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Abstract 
The aim of this paper is to clearly demonstrate 
the importance of finding a good balance 
between genetic search and local search in the 
implementation of hybrid evolutionary multi-
criterion optimization (EMO) algorithms. We 
first modify the local search part of an existing 
multi-objective genetic local search (MOGLS) 
algorithm. In the modified MOGLS algorithm, 
the computation time spent by local search can be 
decreased by two tricks: to apply local search to 
only selected solutions (not all solutions) and to 
terminate local search before all neighbors of the 
current solution are examined. Next we show that 
the local search part of the modified MOGLS 
algorithm can be combined with other EMO 
algorithms. We implement a hybrid version of a 
strength Pareto evolutionary algorithm (SPEA). 
Using the modified MOGLS algorithm and the 
hybrid SPEA algorithm, we examine the balance 
between genetic search and local search through 
computer simulations on a two-objective 
flowshop scheduling problem. Computer 
simulations are performed using various 
specifications of parameter values that control the 
computation time spent by local search. 

1. INTRODUCTION 
One promising trick for improving the search ability of 
evolutionary multi-criterion optimization (EMO) 
algorithms is the hybridization with local search. Such a 
hybrid EMO algorithm was first implemented as a multi-
objective genetic local search (MOGLS) algorithm in 
Ishibuchi & Murata (1996) together with a simple idea of 
elitism. The MOGLS algorithm was successfully applied 
to multi-objective flowshop scheduling problems in 
Ishibuchi & Murata (1998). While their MOGLS 

algorithm implemented two promising tricks for 
improving the search ability of EMO algorithms (i.e., 
hybridization and elitism), its search ability is not high if 
compared with recently proposed EMO algorithms such 
as a strength Pareto evolutionary algorithm (SPEA) of 
Zitzler & Thiele (1999) and a revised non-dominated 
sorting genetic algorithm (NSGA-II) of Deb et al. (2000). 

Jaszkiewicz (1998) and Jaszkiewicz et al. (2001) 
improved the performance of the MOGLS algorithm by 
modifying its selection mechanism of parent solutions. 
While his MOGLS algorithm uses a scalar fitness 
function with random weight values for selection and 
local search as in the original MOGLS algorithm in 
Ishibuchi & Murata (1996), it does not use the roulette 
wheel selection. A pair of parent solutions is randomly 
selected from a pre-specified number of the best solutions 
(i.e., a kind of subpopulation) with respect to the scalar 
fitness function with the current weight values. The 
weight values are randomly updated whenever a pair of 
parent solutions is selected as in the original MOGLS 
algorithm. In the above-mentioned two MOGLS 
algorithms, local search is applied to all solutions 
generated by genetic operations in every generation. In 
some hybrid EMO algorithms, local search is used only 
when the execution of EMO algorithms is terminated. 
Deb & Goel (2001) applied local search to final solutions 
obtained by EMO algorithms for decreasing the number 
of non-dominated solutions (i.e., for decreasing the 
variety of final solutions). On the other hand, Talbi (2001) 
intended to increase the variety of final solutions by the 
application of local search. 

The performance of the original MOGLS algorithm in 
Ishibuchi & Murata (1996) can be improved by carefully 
addressing the following issues: 

Choice of initial solutions for local search: Local search 
was applied to all solutions in the current population in 
the original MOGLS algorithm. Its performance can be 

EVOLUTIONARY SCHEDULING AND ROUTING 1301



 

improved by choosing only good solutions from the 
current population as initial solutions for local search. 

Specification of local search directions: The local 
search direction for each solution was specified by the 
scalar fitness function used in the selection of its parent 
solutions in the original MOGLS algorithm. Its 
performance can be improved by specifying an 
appropriate local search direction for each solution 
independent of the scalar fitness function used in the 
selection of its parent solutions. 

Balance between genetic search and local search: If we 
simply combine local search with EMO algorithms, 
almost all the available computation time is spent by local 
search. This is because a large number of solutions are 
usually examined by local search for a single initial 
solution until a locally optimal solution is found. As a 
result, the global search ability of EMO algorithms is 
deteriorated by the hybridization with local search. In the 
original MOGLS algorithm, the balance between genetic 
search and local search was controlled by the number of 
neighbors examined by local search around the current 
solution. Local search was terminated if a better solution 
was not found among a pre-specified number of neighbors 
examined around the current solution. The balance can be 
also controlled by the number of solutions in the current 
population to which local search is applied. The 
performance of the original MOGLS algorithm can be 
improved by finding a good balance between genetic 
search and local search. 

In this paper, first we briefly discuss the first two issues: 
choice of initial solutions for local search and 
specification of a local search direction for each initial 
solution. Then the balance between genetic search and 
local search is discussed through computer simulations on 
a two-objective flowshop scheduling problem. 

2. MULTI-CRITERION OPTIMIZATION 
Let us consider the following n-objective minimization 
problem: 

  Minimize z = ,    (1) ))(...,),(),(( 21 xxx nfff
  subject to x∈ ,            (2) X

where z is the objective vector, x is the decision vector, 
and X is the feasible region in the decision space. Usually, 
there is no optimal solution x* that satisfies the following 
inequality condition: 

   for  and ∀ . (3) )()( * xx ii ff ≤ },...,2,1{ ni∈∀ Xx∈

Thus the task of EMO algorithms is not to find a single 
final solution but to find all solutions that are not 
dominated by any other solutions. Let a and b be two 
decision vectors ( ). Then b is said to be 
dominated by a (i.e., a ) if and only if the following 

two conditions hold: 

Xba ∈,
bp

    for  ,     (4) )
)

()( ba ii ff ≤ },...,2,1{ ni∈∀
    for  .     (5) ()( ba ii ff < },...,2,1{ ni∈∃

When b is not dominated by any other solutions in X, b is 
said to be a Pareto-optimal solution. That is, b is a Pareto-
optimal solution when there is no solution a in X that 
satisfies the above two conditions. 

While the task of EMO algorithms is to find all Pareto-
optimal solutions, it is impractical to try to find true 
Pareto-optimal solutions of large problems. Thus EMO 
algorithms usually present non-dominated solutions 
among examined ones to decision makers as a result of 
their execution. In this case, the task of EMO algorithms 
is to drive populations to true Pareto-optimal solutions as 
close as possible. 

3. HYBRID EMO ALGORITHMS 

3.1 MOGLS ALGORITHM 

In the original MOGLS algorithm, local search is applied 
to all solutions in every generation. The following scalar 
fitness function was used for both the selection of a pair 
of parent solutions and the local search for their offspring.  

   ,   (6) )()()()( 2211 xxxx nn fwfwfwf +⋅⋅⋅++=

where  is a non-negative weight. The point is to 
randomly specify the weight values whenever a pair of 
parent solutions is selected. This weight specification 
mechanism generates various search directions in the n-
dimensional objective space. The MOGLS algorithm also 
uses a kind of elitism where all non-dominated solutions 
obtained during its execution are stored as a secondary 
population separately from the current population. A few 
non-dominated solutions are randomly selected from the 
secondary population and their copies are added to the 
current population. 

iw

The main characteristic feature of local search in the 
MOGLS algorithm is that all neighbors of the current 
solution are not examined. For decreasing the 
computation time spent by local search, only k neighbors 
of the current solution are randomly chosen and examined. 
If no better solution is found among the examined k 
neighbors, local search for the current solution is 
terminated. The first move strategy is used in local search. 
That is, the current solution is replaced as soon as a better 
neighbor is found.  

Figure 1 shows the general outline of hybrid EMO 
algorithms discussed in this paper. In hybrid EMO 
algorithms, a new population is generated by genetic 
operations in the EMO algorithm part. Then the new 
population is improved by local search. The improved 
population is handled as the current population in the 
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EMO algorithm part. In this manner, the population 
update is iterated by genetic operations and local search 
until a pre-specified stopping condition is satisfied. 

 
Initialization 

EMO Algorithm Part 

Local Search Part 

Initial 
population 

New 
population 

Improved 
population 

 
Figure 1: Outline of hybrid EMO algorithms. 

3.2 MODIFICATION OF LOCAL SEARCH PART 

In the original MOGLS algorithm, local search was 
applied to all solutions in the current population. The 
drawback of this scheme is computational inefficiency. 
That is, the application of local search to poor solutions 
seems to be mere waste of computation time. The 
efficiency of the original MOGLS algorithm can be 
improved by applying local search to only good solutions 
in the current population. The local search direction for 
each solution was specified by the scalar fitness function 
used in the selection of its parents. The drawback of this 
scheme is that the local search direction for each solution 
is not always appropriate. 

