373 1373 13356 811386 1386 1350 739296 1296 1230 767338 1338 1260
30-2-0-1 595393 1393 990 586392 13982 9756 622423 1423 10356 595380 1380 990 622371 1871 10356
30-2-0-2 604535 153b 10056 b68501 1601 945 514448 1448 865 b86493 1493 975 b32277 1277 88b
30-2-0-3 1386946 946 2310 1395929 929 23256 1404938 936 2340 1395868 868 2326 14139561 951 23565
30-2-3-1 1207506 1505 2010 1279500 1500 2130 1226485 1485 2040 1252498 1498 2085 1162438 1438 19356
30-2-3-2 973618 1618 1620 892558 15668 1485 946487 1487 1676 865629 1629 1440 946561 1661 1676
30-2-3-3 865370 1370 1440 748474 1474 1245 685229 1229 1140 T48346 1346 1245 767368 1368 1280
40-0-0-1 9656 965 0 895 8956 [ 990 980 0 820 820 0 932 932 [}
40-0-0-2 907 907 0 958 968 [} 943 943 0 906 906 Q 772 772 1]
40-0-0-3 1044 1044 0 991 991 0 795 795 0 960 950 Y] 891 891 0
40-0-3-1 1303 1303 0 1288 1288 0 1290 1290 0 13056 1306 0 13686 1366 0
40-0-3-2 1109 1109 0 1169 1169 0 1167 1167 [] 1119 1119 0 1269 1269 0
40-0-3-3 1278 1278 0 1281 1281 0 1279 1279 0 1363 1363 [} 1334 1334 0
40-2-0-1 316020 1020 b2b 352012 1012 58B 369978 978 616 333998 998 bbb 306990 990 510
40-2-0-2 56093 1093 90 993 993 Q 11656 1165 0 1095 1096 0 1126 1126 0
40-2-0-3 10656 1065 0 1187 1187 [4] 1120 1120 0 1151 1161 0 1026 1026 0
40-2-3-1 46389 1389 3 73490 1490 120 bb464 1464 90 100877 1377 165 1294 1294 0
40-2-3-2 1362 1362 0 1402 1402 0 1277 1277 0 1308 1308 Y 1253 12563 0
40-2-3-3 235368 1368 390 100320 1320 165 154426 1425 265 163369 1369 270 136329 1329 2256
50-0-0-1 950 950 0 1010 1010 ] 1031 1031 Q 1039 1039 0 924 924 0
50-0-0-2 849 849 0 940 940 4] 872 872 Y 986 986 0 854 8b4 0
50-0-0-3 781 781 [4] 796 796 3] 872 872 0 802 802 0 875 87h 0
50-0-3-1 1167 1167 0 1231 1231 0 1168 1168 0 1197 1197 Q 1129 1129 0
50-0-3-2 1200 1200 0 1230 1230 1] 1170 1170 [1] 1310 1310 0 1184 1184 0
b0-0-3-3 1126 1126 0 1250 1260 0 1222 1222 [} 1083 1083 0 1163 1153 0
50-2-0-1 1032 1032 0 1037 1037 0 1086 1086 0 1081 1081 4] 1101 1101 0
50-2-0-2 845 845 0 880 880 0 809 809 [ 2934 934 [1] 909 209 [}
50-2-0-3 1012 1012 [s] 9566 956 0 899 899 4 1033 1033 [§] 936 936 [4]
50-2-3-1 1158 1168 0 1262 1262 0 1237 1237 0 1293 1293 0 1270 1270 0
50-2-3-2 1377 1377 0 1387 1387 0 1327 1327 0 1414 1414 0 1366 1366 0
50-2-3-3 1249 1249 [}] 1324 1324 [}] 1286 1286 0 1314 1314 0 1350 1360 0

Table B.13: Hill-climbing, raw results.




Annexe B: Raw results.