As a remedy for these two drawbacks, we modify the 
local search part of the original MOGLS algorithm as 
follows: 

[Modified Local Search Part] 

Step 1. Iterate the following two procedures for 
constructing a local search pool of  solutions: popN
(a) Randomly specify the weight values . nww ...,,1
(b) Select a solution to be included in the local search 

pool from the current population (i.e., new 
population generated by genetic operations in Fig. 
1) using the size four tournament selection with 
replacement based on the scalar fitness function 
with the current weight values specified in (a). 
That is, four solutions are randomly selected from 
the current population and a copy of the best one is 
added to the local search pool. The four solutions 
are returned to the current population for further 
selection to construct the local search pool. 

Step 2. Randomly select N  solutions from the local 
search pool without replacement. Local search is 
applied to only the selected N  solutions. The local 
search direction of each solution is specified by the 

weight values used in the selection of that solution for 
constructing the local search pool. The next 
population consists of the improved N  solutions 
and the other (  solutions in the local 
search pool. 

LS

LS

LS
)LSpop NN −

3.3 HYBRIDIZATION WITH EMO ALGORITHMS 

In the modified local search part, the local search 
direction of each solution is not inherited from its parent 
solutions. The local search direction is specified in the 
local search part independent of the EMO algorithm part 
in Fig. 1. Thus the modified local search part can be 
combined with any EMO algorithms even if they do not 
use the scalar fitness function in (6) for the selection of 
parent solutions. As shown in Fig. 1, the local search part 
of hybrid EMO algorithms receives a new population 
updated in the EMO algorithm part and returns an 
improved population by local search. It is an advantage of 
the modified MOGLS algorithm over the original one that 
the modified local search part can be combined as a 
module with any EMO algorithms. 

In this paper, we examine the original MOGLS algorithm 
and its modified version. We also examine a hybrid 
version of the SPEA algorithm because high search ability 
of the SPEA algorithm to find Pareto-optimal solutions 
has been reported in the literature (see Zitzler & Thiele 
1999 and Zitzler et al. 2000).  

4. COMPUTER SIMULATIONS 

4.1 EFFECT OF MODIFICATION OF MOGLS  

We examined the effect of the modification of the local 
search part on the performance of the MOGLS algorithm. 
In the same manner as in Ishibuchi & Murata (1998), we 
generated a 40-job and 20-machine flowshop scheduling 
problem with two objectives: to minimize the makespan 
and to minimize the maximum tardiness. We applied the 
original MOGLS algorithm and its modified version to 
this test problem. Each algorithm was terminated when 
60000 solutions were examined. As in Ishibuchi & 
Murata (1998), we used the position-based two-point 
crossover and the shift mutation as genetic operations. 
The neighborhood structure was defined by the shift 
mutation in local search.  

We used the following parameter specifications. 
Population size: 20, crossover probability: 0.9, mutation 
probability for each string: 0.3, the number of elite 
solutions: 3, the number of neighbors examined for 
improving the current solution in local search (i.e., k): 2. 
These specifications are almost the same as Ishibuchi & 
Murata (1998). In the modified MOGLS algorithm, the 
tournament size was specified as four for constructing the 
local search pool from the current population. The number 
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of selected initial solutions for local search was specified 
as 20 (i.e., the same as the population size).  =LSN

Each algorithm was applied to the test problem 150 times. 
Fig. 2 and Fig. 3 show all solutions obtained by the 150 
runs of each algorithm. From the comparison between Fig. 
2 and Fig. 3, we can see that the modified MOGLS 
algorithm in Fig. 3 outperformed the original one in Fig. 2. 
That is, the performance of the original MOGLS 
algorithm was improved by the modification of the local 
search part. 
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Figure 2: Obtained solutions by 150 runs of the original 
MOGLS algorithm.  
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Figure 3: Obtained solutions by 150 runs of the modified 
MOGLS algorithm. Only the choice of initial solutions for local 
search is different from the original MOGLS algorithm. 

4.2 EFFECT OF LOCAL SEARCH 

In the same manner as in the previous subsection, we 
examined the effect of the hybridization with local search 
on the performance of EMO algorithms. In Fig. 4, we 
show simulation results by a simple EMO algorithm 
implemented by removing the local search part from the 
original MOGLS algorithm. Since the performance of this 
algorithm was very poor, many solutions are out of the 
range of Fig. 4. From the comparison of Fig. 4 with Fig. 2 
and Fig. 3, we can see that the hybridization with local 

search significantly improved the performance of the 
simple EMO algorithm. 
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Figure 4: Obtained solutions by 150 runs of the original 
MOGLS algorithm with no local search. Many non-dominated 
solutions are out of the range of this figure. 

While the comparison between Fig. 3 and Fig. 4 clearly 
shows that the simple EMO algorithm was significantly 
improved by the hybridization with local search, one may 
think that the improvement is mainly due to the poor 
performance of the simple EMO algorithm in Fig. 4. So 
we also implemented a hybrid version of the SPEA in the 
same manner as the modified MOGLS algorithm. 
Simulation results are summarized in Fig. 5 and Fig. 6. 
The maximum number of stored non-dominated solutions 
was specified as 20 in the computer simulations. The 
other parameters were specified in the same manner as in 
the previous subsection. 

From the comparison between Fig. 5 and Fig. 6, we can 
see that the performance of the SPEA was slightly 
improved by the hybridization with local search. For 
example, more solutions were obtained in the region 

 of Fig. 6 by the hybrid SPEA 
than the original SPEA in Fig. 5. 

]1500,500[]3400,3300[ ×

For further examining the effect of the hybridization with 
local search on the performance of the SPEA, a solution 
set obtained by the SPEA was compared with another 
solution set obtained by the hybrid SPEA. In this 
comparison, solutions obtained by one algorithm were 
examined whether they were dominated by other solutions 
obtained by the other algorithm. This comparison was 
performed over 150 runs of these two algorithms. Then 
the average number of non-dominated solutions was 
calculated. Simulation results are summarized in Table 1. 
This table shows the average number of obtained 
solutions by each algorithm, the average number of 
solutions that were not dominated by other solutions 
obtained by the other algorithm, the ratio of non-
dominated solutions to obtained solutions, and the 
average CPU time. From this table, we can see that the 
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hybrid SPEA outperformed the original SPEA in terms of 
the ratio of non-dominated solutions. We can also see 
from Table 1 that the CPU time was decreased by the 
hybridization with local search. This is because local 
search can be executed more efficiently than genetic 
search. If these two algorithms are compared under the 
same CPU time, it is more clearly shown that the hybrid 
SPEA outperforms the original SPEA (compare Fig. 7 
with Fig. 5).  

Table 1: Comparison between SPEA and its hybrid version. 

Algorithm Obtained 
solutions 

Non- 
dominated 

Ratio of non-
dominated 

CPU time 
(Sec.) 

SPEA 17.34 10.08 58.13% 17.47 
Hybrid 14.69 9.85 67.05% 13.26 

 

4.3  BALANCE BETWEEN GENETIC SEARCH 
AND LOCAL SEARCH IN THE MODIFIED 
MOGLS   

The performance of hybrid EMO algorithms depends on 
parameter specifications. The point is to find a good 
balance between genetic search and local search. The 
balance is controlled by two parameters k and  in the 
modified MOGLS algorithm (k: the number of neighbors 
examined for improving the current solution by local 
search, : the number of solutions in each population 
to which local search is applied). Table 2 shows 
simulation results with various values of k. In this table, 

 was specified as N 20. Good results were not 
obtained from large values of k (see the column labeled as 
“Non-dominated”). Good specifications of k in Table 2 
are 1~5.  

LSN

LSN

LSN

k

=LS
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Figure 5: Obtained solutions by 150 runs of the original SPEA.  

 
Table 2: Simulation results by the modified MOGLS algorithm 
with various values of k. The value of N  was specified as 

20. Good results are highlighted by boldface letters. 
“Generation updates” means the number of generations.  
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k Generation 
updates 

Obtained 
solutions 

Non- 
dominated 

CPU time 
 (seconds) 

0 3000.00 17.78 1.08 19.81 
1 1490.56 18.09 4.29 14.75 
2 952.24 17.01 4.60 13.21 
3 696.80 16.90 3.41 12.46 
4 543.65 16.99 3.44 12.10 
5 440.84 17.08 3.13 11.78 
10 212.56 17.78 1.99 10.84 
20 92.43 17.03 1.57 10.40 
30 55.25 17.19 1.41 10.25 
40 37.90 16.88 1.02 10.19 
50 28.39 17.03 1.36 10.16 

100 11.83 14.91 1.08 10.09 
1521 1.00 5.28 1.36 13.75 

Figure 6: Obtained solutions by 150 runs of the hybrid SPEA. 