B-15

Problems 1 2 3 4 5

30-0-0-1 433029 1029 720 451038 1038 750 4420b8 10568 736 451083 1083 750 4240256 10256 706
30-0-0-2 235090 1090 390 262087 1087 4356 289123 1123 480 253077 1077 420 253101 1101 420
30-0-0-3 1181568 1168 195 118144 1144 196 100118 1118 1656 100131 1131 166 100115 1116 1656
30-0-3-1 325379 1379 540 370414 1414 6156 343381 1381 B70 307343 1343 510 343390 1390 570
30-0-3-2 415468 1468 680 325298 1298 540 316301 1301 526 343336 1336 b70 352340 1340 585
30-0-3-3 622218 1218 1036 622198 1198 1035 658265 1266 1096 640226 1226 1065 649223 1223 1080
30-2-0-1 496342 1342 825 505381 1381 840 523398 1398 870 487336 1336 810 514418 1418 855
30-2-0-2 468982 982 780 450913 913 760 460206 1206 765 487047 1047 810 460042 1042 766
30-2-0-3 1359744 744 22656 1359754 754 22656 1341761 751 22356 1359781 781 2265 1350816 816 2250
30-2-3-1 1054143 1143 1756 1018079 1079 1696 1045124 1124 1740 1054227 1227 17656 1080146 1146 1815
30-2-3-2 748576 1676 1245 811626 1626 1350 757667 1667 1260 811576 1676 1350 721604 1604 1200
30-2-3-3 676221 1221 1125 730167 1167 1216 667180 1180 1110 712105 1106 1188 703237 1237 1170
40-0-0-1 821 821 0 751 761 o] 768 768 o] 769 759 0 741 741 0
40-0-0-2 824 824 0 47 747 0 780 780 0 772 172 0 802 802 [1]
40-0-0-3 746 746 0 745 745 0 744 744 0 782 782 0 788 788 0
40-0-3-1 977 9T7 1] 949 949 [ 982 982 0 927 927 0] 984 984 0
40-0-3-2 884 884 0 854 854 0 892 892 0 931 931 [+] 887 887 0
40-0-3-3 963 963 0 993 993 0 1045 1046 [*] 1000 1000 ] 989 989 0
40-2-0-1 279991 9981 465 261970 970 43b 243960 960 4056 243968 968 405 243966 966 405
40-2-0-2 921 921 0 869 869 0 864 864 0 884 884 0 955 955 Q
40-2-0-3 943 943 0 91b 916 0 91k 215 0 941 941 0 913 913 0
40-2-3-1 1131 1131 0 1147 1147 0 1192 1192 0 1161 1161 0 1156 1166 0
40-2-3-2 1037 1037 0 940 940 0 1031 1031 0 1090 1090 0 1011 1011 0
40-2-3-3 1273 1273 0 28172 1172 45 1218 1218 1] 1158 1158 [v) 37189 1189 60
60-0-0-1 814 814 0 842 842 0 792 792 Y] 837 837 0 808 808 0
50-0-0-2 827 827 0 762 762 0 868 868 [ 811 811 0 819 819 5]
50-0-0-3 791 791 0 762 762 0 750 750 0 774 774 ) 774 774 )
50-0-3-1 879 979 [y} 924 924 0 923 923 0 922 922 0 968 958 0
50-0-3-2 984 984 [[] 068 9568 0 969 969 0 980 980 0 983 983 1]
50-0-3-3 974 o974 4] 939 939 0 1016 1016 0 960 960 Q 972 972 0
50-2-0-1 899 899 0 882 882 0 901 901 0 906 906 Q 900 900 Q
b0-2-0-2 713 713 0 722 722 []] 729 729 V] 728 728 Q 698 698 ]
50-2-0-3 82b 8256 0 806 806 0 832 832 0 823 823 0 846 846 [
60-2-3-1 1024 1024 0 1014 1014 0 980 980 0 1002 1002 [¢] 982 982 0
50-2-3-2 1116 1116 [} 1136 1136 0 1152 11562 0 1138 1138 0 1141 1141 [4]
60-2-3-3 1120 1120 0 1094 1094 0 1090 1090 [+] 1139 1139 0 1103 1103 0

Table B.14: Simulated Annealing, raw results.




Annexe B: Raw results.