 
 

0

500

1000

1500

2000

3300 3400 3500 3600 3700 3800

Makespan

M
ax

im
um

 ta
rd

in
es

s

 

 

On the other hand, Table 3 shows simulation results with 
various values of N . In this table, k was specified as 

2. Good results were not obtained from small values 
of . Good specifications of N  in Table 3 are 

8~20.  

LS
=k

N
LSN

LS
=

LS

For further examining the balance between genetic search 
and local search, we examined various combinations of k 
and . A solution set obtained from each combination LSN

Figure 7: Obtained solutions by 150 runs of the hybrid SPEA 
with  using the same CPU time as the original SPEA. 3=k
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was compared with other solution sets obtained from 
other combinations in the same manner as in the previous 
computer simulations. Simulation results are summarized 
in Table 4. This table shows the number of solutions that 
were not dominated by any other solutions obtained from 
other parameter specifications. Table 4 shows average 
results over 150 trials as in the previous computer 
simulations. From this table, we can see that appropriate 
specifications of  and k are related to each other. An 
appropriate value of  decreases as the specified value 
of k increases in Table 4. In general, larger values of these 
two parameters mean longer computation time spent by 
local search. Thus the increase of one parameter value 
needs the decreases of the other parameter value for 
keeping a good balance between genetic search and local 
search. 

LSN
N LS

LS

We also performed the same computer simulation using 
different specifications of the stopping condition. In one 
specification, we decreased the available computation 
time from the examination of 60000 solutions to 20000 
solutions. Simulation results are shown in Table 5. In the 
other specification, it was increased to 120000 solutions. 
Simulation results are summarized in Table 6. Table 5 and 
Table 6 show that appropriate values of N  and k are 
related to each other as in Table 4. From the comparison 
among the three tables, we can see that larger values of k 
can be used when the available computation resource is 
larger (i.e., Table 6). This means that we can use a larger 
portion of the computation time for local search when the 
available computation time is longer. 

LS

 

Table 5: The average number of solutions that were not 
dominated by any other solutions from other combinations of 
parameter values. The execution of the modified MOGLS 
algorithm was terminated when 20000 solutions were examined. 
Good results are highlighted by boldface letters. 

 
Table 3: Simulation results by the modified MOGLS algorithm 
with various values of N . The value of k was specified as 

2. Good results are highlighted by boldface letters. =k
  

The value of k 
LSN  

0 1 2 3 4 5 10 20 30 40 50 
0 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 
2 0.02 0.04 0.37 0.39 0.51 0.52 0.44 0.63 0.68 0.49 0.92 
4 0.02 0.11 0.23 0.47 0.48 0.57 0.49 0.37 0.39 0.43 0.39 
6 0.02 0.35 0.45 0.49 0.43 0.51 0.39 0.33 0.30 0.35 0.23 
8 0.02 0.18 0.71 0.54 0.35 0.23 0.24 0.25 0.22 0.18 0.29 
10 0.02 0.43 0.43 0.43 0.29 0.41 0.24 0.20 0.16 0.17 0.24 
12 0.02 0.40 0.52 0.30 0.45 0.41 0.17 0.11 0.15 0.11 0.18 
14 0.02 0.41 0.52 0.48 0.27 0.28 0.11 0.06 0.16 0.17 0.05 
16 0.02 0.32 0.53 0.41 0.32 0.26 0.20 0.05 0.05 0.07 0.09 
18 0.02 0.35 0.33 0.53 0.31 0.23 0.12 0.04 0.04 0.05 0.02 
20 0.02 0.49 0.53 0.32 0.40 0.29 0.11 0.07 0.01 0.01 0.07 

LSN  Generation 
updates 

Obtained 
solutions 

Non- 
dominated 

CPU time 
(seconds) 

0 3000.00 17.35 0.77 18.90 
2 2467.09 17.37 1.46 17.26 
4 2094.59 17.77 2.12 16.26 
6 1819.94 17.93 2.56 15.53 
8 1611.89 16.93 3.33 14.92 
10 1444.13 16.81 3.11 14.49 
12 1306.81 17.70 2.71 14.14 
14 1193.71 17.51 3.27 13.85 
16 1100.39 17.27 2.93 13.59 
18 1019.59 17.58 3.09 13.37 
20 952.24 17.01 3.62 13.21 

  

Table 6: The average number of solutions that were not 
dominated by any other solutions from other combinations of 
parameter values. The execution of the modified MOGLS 
algorithm was terminated when 120000 solutions were 
examined. Good results are highlighted by boldface letters. 

Table 4: The average number of solutions that were not 
dominated by any other solutions from other combinations of 
parameter values. The execution of the modified MOGLS 
algorithm was terminated when 60000 solutions were examined. 
Good results are highlighted by boldface letters. 

  
The value of k 

LSN  
0 1 2 3 4 5 10 20 30 40 50 

0 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 
2 0.11 0.12 0.37 0.48 0.65 0.57 0.52 0.52 0.42 0.61 0.51 
4 0.11 0.41 0.61 0.52 0.61 0.57 0.53 0.47 0.47 0.25 0.29 
6 0.11 0.27 0.70 0.55 0.54 0.73 0.51 0.37 0.35 0.31 0.35 
8 0.11 0.51 0.54 0.65 0.59 0.55 0.45 0.27 0.28 0.27 0.21 
10 0.11 0.38 0.51 0.51 0.71 0.77 0.54 0.39 0.19 0.29 0.27 
12 0.11 0.53 0.85 0.77 0.51 0.73 0.41 0.18 0.15 0.26 0.15 
14 0.11 0.71 0.53 0.69 0.56 0.55 0.38 0.31 0.15 0.14 0.19 
16 0.11 0.56 0.62 0.69 0.73 0.45 0.38 0.15 0.10 0.13 0.14 
18 0.11 0.61 0.53 0.72 0.58 0.53 0.31 0.28 0.15 0.11 0.11 
20 0.11 0.69 0.57 0.70 0.74 0.60 0.11 0.13 0.16 0.13 0.16 

The value of k 
LSN  

0 1 2 3 4 5 10 20 30 40 50 
0 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 
2 0.17 0.06 0.33 0.43 0.45 0.67 0.58 0.35 0.58 0.51 0.47 
4 0.17 0.39 0.45 0.41 0.59 0.55 0.73 0.24 0.40 0.31 0.37 
6 0.17 0.35 0.55 0.51 0.51 0.81 0.50 0.29 0.32 0.29 0.23 
8 0.17 0.48 0.83 0.61 0.65 0.37 0.52 0.27 0.11 0.25 0.17 
10 0.17 0.50 0.66 0.39 0.64 0.59 0.31 0.21 0.21 0.20 0.19 
12 0.17 0.49 0.47 0.57 0.57 0.64 0.30 0.17 0.16 0.13 0.13 
14 0.17 0.75 0.62 0.42 0.42 0.46 0.31 0.25 0.17 0.15 0.09 
16 0.17 0.61 0.74 0.53 0.67 0.29 0.21 0.12 0.11 0.06 0.13 
18 0.17 0.68 0.58 0.65 0.41 0.42 0.35 0.15 0.09 0.04 0.04 
20 0.17 0.59 0.61 0.35 0.45 0.37 0.32 0.15 0.09 0.09 0.07 
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4.4  BALANCE BETWEEN GENETIC SEARCH 
AND LOCAL SEARCH IN THE HYBRID SPEA  

We also examined various combinations of k and N  
using the hybrid SPEA. Simulation results are 
summarized in Table 9 ~ Table 11. As in the previous 
subsection, these tables show simulation results using 
different stopping conditions. From these tables, we can 
see that appropriate specifications of N  and k are 
related to each other. An appropriate value of N  
decreases as the specified value of k increases. From the 
comparison between the simulation results in this 
subsection by the hybrid SPEA and those in the previous 
subsection by the modified MOGLS algorithm, we can 
see that appropriate specifications of N  and k depend 
on the algorithm. For example, appropriate values of k for 
the hybrid SPEA are larger than those for the modified 
MOGLS algorithm. This is observed from the comparison 
between Table 6 and Table 11. 

LS

LS
LS

LS

We also examined the balance between genetic search and 
local search using the hybrid SPEA in the same manner as 
in the previous subsection. Table 7 shows simulation 
results by the hybrid SPEA with N 20 and various 
values of k. Good results were not obtained from large 
values of k. Good specifications of k in Table 7 are 

2~5. On the other hand, Table 8 shows simulation 
results by the hybrid SPEA with k 2 and various values 
of . Good results were not obtained from small 
values of N . Good specifications of N  in Table 8 
are 18~20. We can also see that the simulation 
results by the hybrid SPEA in Table 7 and Table 8 are 
similar to those by the modified MOGLS algorithm in 
Table 2 and Table 3, respectively. 

=LS

=
=k

N LS

LSN
LS

=
LS

  
Table 9: The average number of solutions that were not 
dominated by any other solutions. The execution of the hybrid 
SPEA was terminated when 60000 solutions were examined. 
Good results are highlighted by boldface letters. 

Table 7: Simulation results by the hybrid SPEA with various 
values of k. The value of N  was specified as 20. 
Good results are highlighted by boldface letters. 

LS =LSN

 
 

k Generation 
updates 

Obtained 
solutions 

Non- 
Dominated 

CPU time 
 (seconds) 

0 3000.00 15.46 1.26 19.03 
1 1483.57 15.69 2.91 14.91 
2 976.18 14.69 3.12 13.26 
3 719.59 15.85 3.73 12.59 
4 565.81 15.43 3.50 12.21 
5 462.69 15.35 3.95 11.99 
10 227.53 15.68 2.93 10.95 
20 97.62 16.69 1.77 10.47 
30 57.25 16.68 1.62 10.31 
40 38.53 16.76 1.29 10.23 
50 28.95 16.38 1.15 10.19 

100 11.58 15.35 1.11 10.13 
1521 2.00 5.10 1.35 13.89 

The value of k 
LSN  

0 1 2 3 4 5 10 20 30 40 50 
0 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 
2 0.07 0.09 0.29 0.23 0.38 0.37 0.76 1.03 0.57 0.76 0.61 
4 0.07 0.25 0.37 0.29 0.37 0.29 0.63 0.55 0.53 0.50 0.35 
6 0.07 0.29 0.49 0.34 0.46 0.62 0.48 0.50 0.39 0.33 0.33 
8 0.07 0.29 0.31 0.49 0.26 0.72 0.49 0.30 0.41 0.41 0.35 
10 0.07 0.23 0.43 0.31 0.59 0.56 0.57 0.29 0.41 0.22 0.21 
12 0.07 0.32 0.35 0.41 0.33 0.66 0.58 0.49 0.15 0.18 0.16 
14 0.07 0.19 0.37 0.47 0.49 0.57 0.57 0.37 0.19 0.17 0.12 
16 0.07 0.32 0.31 0.44 0.65 0.39 0.37 0.39 0.22 0.06 0.05 
18 0.07 0.31 0.34 0.44 0.65 0.51 0.33 0.23 0.14 0.17 0.07 
20 0.07 0.24 0.67 0.43 0.41 0.34 0.33 0.12 0.15 0.08 0.08 

 

 Table 10: The average number of solutions that were not 
dominated by any other solutions. The execution of the hybrid 
SPEA was terminated when 20000 solutions were examined. 
Good results are highlighted by boldface letters. 

Table 8:  Simulation results by the hybrid SPEA with various 
values of N . The value of k was specified as k 2. Good 
results are highlighted by boldface letters.  

LS =

  
The value of k 

LSN  
0 1 2 3 4 5 10 20 30 40 50 

0 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 
2 0.06 0.10 0.28 0.17 0.23 0.26 0.61 0.68 0.47 0.69 0.72 
4 0.06 0.22 0.21 0.23 0.39 0.32 0.73 0.47 0.41 0.53 0.34 
6 0.06 0.25 0.29 0.29 0.41 0.56 0.58 0.33 0.35 0.28 0.29 
8 0.06 0.38 0.37 0.47 0.24 0.65 0.44 0.15 0.25 0.27 0.33 
10 0.06 0.23 0.23 0.31 0.24 0.35 0.38 0.14 0.25 0.14 0.13 
12 0.06 0.37 0.29 0.38 0.28 0.37 0.41 0.25 0.13 0.16 0.10 
14 0.06 0.18 0.46 0.45 0.40 0.35 0.23 0.12 0.11 0.11 0.09 
16 0.06 0.36 0.30 0.29 0.40 0.41 0.20 0.14 0.09 0.07 0.04 
18 0.06 0.43 0.51 0.19 0.39 0.35 0.13 0.11 0.03 0.06 0.04 
20 0.06 0.41 0.43 0.42 0.24 0.40 0.17 0.03 0.07 0.06 0.03 

LSN  Generation 
Updates 

Obtained 
solutions 

Non- 
Dominated 

CPU time 
(seconds) 

0 3000.00 15.46 0.78 19.03 
2 2486.16 15.64 1.99 17.50 
4 2123.08 15.13 1.99 16.41 
6 1850.80 16.26 2.33 15.74 
8 1641.54 15.63 2.49 15.06 
10 1474.84 16.01 2.56 14.63 
12 1338.12 15.45 2.53 14.28 
14 1223.87 15.80 2.62 14.06 
16 1128.85 15.39 2.70 13.77 
18 1046.31 15.75 3.19 13.54 
20 976.18 15.44 3.23 13.26 
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Table 11: The average number of solutions that were not 
dominated by any other solutions. The execution of the hybrid 
SPEA was terminated when 120000 solutions were examined. 
Good results are highlighted by boldface letters. 
 

The value of k 
LSN  

0 1 2 3 4 5 10 20 30 40 50 
0 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 
2 0.09 0.11 0.23 0.25 0.21 0.21 0.63 0.62 0.65 0.77 0.56 
4 0.09 0.17 0.28 0.21 0.38 0.34 0.43 0.61 0.65 0.53 0.48 
6 0.09 0.27 0.57 0.36 0.45 0.57 0.45 0.57 0.46 0.57 0.52 
8 0.09 0.37 0.45 0.39 0.43 0.45 0.57 0.27 0.51 0.39 0.39 
10 0.09 0.39 0.45 0.31 0.43 0.47 0.54 0.51 0.44 0.51 0.41 
12 0.09 0.35 0.42 0.49 0.28 0.54 0.53 0.40 0.31 0.31 0.24 
14 0.09 0.32 0.36 0.36 0.56 0.53 0.69 0.34 0.33 0.27 0.13 
16 0.09 0.33 0.37 0.47 0.67 0.56 0.49 0.55 0.29 0.19 0.15 
18 0.09 0.34 0.47 0.58 0.58 0.54 0.47 0.25 0.21 0.23 0.16 
20 0.09 0.42 0.45 0.59 0.49 0.45 0.50 0.20 0.13 0.21 0.19 

 

5. CONCLUSIONS 
 In this paper, we first modified the local search part of 
the MOGLS algorithm of Ishibuchi & Murata (1996) for 
applying local search only to good solutions in the current 
population and assigning an appropriate local search 
direction to each solution. The local search direction of 
each solution is specified in the modified local search part 
independent of genetic operations in the EMO algorithm 
part. Thus the modified local search part can be combined 
with other EMO algorithms. We implemented a hybrid 
SPEA by combining local search with the SPEA. Using 
the modified MOGLS algorithm and the hybrid SPEA, we 
examined the balance between genetic search and local 
search. Simulation results in this paper showed that the 
performance of the hybrid EMO algorithms strongly 
depends on this balance. When a good balance is achieved 
by appropriate parameter specifications, the hybrid EMO 
algorithms outperform the corresponding non-hybrid 
EMO algorithms.  