B-16

Problems 1 2 3 4 b

30-0-0-1 B41177 1177 900 568217 1217 9456 568211 1211 945 b77238 1238 960 541168 1168 800
30-0-0-2 361255 12568 600 343175 1175 570 397285 1285 660 361240 1240 600 280098 1098 465
30-0-0-3 1721856 11856 2856 262342 1342 435 208267 1267 345 226274 1274 375 163174 1174 270
30-0-3-1 3794256 1425 630 370416 14156 616 343376 1376 570 316326 1325 525 280302 1302 465
30-0-3-2 352323 1323 B8H 388362 1362 6456 406398 1398 6756 343286 1286 B70 406406 1406 676
30-0-3-3 685259 1259 1140 6672656 12656 1110 668215 12156 1096 712293 1293 1185 658210 1210 1095
30-2-0-1 523338 1338 870 559388 1388 930 550290 1290 915 b77401 1401 960 541372 1372 900
30-2-0-2 468932 932 780 496031 1031 825 505026 1026 840 495906 906 825 496008 1008 826
30-2-0-3 1350904 904 2250 1386916 9156 2310 1386912 912 2310 1368901 901 2280 1350890 890 2250
30-2-3-1 1081172 1172 1800 1036147 1147 1726 1090247 1247 18156 1090128 1128 18156 1090228 1228 1816
30-2-3-2 829685 1685 1380 802548 1548 13356 793490 1490 1320 775462 1462 1290 766621 1621 1276
30-2-3-3 676128 1128 11256 649167 1167 1080 6581560 1160 1096 703166 1166 1170 676198 1198 1125
40-0-0-1 1171 1171 Q 1187 1187 0 1132 1132 0 1177 1177 0 1121 1121 0
40-0-0-2 1179 1179 ] 1143 1143 0 1120 1120 0 1214 1214 0 1226 1225 0
40-0-0-3 1106 1106 Y] 1023 1023 0 1094 1094 0 10456 1045 0 1128 1128 0
40-0-3-1 1193 1193 0 1167 1167 0 1228 1228 V] 1149 1149 [} 1133 1133 [v)
40-0-3-2 1082 1082 0 1035 1035 0 1098 1098 3] 1094 1094 0 1081 1081 0
40-0-3-3 1147 1147 0 1201 1201 0 1210 1210 0 1182 1182 0 1268 12568 0
40-2-0-1 280079 1079 4656 235098 1098 390 253041 1041 420 244082 1082 4056 280048 1048 4656
40-2-0-2 280 980 9] 1102 1102 Y] 1047 1047 0 1067 1067 0 1017 1017 0
40-2-0-3 1083 1083 0 1055 1056 0 1052 10562 0 1105 1106 0 10656 1066 0
40-2-3-1 1214 1214 0 1219 1219 0 1203 1203 [¢] 1206 1206 0 12562 1262 0
40-2-3-2 10656 10656 0 1086 1086 o 1020 1020 ] 1014 1014 0 1098 1098 0
40-2-3-3 64216 1216 1056 64236 1235 106 37264 1264 60 1265 1266 [}] 84247 1247 1056
50-0-0-1 1287 1287 0 1249 1249 0 1290 1290 0 1181 1181 0 1236 1236 %]
50-0-0-2 1103 1103 0 1174 1174 0 1269 1269 0 1167 1167 4] 1149 1149 0
50-0-0-3 1066 1066 0 10569 10569 0 1127 1127 [}] 1092 1092 [} 1164 1164 0
50-0-3-1 1207 1207 0 1272 1272 0 1227 1227 0 1233 1233 Q 1142 1142 0
50-0-3-2 1185 1185 Y 1245 1245 [ 1225 1225 0 1203 1203 0 1138 1138 [}
50-0-3-3 1090 1090 0 1170 1170 [] 1228 1228 0 1217 1217 [}] 1169 1169 0
50-2-0-1 1131 1131 0 1048 1048 0 1071 1071 0 1071 1071 0 1080 1080 0
50-2-0-2 959 959 [4] 912 912 0 1036 1036 [s] 978 978 0 970 970 [
50-2-0-3 994 994 3] 1043 1043 0 1012 1012 0 1039 1039 0 966 966 [}]
50-2-3-1 1069 10569 [}] 1072 1072 0 1080 1080 0 1102 1102 0 1083 1083 4]
50-2-3-2 1184 1184 0 1191 1191 0 1209 1209 0 12056 12056 0 1157 1157 0
50-2-3-3 1130 1130 0 1168 1168 Q 1166 1166 0 1143 1143 0 1165 1165 0

L

Table B.15: Tabu Search, raw results.







Annexe B: Raw results.