It was also shown through computer simulations with 
different stopping conditions that appropriate parameter 
specifications for achieving a good balance between 
genetic search and local search depend on the amount of 
the available computation time. When long computation 
time was available, good results were obtained from 
parameter specifications that increase the ratio of the 
computation time spent by local search. On the other hand, 
good results were obtained in the case of a small ratio of 
the computation time spent by local search when we did 
not have long computation time. Simulation results also 
showed that different hybrid EMO algorithms require 
different parameter specifications for achieving a good 
balance. An appropriate ratio of the computation time 
spent by local search in the hybrid SPEA was larger than 

that in the modified MOGLS algorithm. Implication of 
this observation is not clear. One possible explanation is 
that genetic search in the hybrid SPEA may require 
shorter computation time than that in the modified 
MOGLS algorithm because the EMO algorithm part of 
the hybrid SPEA is more powerful than that of the 
modified MOGLS algorithm (compare Fig. 5 by the 
original non-hybrid SPEA with Fig. 4 by the EMO 
algorithm part in the modified MOGLS algorithm).  
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Abstract

This paper suggests a new hybrid genetic al-
gorithm for the 2D Euclidean vehicle rout-
ing problem with time windows. The natu-
ral crossover, proposed for the 2D Euclidean
traveling salesman problem, was adopted with
some modi�cation in the suggested genetic al-
gorithm. The most notable feature of the nat-
ural crossover is that it uses the 2D image of
a solution itself for chromosomal cutting. We
also investigate the usefulness of parents' deci-
sion variables such as arrival times during re-
combination. The suggested genetic algorithm
found optimal solutions for 26 out of 31 in-
stances with known optimal solutions.

1 Introduction

The vehicle routing problem (VRP) is the problem of
�nding a set of minimum-cost vehicle routes which start
at a central depot, serve a set of customers with known
demands, and return to the depot without any viola-
tion of constraints [6], [24]. There are several variants
of VRP depending on their constraints. The vehicle
routing problem with time windows (VRPTW) is an ex-
tension of VRP. In VRPTW, time-window constraints
are added to the basic constrains of VRP. Each cus-
tomer must be served only once by one vehicle, and the
total demands of the customers served by a particu-
lar vehicle must not exceed the capacity of the vehicle.
Each customer must be served within his/her time win-
dow. A vehicle must wait until the service is possible if
the vehicle arrives at a customer earlier than the lower
bound of his/her time window { the earliest arrival time.
The depot also has a time window, and all the vehicles
must return by the latest arrival time of the depot. In
VRPTW, the objective can be the minimization of the
travel distance, the travel time, the number of vehicles,

or their combinations.

VRPTW has shown its usefulness in the area of
distribution-related systems | school bus routing,
newspaper delivery, garbage collection, fuel oil delivery,
dial-a-ride service, etc. If a new routing plan of vehicles
is more eÆcient than before, we can save fuel, money,
and/or time.

Various algorithms for VRP and its variants have been
studied intensively for decades. There are some of ex-
act methods to solve VRPs and VRPTWs to the op-
timality [10], [12], [19], [21]. Although the speed-up
techniques for exact methods have been introduced, the
NP-hardness of VRPTW [27] still makes the required
computational time prohibitive. Local heuristic meth-
ods often produce good near-optimal solutions in short
computational time. They are divided into two classes:
route construction heuristics [13], [11] and route im-
provement heuristics [7], [32]. Solomon [26] designed
and reviewed several route construction heuristics. In
[18], A number of route improvement heuristics are
clearly described. Although these heuristics were able
to run separately to solve VRPTW, they have also been
incorporated in meta heuristics like tabu search, sim-
ulated annealing, genetic algorithm (GA), etc [4], [5],
[30], [23], [15].

Blanton and Wainwright [2] introduced a genetic algo-
rithm for VRPTW that used a sequence of customers
as a chromosome. A greedy insertion-based heuristic
interprets a chromosome (sequence), and calculates the
�tness of the chromosome. The sequence means the in-
sertion order of customers for the heuristic. GIDEON,
suggested by Thangiah et al. [31], [30], is a framework
for VRPTW, adopting a cluster-�rst route-second strat-
egy. Their GA was used in the clustering phase. The
chromosome represents angles whose origin is the de-
pot, in order to de�ne sectors to which customers will
belong. Customers within a sector are assigned to one
vehicle, and routed by the cheapest insertion method
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[14]. In another system of Thangiah [29], a chromosome
represents circles (by de�ning an origin and a radius).
Customers within or near a circle are assigned to one ve-
hicle. GENEROUS of Potvin and Bengio [23] uses a set
of routes themselves as a chromosome. The crossover
merges two parents heuristically, then the repair oper-
ator is applied to the o�spring. Most approaches use a
set of routes themselves as a chromosome after Potvin
and Bengio's work [23]. Recently, Tan et al. [28] intro-
duced a messy genetic algorithm that a chromosome is
a sequence of (customer number, vehicle number) pairs.

The natural crossover, introduced by Jung and Moon
[17], [16] is a crossover manipulating chromosomes in
which genes are laid on a 2D space. Because 2D chro-
mosomes can preserve problem information with less
distortion, two-dimensional chromosomes are often used
in genetic algorithms for 2D problems [8], [1], [3]. The
natural crossover was originally devised for the 2D Eu-
clidean traveling salesman problem (TSP), and pro-
duced better experimental results than state-of-the-art
GAs for TSP [17]. In most VRPTW instances includ-
ing Solomon's benchmark instances [26], customers are
located on a 2D Euclidean space. Therefore, only if
a 2D form of chromosomes are de�ned for VRPTW,
it is possible for a genetic algorithm to use the natu-
ral crossover. This paper provides an extension of the
natural crossover to VRPTW, and investigates its com-
petence.

There are variables created during the evaluation of a
route. Waiting times, arrival times, and travel-so-far
distances are some of such decision variables. Almost all
genetic algorithms for VRPTW did not utilize parents'
decision variables in the course of recombination and
mutation. In this paper, we utilize parents' decision
variables during crossover.

The paper is organized as follows. Section 2 describes
the mathematical formulation of VRPTW. Section 3
explains the genetic operators used in the proposed ge-
netic algorithm. Section 4 presents the experimental
results. Finally Section 5 makes conclusions.

2 Formulation of VRPTW

Table 1 represents the meanings of terms related to
VRPTW. For a given route Rk = (v1; v2; :::; vm); v1 =
c0, decision variables are calculated as follows:

avi =

�
0; i = 1
ttvi�1 + tvi�1vi ; i > 1

wvi =

�
0; i = 1
max(0; evi � avi); i > 1

ttvi =

�
0; i = 1
avi + wvi + svi ; i > 1

Table 1: Terminologies

constants meaning

N number of customers
Q capacity of vehicles
C set of all customers including the depot
ci customer i, 0 � i � N (c0 is the depot.)
dij distance from customer i to customer j
tij travel time from customer i to customer j
qi demand of customer i
si service time of customer i
ei earliest arrival time to customer i
li latest arrival time to customer i

variables meaning

n(R) number of routes
n(Rk) number of customers in route k
vjk jth customer of route k
Rk route k = (v1k ; v2k; :::)
Sk set of customers in route k
RDk travel distance of route k
RTk travel time of route k
RLk total load of route k
ai arrival time at ci
ali adjusted latest arrival time at ci
wi waiting time before servicing ci
tti travel-so-far time after servicing ci
tdi travel-so-far distance when arriving at ci
adi accumulated demands of customers

after servicing ci

tdvi =

�
0; i = 1
tdvi�1 + dvi�1vi ; i > 1

advi =

�
0; i = 1
advi�1 + qvi ; i > 1

RTk = ttvm + tvmv1

RDk = tdvm + dvmv1

RLk = advm

The objective of our genetic algorithm is to �nd a set
of routes having the minimal travel distance. In other
words, we have to minimize

n(R)X
k=1

RDk

subject to

S1 [ S2 [ � � � [ Sn(R) = C; (1)

Si \ Sj = fc0g; 1 � i; j � n(R); i 6= j (2)

vik 6= vjk ; 1 � i; j � n(Rk); i 6= j (3)

ai � li; 1 � i � N (4)
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GA()
f

initialize population P of size N ;
while ( stopping condition is unsatis�ed ) f

select parent1 and parent2 from P ;
o�spring  crossover(parent1; parent2);
if ( random number is larger than mutation rate )

mutate o�spring;
local-optimize o�spring;
replace an individual in P with o�spring;

g
return the best individual;

g

Figure 1: A typical steady-state hybrid genetic algo-
rithm

RTk � l0; 1 � k � n(R) (5)

RLk � Q; 1 � k � n(R): (6)

Restriction (1) ensures that all the customers are nec-
essarily visited. Restriction (2) means that all the cus-
tomers must be partitioned disjoint, and the depot is
included in all routes. Restriction (3) ensures that ev-
ery customer is visited only once. Restriction (4) and
(5) take care of time constraints. Restriction (6) pre-
vents the overload of vehicles.

3 Hybrid Genetic Algorithm

We use a typical steady-state hybrid genetic algorithm
(Figure 1). Local optimization algorithms help GAs
�ne-tuning around local optima. The following subsec-
tions describe our genetic algorithm in detail.

3.1 Initialization of Population

A lot of route construction heuristics have been pro-
posed for VRPTW. In [26], several heuristics are care-
fully designed and compared with one another. Ac-
cording to [26], the insertion heuristic 1 (I1) overall
beat other route construction heuristics such as savings,
nearest neighbor, etc. The core part of I1 is the rou-
tine inserting a new unrouted customer into the current
route, between two adjacent customers on the route. If
there is no feasible customer to insert, a new route is
created. I1 repeats the loop until there are no unrouted
customers.

We create a population of solutions using a stochastic
version of I1. The existence of adjustable weights in the
cost function of I1 makes the creation of various solu-
tions possible. In calculating an insertion cost of a cus-
tomer, the weights determine the balance between the
spatial aspect and the temporal aspect of the problem

instance. The values of weights are changed at random
in the ranges of � 2 [0:1; 0:9]; � 2 [0; 1]; �1 2 [0:1; 0:9];
and �2 2 [0:1; 0:9](�1+�2 = 1). This is expected to be
helpful in creating a robust population whose solution
qualities do not depend on speci�c aspects of the prob-
lem instance. The �rst customer for a new route is cho-
sen at random among the farthest unrouted customer,
the unrouted customer with the earliest deadline, and
a random unrouted customer.

3.2 Selection and Crossover

We use the typical binary tournament selection.

Most genetic algorithms for VRPTW do not consider
the representation of chromosomes as important, and
they recombine the new o�spring by heuristically inter-
preting the two parents. In recombining the o�spring,
they consider a number of criteria like distances between
customers, ranges of time windows, sizes of routes, dis-
tribution of distances, etc; but they do not consider the
physical locations of customers. In GIDEON system
of Thangiah et al. [31], [30], each chromosome con-
tains a set of numbers representing the angles de�ning
sectors (centered at the depot) instead of routes them-
selves. Customers in a sector basically belong to the
same route. Namely, this system considers the locations
of customers to be more important than other elements.

Multi-dimensional chromosomes were suggested for
problems with multi-dimensional characteristics. A
two-dimensional crossover, introduced by Cohoon and
Paris [8], chooses a small rectangle from one parent and
then copies the genes in the rectangle into the o�spring
with the rest of genes copied from the other parent.
Anderson et al. [1] suggested a block-uniform crossover
which tessellates a 2D chromosome into i � j blocks,
and copies the genes block by block from a uniformly
selected parent. Bui and Moon [3] proposed a general-
ization of crossovers to n dimensions. Jung and Moon
[17], [16] introduced an encoding/crossover pair for the
2D Euclidean traveling salesman problem which uses a
2D image as a chromosome, and performs crossover on
the chromosome. Since 2D Euclidean VRPs and 2D Eu-
clidean TSPs share a lot of characteristics, we inherit
the natural encoding/crossover pair with some modi�-
cation.

In this paper, we use the 2D image of routes as a chro-
mosome, where each gene is located at the coordinate
of the corresponding customer. We describe the natural
crossover for the 2D Euclidean VRPTW in the follow-
ing:

1. The 2D image of two solutions are selected as par-
ents (Figure 2 (a),(b)).
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(a) parent A (b) parent B
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(c) partitioned customers

(d) inherited arcs from parent A (e) adding arcs from parent B (f) new o�spring

} The diamond represents the depot.

Figure 2: An example of the natural crossover for VRPTW

2. Free curves or �gures are drawn on the 2D space
where customers are located1. It is proven that
they always partition the chromosomal space into
two equivalent classes [17] (marked white and gray
in Figure 2 (c)). Every customer belongs to one
of the classes. Customers in the white class are
marked black and customers in the other gray class
are marked white.

3. For every arc of the parent A, if both of the start-
point and the end-point are marked black2, it sur-
vives in the o�spring (Figure 2(d)); for every arc
of the parent B, if both are marked white, it sur-
vives in the o�spring (Figure 2(e)). Then we have
a number of disconnected segments.

4. The decision variables of the parent A such as
ai; wi; tti; and tdi are saved as a

A
i ; w

A
i ; tt

A
i ; and td

A
i ,

respectively. The decision variables of the parent
B are saved in the same way. They are used in
repairing the o�spring later.

5. A valid solution is made by adding arcs by the re-
pair algorithm in Section 3.2.1 (Figure 2(f)).

Because we only have to calculate the class of every
customer, the time complexity of the crossover grows
linearly with respect to the number of customers.

1We do not have an eÆcient implementation for drawing
fully free curves. Instead, we use four types of curves |
straight line, triangle, quadrangle, and ellipse. Two curves
are chosen at random among them allowing multiple occur-
rences. Refer to [16] for more information.

2It is possible that the arc passes through the gray region
even when both points are marked black; there are a few
arcs in Figure 2 (d). For eÆcient implementation, we ignore
classes of arcs.

3.2.1 Repair Algorithm

The step 5 in the previous section repairs the inter-
mediate o�spring to a valid solution. We utilize the
parents' decision variables in this process. Figure 3
represents the repair algorithm. Its key routine is con-
necting the last customer on the current partial route to
the minimum-cost start-point of a segment in a nearest-
neighbor manner.

In calculating the cost of adding an arc, we consider
terms about spatial and temporal closenesses of cus-
tomers, and terms about parents. Let ci be the last
customer (point) on the current partial route, and let
cj be a candidate customer to connect ci. The cost is
the weighted sum of i) the distance between ci and cj ,
ii) the waiting time at cj , iii) the slack time of delivery
to cj , and iv) the di�erence of the service completion
between parents and the o�spring at cj :

cij = Æ1 � dij + Æ2 �Wj + Æ3 � Sj + Æ4 � Pj

where

Æ1 + Æ2 + Æ3 + Æ4 = 1;
Aj = ti + tij ;

Wj = max(0; ej �Aj);
Sj = lj �Aj ; and
Pj = min(jttAj � (Aj +Wj + sj)j;

jttBj � (Aj +Wj + sj)j):

Æ1; Æ2; Æ3, and Æ4 are reinitialized within respective spe-
ci�c ranges whenever the repair function is invoked.

To investigate the usefulness of parents' decision vari-
ables, we compare in Section 4 a GA version with Æ4 6= 0
against one with Æ4 = 0.
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repair()
f

while( there are segments starting from the depot ) f
randomly choose a segment among them as a partial route;
complete a route(the last customer of the partial route, start-points of the remaining segments);

g
while( there are remaining segments )

complete a route(depot, start-points of the segments);
g
complete a route(the last customer, candidate customers)
f

t the last customer;
do f

�nd a feasible customer, say c�, among candidate customers and the depot,
such that the cost from t to c� is minimized;

add an arc from t to c�;
t the end-point of the segment whose start-point is c�;

g while( t is not the depot )
g

Figure 3: The pseudo-code of the repair algorithm

3.3 Mutation

In mutation, each route of the o�spring is split into
at most three routes. Two cut-points are selected at
random to split a route.

3.4 Local Optimization

A considerable number of local optimization algorithms
have been proposed to improve routes. Most of them be-
long to edge-exchange neighborhoods [18]. Most edge-
exchange neighborhoods can be viewed as special cases
of the cyclic transfer algorithm introduced by Thomp-
son and Psaraftis [32]. Although the cyclic transfer al-
gorithm is a generalized edge-exchange algorithm, its
performance is limited due to its computational cost.

We call three local optimization heuristics in sequence
| Or-opt [22], crossover [25], relocation [25] | to
optimize the o�spring locally. These three heuristics
have di�erent characteristics from one another; they are
thought to produce synergies. The Or-opt is a vertex-
based algorithm trying to move a vertex to another
place within a single route. The crossover is a special
type of two-edge exchange which removes the cross links
of two routes. The relocation is similar to the Or-opt;
it is di�erent in that it manipulates multiple routes. Its
key routine is moving a vertex in a route to another
place in other routes (an example in Figure 4).

In VRPTW, it consumes considerable CPU time to
check the time-feasibility of a solution. Consider the
routine which checks whether an unrouted customer u
can be inserted between two speci�c adjacent customer

(a) before relocation

(b) after relocation

For the sake of convenience, the depot was depicted as two
diamonds.

Figure 4: An example of a relocation

vp�1 and vp on the route Rk = (v1; v2; :::; vm). The
routine must check the time-feasibility at u; vp; vp+1; :::;
and vm, respectively. Solomon introduced Push For-

ward [26] to practically speed up this kind of operation.
However, the time-feasibility checking takes O(n) in the
worst case even when using Push Forward (n is the num-
ber of customers in the route.).