B-18

Problems 1 2 3 4 [

30-0-0-1 811607 1607 1350 703398 1398 1170 775480 1480 1290 649338 1338 1080 784530 1530 13056
30-0-0-2 550472 1472 9156 523399 1399 870 505396 1396 840 b41420 1420 900 487364 1364 810
30-0-0-3 3256358 13568 540 4515671 1671 760 326363 1353 540 415431 1431 690 343449 1449 570
30-0-3-1 613618 1618 1020 622589 1589 10356 667725 17256 1110 523446 1446 870 569426 14256 930
30-0-3-2 640361 1361 10656 640392 1392 1065 6315691 1591 1050 604436 14356 1005 B77461 1461 960
30-0-3-3 892499 1499 1485 919447 1447 1630 910526 1526 1516 1000628 1628 1665 901454 1454 1500
30-2-0-1 703196 1196 1170 820602 1602 13656 694243 1243 1156 784517 1617 1306 784536 1536 1305
30-2-0-2 631267 1267 1050 640439 1439 10656 676147 1147 1126 685401 1401 1140 613108 1108 1020
30-2-0-3 1495101 1101 2490 1476993 993 2460 16670656 10556 2610 16669156 91k 2610 1495022 1022 2490
30-2-3-1 1315346 1346 2190 1414423 1423 23565 1414448 1448 23556 1459534 1534 2430 1306482 1482 2176
30-2-3-2 1198520 1520 1996 12256431 1431 2040 1342378 1378 22356 1144614 1614 1905 1018502 1602 1695
30-2-3-3 982361 1361 1635 910418 1418 1616 856348 1348 14256 982307 1307 1635 847361 1351 1410
40-0-0-1 793 793 [3] 885 885 0 865 865 0 873 873 0 873 873 0
40-0-0-2 8563 8563 0 820 820 0 701 701 0 810 810 0 876 87b 0
40-0-0-3 779 779 0 707 707 0 718 716 0 785 785 0 707 707 0
40-0-3-1 1037 1037 0 990 990 0 1031 1031 0 974 974 0 298 998 [}
40-0-3-2 1128 1128 0 997 997 0 988 988 [9) 1000 1000 1] 1204 1204 0
40-0-3-3 1011 1011 0 1021 1021 0 1144 1144 Y 1016 1016 0 1020 1020 0
40-2-0-1 622062 1062 1035 514016 10156 855 BT7067 1067 960 514049 1049 8b56 559062 1062 930
40-2-0-2 72961 961 120 117964 964 196 63999 999 106 63986 986 105 B4977 977 90
40-2-0-3 136021 1021 226 639956 29956 1056 63976 976 1056 127073 1073 210 63962 962 106
40-2-3-1 109363 1363 180 1207 1207 2] 5b206 1206 90 1367 1367 0 109304 1304 180
40-2-3-2 1168 1168 [} 1127 1127 Y] 64301 1301 106 1136 1136 0 1188 1188 0
40-2-3-3 208283 1283 3456 343291 1291 570 326277 1277 540 190304 1304 3156 326288 1288 540
50-0-0-1 820 820 0 799 799 0 873 873 0 862 862 1] 892 892 0
b0-0-0-2 768 768 4] 736 735 0 767 767 0 791 791 0 700 700 0
50-0-0-3 669 669 [} 679 679 [+] 738 738 3] 744 744 0 7656 766 0
50-0-3-1 1016 1016 0 987 987 "] 983 983 [4) 1199 1199 0 967 967 4]
50-0-3-2 1031 1031 0 1097 1097 0 10560 10560 0 870 970 0 1018 1018 0
50-0-3-3 954 9564 0 931 931 [5] 1002 1002 0 9b9 9569 0 981 981 [
50-2-0-1 924 924 0 918 918 4] 908 908 0 963 953 0 8956 895 0
50-2-0-2 7856 7856 0 846 846 4] 793 793 Y] 761 761 0 748 748 [
50-2-0-3 893 893 0 916 916 V] 898 898 [¢] 949 949 0 864 864 0
50-2-3-1 1050 1050 9] 1129 1129 [ 1086 1086 0 1084 1084 0 11156 1115 0
50-2-3-2 1322 1322 0 46223 1223 75 1223 1223 0 1319 1319 0 1343 1343 []]
50-2-3-3 1338 1338 0 1303 1303 ] 1127 1127 [}] 1212 1212 [1] 1378 1378 [¢]

Table B.17: Hill-climbing (CPU intensive runs), raw results.