We use the adjusted latest arrival time (alvi), instead
[20]. The adjusted latest arrival times at customers on
a route are computed as follows:

alvi =

�
l0 � tvic0 ; i = m

min(lvi ; alvi+1 � tvivi+1 � svi); i < m:

The adjusted latest arrival time of a customer is the
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time by which the vehicle must arrive at the customer to
satisfy the time-feasibility with no further checking. Us-
ing the adjusted latest arrival times, the time-feasibility
check is completed in constant time even in the worst
case. In other words, when inserting an unrouted cus-
tomer u between vp�1, and vp, it only have to check to
see if ttvp�1 + tvp�1u + wu + su + tuvp � alvp .

The Or-opt algorithm and the relocation algorithm call
the above routine very frequently, and thus the time-
feasibility is checked fast using the adjusted latest ar-
rival time described in Section 3.1.

3.5 Replacement

The o�spring is compared with one of the parents. The
parent is replaced to the o�spring if the o�spring is
better. Otherwise, the other parent is replaced if the
o�spring is better than it. Otherwise, the worst in the
population is replaced.

3.6 Stop Condition

Our GA stops when the best solution has not been bro-
ken during p consecutive generations. p was set to 2,000.

4 Experimental Results

We set a GA with Æ1 2 [0:4; 0:9]; Æ2 2 [0:2; 0:7]; Æ3 2
[0:1; 0:6], and Æ4 2 [0:3; 0:8]3 and call it VGA1.

We programmed our GA in C++ language. In the ex-
periment, the population size and the mutation rate
were set to 60 and 0.05, respectively. 100 runs were
performed for each Solomon's VRPTW instance [26].

4.1 Performance

Table 2 shows the experimental results of VGA1 and
TLOL [28], a recent representative paper from the
�eld of the evolutionary computation. Inter-customer
distances were calculated with real double-precision.
VGA1-best and VGA1-average represent the best and
the average results of VGA1 over 100 runs, respectively.
For TLOL, only the best results are available [28]. The
�gures were rounded o� to two decimal places. \#V"
and \TD" mean the number of vehicles and the travel
distance, respectively. \t" represents the average CPU
seconds on Pentium III 1GHz.

VGA1 outperformed TLOL for 47 of the 56 instances;
TLOL outperformed VGA1 for two of them; they tied
for the other seven instances. Among the 47 cases that

3If Æ1 + Æ2 + Æ3 + Æ4 > 1, then they are scaled down to
satisfy that their sum is equal to 1.

VGA1 outperformed, even the average results of VGA1
were better than TLOL (the best results) for all of them
except one (R206).

In Table 3, we compared VGA1-best with the optimal
solutions4 reported in [9]. Inter-customer distances were
truncated to the �rst decimal place to be consistent with
[9]. The bold-faced numbers represent that the results
of VGA1 equal the optimal solutions. VGA1 found op-
timal solutions for 26 out of 31 instances whose optimal
solutions are known. VGA1 found most of the opti-
mal solutions for the C and R groups, but it found the
optimum for one of the �ve in the RC group.

4.2 The Usefulness of Parents' Decision

Variables During Crossover

To test the usefulness of parents' decision variables, we
set another GA with Æ1 2 [0:4; 0:9]; Æ2 2 [0:5; 1:0]; Æ3 2
[0:1; 0:6], and Æ4 = 0 (VGA2). Because Æ4 6= 0, VGA1
utilized parents' decision variables (parents' travel-so-
far times, in detail), while VGA2 did not.

Table 4 shows the results of VGA1 and VGA2 for each
problem group. Each group of problems has about 10
instances, e.g., C1 has C101 through C109. The best
(\Best") and average (\Average") results of each group
are the averages of the best and average results for the
corresponding instances, respectively.

According to the best results, VGA1 found better solu-
tions more frequently than VGA2, but VGA2 was bet-
ter on the average. In other words, the deviation of
the best and average results in VGA1 was larger than
in VGA2. VGA1 seems to be strong in instances that
have long scheduling horizons and large vehicle capaci-
ties (C2, R2, and RC2 groups), although there are only
slight di�erences compared to VGA2. Overall, the per-
formances of VGA1 and VGA2 were comparable. It is
notable that VGA1 was about 30% faster than VGA2.

5 Conclusion

In this paper, we suggested a new hybrid genetic al-
gorithm for the 2D Euclidean vehicle routing problem
with time windows. In our genetic algorithm, the 2D
image itself of a solution becomes a chromosome; each
gene corresponds to a customer in the 2D plane; the
natural crossover cuts the chromosomal space with free
curves. Because of its simplicity, the natural crossover
may be applied to other variants of VRP with minor
modi�cation. The experimental results showed that the
suggested hybrid genetic algorithm solved VRPTWs to

4http://web.cba.neu.edu/~msolomon/problems.htm.
After [9], some more optimal solutions were added.
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Table 2: Experimental Results of VGA1
TLOL VGA1-best VGA1-average TLOL VGA1-best VGA1-average

Instance #V TD #V TD #V TD t Instance #V TD #V TD #V TD t

C101 10 828.94 10 828.94 10.00 828.94 6 C201 3 591.56 3 591.56 3.00 591.56 9
C102 10 828.94 10 828.94 10.00 828.94 12 C202 3 591.56 3 591.56 3.00 591.56 16
C103 10 859.78 10 828.06 10.00 828.06 18 C203 3 618.00 3 591.17 3.00 591.17 30
C104 10 893.23 10 824.78 10.00 824.96 29 C204 3 609.02 3 590.60 3.00 591.18 44
C105 10 828.94 10 828.94 10.00 828.94 7 C205 3 616.32 3 588.88 3.00 588.88 10
C106 10 828.94 10 828.94 10.00 828.94 7 C206 3 615.92 3 588.49 3.00 588.49 12
C107 10 828.94 10 828.94 10.00 828.94 7 C207 3 636.62 3 588.29 3.00 588.29 13
C108 10 830.94 10 828.94 10.00 828.94 8 C208 3 611.29 3 588.32 3.00 588.32 12
C109 10 849.03 10 828.94 10.00 828.94 9

R101 18 1648.86 20 1642.88 20.00 1643.53 30 R201 8 1198.15 9 1149.68 8.29 1153.04 64
R102 17 1486.71 18 1472.81 18.50 1479.19 52 R202 9 1057.56 8 1034.35 7.40 1038.40 81
R103 14 1234.43 14 1213.62 14.81 1222.29 51 R203 5 922.38 6 874.87 6.00 875.87 84
R104 11 1024.38 11 976.61 11.70 1001.44 61 R204 5 791.78 4 736.52 4.46 741.41 92
R105 15 1372.71 15 1360.78 15.91 1371.52 34 R205 5 1015.99 5 955.82 6.05 964.69 70
R106 12 1271.11 13 1240.47 13.59 1252.44 48 R206 4 884.65 5 879.89 5.33 892.55 93
R107 12 1106.19 11 1073.34 11.73 1083.10 63 R207 4 875.76 4 799.86 4.66 814.05 97
R108 9 992.12 10 947.55 10.74 959.65 65 R208 3 778.38 4 705.45 3.50 714.37 99
R109 13 1101.37 13 1151.84 12.97 1157.27 41 R209 3 920.34 5 859.39 5.26 867.52 83
R110 11 1119.12 12 1072.41 12.00 1082.72 53 R210 4 961.18 5 910.70 6.10 918.37 102
R111 12 1083.05 12 1053.50 12.00 1063.21 56 R211 6 820.23 4 755.96 4.70 765.64 96
R112 11 1020.52 10 953.63 10.77 971.89 49

RC101 14 1659.68 16 1643.41 16.46 1658.34 28 RC201 4 1354.96 9 1265.56 9.00 1269.94 50
RC102 15 1492.10 14 1461.23 14.65 1480.82 45 RC202 8 1151.46 8 1095.64 7.84 1101.03 74
RC103 11 1249.86 12 1277.54 12.11 1313.73 48 RC203 7 1018.09 5 928.51 5.29 943.81 104
RC104 11 1202.12 10 1136.81 10.56 1154.26 57 RC204 4 865.51 4 786.38 4.05 799.19 81
RC105 16 1585.34 16 1518.58 15.96 1540.66 42 RC205 9 1225.69 7 1157.55 7.80 1164.43 69
RC106 12 1449.30 13 1381.23 13.39 1397.45 33 RC206 5 1122.23 7 1054.61 6.39 1067.49 64
RC107 11 1303.36 12 1212.83 12.03 1227.81 32 RC207 6 1047.86 6 966.08 6.07 975.24 76
RC108 11 1197.13 11 1117.53 11.00 1135.81 32 RC208 4 854.75 4 779.31 4.98 791.35 68

the near-optimality.