Annexe B: Raw results. B-19

Problems 1 2 3 4 b

30-0-0-1 o6b863 1853 1590 946891 1891 1576 937881 1881 1660 965874 1874 1590 9556859 1859 1590
30-0-0-2 757914 1914 1260 748901 1901 1246 739902 1902 1230 739889 1889 1230 748892 1892 1246
30-0-0-3 B77896 1896 960 686919 1919 97k 577921 1921 960 586974 1974 976 595948 1948 990
30-0-3-1 730088 1988 1216 685969 1969 1140 731003 2003 1215 730973 1973 1216 721970 1970 1200
30-0-3-2 775996 1996 1290 776014 2014 1290 748946 1946 1245 776032 2032 1290 775999 1999 1290
30-0-3-3 1045888 1888 1740 1063873 1873 1770 10564893 1893 1786 10548980 1890 1766 1081901 1901 1800
30-2-0-1 865927 1927 1440 865900 1900 1440 865961 1961 1440 874916 1916 145656 8388956 1895 1396
30-2-0-2 740024 2024 1230 740036 2035 1230 739986 1986 1230 740003 2003 1230 740016 2016 1230
30-2-0-3 1486842 1842 2476 1486786 1786 2475 1477819 1819 2480 1477949 1949 2460 1486879 1879 24786
30-2-3-1 - 1298194 2194 2160 1326277 2277 2206 1326197 2197 22056 1325108 2108 2206 1298260 2250 2160
30-2-3-2 1100099 2099 1830 1100008 2008 1830 1118088 2088 1860 1127064 2064 1876 1118185 2186 1880
30-2-3-3 830063 2063 1380 866069 2069 1440 839097 2097 1395 839038 2038 1396 857088 2088 14256
40-0-0-1 2214 2214 0 2174 2174 Q 2193 2193 0 2234 2234 ] 2200 2200 0

40-0-0-2 2169 2169 Q 2203 2203 [s] 2196 2196 3] 2179 2179 4] 2185 2186 ]

40-0-0-3 2137 2137 [s] 2126 2126 4} 2121 2121 0 2161 2161 [4] 2137 2137 [s]

40-0-3-1 2234 2234 3] 2246 2246 4] 2260 2260 0 2226 2226 3} 2261 2261 0

40-0-3-2 2118 2118 [4] 2158 21568 ¢ 2187 2167 [« 2164 21564 Q 21566 21566 [+]

40-0-3-3 2372 2372 0 2328 2328 0 2376 2376 0 2271 2271 0 2358 2358 4]

40-2-0-1 4161b1 2161 690 407332 2332 676 434313 2313 720 434077 2077 720 389263 2253 6456
40-2-0-2 38288 2286 80 29371 2371 45 29261 2261 45 2233 2233 [4] 38213 2213 60
40-2-0-3 29379 2379 45 2380 2380 Q 38384 2384 60 29306 2306 4b 2401 2401 1]

40-2-3-1 2583 2683 [s] 2b1b 256156 Q 2418 2418 0 24b1 24B1 ] 2507 2607 0

40-2-3-2 2119 2119 1} 2184 2184 0 22186 221b 4] 2226 22256 o] 2238 2238 ]

40-2-3-3 146364 2364 240 128271 2271 210 164383 2383 270 1566366 2356 2bb 146403 2403 240
50-0-0-1 2238 2238 0 2248 2248 o] 2250 2250 0 2252 2252 0 2252 2262 0

60-0-0-2 2198 2198 0 2144 2144 [v] 2147 2147 0 2181 2151 ] 2178 2178 0

50-0-0-3 2186 2186 0 2158 2158 0 2190 2190 4] 2149 2149 1} 2174 2174 [¢]

50-0-3-1 2208 2206 1] 2243 2243 o] 2228 2228 1] 2237 2237 [«] 2267 2267 0

50-0-3-2 2294 2294 1] 2295 2295 0 2310 2310 0 2288 2258 0 22656 22656 [¢]

50-0-3-3 2276 22756 [1] 2245 22456 0 2262 2262 0 2270 2270 Q 2249 2249 []]

50-2-0-1 2134 2134 0 2186 21886 0 2148 2148 o] 2134 2134 Q 2166 2166 [s]

b0-2-0-2 2027 2027 o 2039 2039 Q 2066 2085 [+ 2021 2021 Q 2009 2009 [s]

50-2-0-3 2079 2079 0 2086 2086 [+} 2083 2083 1] 2076 2075 1] 2072 2072 0

b0-2-3-1 2107 2107 b} 2162 2152 0 21656 2166 0 2118 2118 o] 2167 2167 o]

50-2-3-2 2348 2348 0 2321 2321 1] 2322 2322 [ 2343 2343 [5] 2332 2332 4]

50-2-3-3 2378 2378 1] 2317 2317 0 23356 2336 0 2316 2316 3] 2342 2342 0

Table B.18: Random Search (CPU intensive runs), raw results.







Annexe B: Raw results.

B-21

Problems 1 2 E) 4 b
30-0-0-1 460062 1062 765 442028 1028 736 415000 1000 690 414974 974 690 433010 1010 720
30-0-0-2 253085 10856 420 198963 963 330 253038 1038 420 271072 1072 450 226039 1039 376
30-0-0-3 109116 1116 180 127127 1127 210 109134 1134 180 82076 1076 136 145187 1187 240
30-0-3-1 226237 1237 375 271292 1292 450 289314 1314 480 289307 1307 480 289271 1271 480
30-0-3-2 334300 1300 bbb 280210 1210 465 334286 1286 bb5 307306 1306 b10 307264 1264 510
30-0-3-3 586143 1143 9756 604146 1146 1005 604186 1186 1005 604163 1163 1006 631204 1204 10560
30-2-0-1 659414 1414 930 496300 1300 8256 451166 1166 760 487299 1299 810 506332 1332 840
30-2-0-2 468877 877 780 450864 864 760 441816 816 735 459887 887 7656 477878 878 795
30-2-0-3 13329568 958 2220 1350853 863 2250 1350867 867 22560 1350850 850 22560 1341818 818 22356
30-2-3-1 10541356 1135 1755 1063170 1170 1770 1063148 1148 1770 1063192 1192 1770 1027048 1048 1710
30-2-3-2 703549 1549 1170 767412 1412 1260 712266 1266 1185 730560 1560 1216 793611 1611 1320
30-2-3-3 649141 1141 1080 640132 1132 10656 649118 1118 1080 658108 1108 10956 631079 1079 1060
40-0-0-1 1099 1099 0 1138 1138 0 1236 1236 0 1153 11563 0 1207 1207 0
40-0-0-2 1172 1172 0 1166 1165 0 1167 1167 4] 1182 1182 0 1200 1200 0
40-0-0-3 1123 1123 0 1132 1132 1] 1168 1188 [} 1127 1127 1] 1069 1069 [1]
40-0-3-1 1273 1273 0 1233 1233 0 12560 12560 0 1282 1282 0 1240 1240 0
40-0-3-2 1174 1174 0 1088 1088 0 1131 1131 0 1167 1167 0 1172 1172 [}
40-0-3-3 1312 1312 0 1238 1238 0 1262 1262 0 1279 1279 1] 1281 1281 0
40-2-0-1 334132 1132 bbb 352059 10569 b8s 289126 1126 480 316106 1106 526 352120 1120 5856
40-2-0-2 1032 1032 0 989 989 ] 1007 1007 0 10156 1015 [+] 1020 1020 []
40-2-0-3 1120 1120 0 1013 1013 3 1116 1116 0 1149 1149 0 1131 1131 0
40-2-3-1 1148 1148 0 1176 1175 0 1137 1137 0 11656 1165 0 1176 1176 ]
40-2-3-2 1064 1054 [] 106b 10656 0 1052 1062 3] 1042 1042 [}] 1031 1031 ]
40-2-3-3 1066 1066 [s] 1166 1166 0 1223 1223 0 1148 1148 0 1179 1179 0
50-0-0-1 1231 1231 0 1265 12bb [}] 1179 1179 0 1237 1237 0 1255 125656 [1]
50-0-0-2 1108 1108 0 1163 1153 4] 1130 1130 Y] 1128 1128 0 1237 1237 0
§0-0-0-3 1180 1180 0 1204 1204 0 1194 1194 0 1086 1086 [v) 1099 1099 0
50-0-3-1 12056 12056 0 1190 1190 0 1270 1270 0 1226 1225 [}] 1262 1262 ]
50-0-3-2 1291 1291 0 1321 1321 4] 1284 1284 [s] 1213 1213 0 1146 1146 0
50-0-3-3 1298 1298 0 1280 1280 Q 1276 1276 [1] 1271 1271 0 1216 1216 0
50-2-0-1 1139 1139 0 1144 1144 0 1166 1166 0 1089 1089 0 1142 1142 0
50-2-0-2 982 982 0 1017 1017 0 1000 1000 0 986 986 0 1008 1008 0
50-2-0-3 10656 10656 0 1067 1067 0 1038 1038 [+] 991 991 [1] 1083 1083 [+
Bb0-2-3-1 1069 1069 0 1092 1092 0 1092 1092 0 1067 1067 0 1068 1068 [s]
50-2-3-2 1203 1203 0 1169 1169 0 1179 1179 0 1194 1194 0 1180 1180 [*]
50-2-3-3 1136 1136 0 1169 11689 0 1159 1159 []] 1171 1171 4] 11456 11456 0

Table B.20: Tabu Search (CPU intensive runs), raw results.