We also tested the usefulness of parents' decision vari-
ables during crossover. In terms of solution qualities,
the use of parents' decision variables did not give no-
table improvement; but, it shortened the running time.

We used the synergy of three local optimization heuris-
tics. Some stronger local optimization heuristic may
further improve the hybrid genetic algorithm. This part
is left for future study.
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9;:=<?>)@1ACBEDF:HG�G
IKJ	LCMNJ3OQPSRTO�UWVYXNZ[LYJ3X\X�]CMNVY^HZ[J_X
` LHZbaTJ	OcXNZdMfe�RTP�g8Z[J3LHLYh
g�ZbJ	LHLihHjYk�VYXfM\ONZlh

m J	npoKq�q8rts1uvrCwtxtxystzT{t|T}
~ h?���Kq�q8rts�u�rCwtxtx�stzT{T|Tr

J	�p��hTZ[np�2��hTO\�To O\J	Zb��h!LHL��8VHLHZbaCZbJTo hT�To h!M

9;B�>���:HA������3��DFDFAC<
IKJ3LtM\J	OQPSRtO�UKViX�ZbLHJ3X\X�]CM\VY^=ZbJ3X
` LYZ[atJ	OcX�Z[Mfe�R!P�g�ZbJ	LHLih
g8Z[J3LHLYhHjik�VYX�MNO\Zbh

�):H<��Q����AC<?G�AC<
IKJ	LCMNJ3OQPSRTO�UWVYXNZ[LYJ3X\X�]CMNVY^HZ[J_X
` LHZbaTJ	OcXNZdMfe�RTP�g8Z[J3LHLYh
g�ZbJ	LHLihHjYk�VYXfM\ONZlh

�����T�=�H�%���

  L¡MN¢YZbX)£ih!£�J	O)¤WJ¥X�MNVi^=e¦MN¢YJ§�0J3ONZ[M¨R!P0VYXNZ[LH©
M\¢HJv¤KJ3n[n�ª�LHR?¤�L1]=h�a�ZbLH©tXWh!nb©TRtONZ[MN¢Y�«¤�Z[MN¢YZ[L1MN¢HJ
PSOch!��J	¤WRTO\ª�RTPYh!L
k�LCM%]�e=X�MNJ3�¬M\R�MchT�cª�n[J­MN¢HJKg%J,�
¢HZl�,nbJ­®�RtV=MNZbLH©�¯­ONRt°HnbJ	�6±�g8®�¯W²³o ~ Z[OcXfM_j3¤WJ­XN¢HR?¤
M\¢HJ�Z[L=´iVHJ	LY�	J�R!P�M\¢HJ�£H¢HJ	O\RT��RtLHJ1ZbL=PSRtON��h?M\Z[RtL
RtL�MN¢HJWX�Rtn[VHMNZbRTLyµCVYh!nbZ[MfeTj�°�ev�	RT��£YhTONZbLH©QMN¢YJWk�LtM
]�e=X�MNJ3�¶¤�ZdM\¢
h�Och!LY^HRT��Z[·3J3^�Zb��£HnbJ	��J	LCM\h!MNZbRTLyRTP
M\¢HJ1]=h�a�ZbLH©tXvh!nb©TRtONZ[MN¢Y��o�]=J3�,RtLY^�j�¤KJ�J3a�hTn[Vih?MNJ
RtVHO�h!£H£YONRChT�c¢¸RtL¹°�J	Li�c¢H��h!O\ª¹^Hh!M\h¥X�J	M\X3o ~ Zd�
LYhTn[nbeTjC¤WJ�£HO\R?aCZl^=J�L�VH��J	O\Zl�	h!niONJ_X�VYndMcXºh!°�RTV=MKMN¢HJ
h�atJ	Och!©TJ�h!LY^�¤WRTOcXfM��	htX�Jv°�J	¢Yh�a�ZbRTO�RTP�RtVHO�h!nb©TRT�
O\ZdM\¢H��o

» ¼t½¡¾À¿�Á¸ÂÄÃÆÅÇ¾À¼HÁ¸½

  LFM\¢HZlX7£ih!£�J	O�¤KJ�XN¢HR?¤È¢HR?¤Éh¨£�R?¤WJ	ONPSVHnQ£HONRt°HnbJ	�'X�£�J,�
�,Z[Êi�Wh!nb©TRtONZ[MN¢H�;�3h!L7°iJWZ[Li�,RTO\£�RTOch?MNJ_^�ZbLtM\R�M\¢HJWPSO\hT��J	¤WRTO\ª
R!PQh!L¥k�LCM7]�e=X�MNJ	��o m ¢HZlXvZlXvJ,�=J	��£HnbZdÊiJ3^ËPSRTOyh�£HO\RT°HnbJ	�
PSO\RT�Æ^=ZbX�MNO\Zb°HV=MNZbRTL
n[Rt©TZlXfM\Zb�3X	j�LYhT�0J3n[e8MN¢YJ­g%J	¢YZb�	n[JW®�RTV=M\Z[LY©
£HO\RT°HnbJ	�Ì±Sg8®�¯K²³o
m ¢HJyg�®�¯�ZlX�h�¤WJ	nbn�ª�LHR?¤�L)�,Rt�
°HZbLYh?M\RTO\ZbhTn�RT£=M\Z[��Zb·3h?M\Z[RtL
£HO\RT°HnbJ	��jº¤�¢YZb�c¢Í¢YhTX7°�J	J	LÍJ,��M\J	LYXNZ[atJ	nbeFXfM\VY^=ZbJ3^¸PSRTO0MN¢YJ
nlhTX�M�rC{FeTJ_h!OcX	o   M�ZbLCatRTnbaTJ_X�M\¢HJÇ�	RTLYX�MNO\VY�,MNZbRTLÎRTP7hÍX�J	M
R!PºatJ	¢HZl�,nbJyM\RTVHOcX�XfMch!ONMNZbLH©�h!Li^)J	LY^HZ[LH©�h?Mvh�XNZ[LY©TnbJ7^=J3£iRTM
h!Li^
X\h?MNZlX�PSeCZbLH©�MN¢HJ�^=J3��hTLY^HX�R!Pih�XNJ,M2R!Pi�	VYXfM\RT��J	OcX3o2IKRTLH�
X�MNOch!ZbLtMcX�J	LYXNVHO\JKM\¢Yh?MºJ_hT�c¢��,VYX�MNRt��J	O2ZbX%XNJ	O\aTJ_^
°�eyJ	�HhT�³M\n[e
RTLYJyaTJ3¢HZb�	n[JtjYatJ	¢HZl�,nbJ
�	hT£YhT�	ZdM\Z[J_X�hTONJ�LHRTM�J,�H�	J	J3^HJ3^)h!Li^)h
£HO\J3XN£iJ_�,Z[ÊYJ3^
VH£H£�J	O2°�RTVHLY^
RTL
MN¢HJQ��h?�=Zb�
VH�¡MNRtVHO2n[J3LH©!M\¢
ZlXQONJ_X�£�J3�,MNJ3^�o
m ¢HJ�g8®�¯(°�J	nbRTLH©CX7MNRËMN¢HJ)�,nlhTX\X0R!P8Ï8¯%�Ð¢Yh!Oc^F£YONRt°Hn[J3��X
±��,PfoQÑvhTONJ3e1hTLY^�ÒTRt¢HLYXNRTL�j�u_|Cx!|t²³o m ¢HJ	O\J,PSRtONJvLHR�J	Ó��	Z[J3LCM
J,�Hht�³M�X�Rtn[V=M\Z[RtL1��J	MN¢HR=^HX�hTONJvh�a?h!ZbnbhT°Hn[Jtj=h!LY^�MN¢HJvJ,�=ZlXfM\Z[LY©
XNRTnbV=MNZbRTLÇh!£H£HO\Rtht�c¢HJ3X�h!O\J
R!PK¢HJ	VHO\ZlXfM\Zb�7LYh?M\VHO\JToy®�J_�,J	LCM\n[e
MN¢YJ7PSR=�	VYXvR!PWONJ_X�J_h!Oc�c¢¨RTLËMN¢HZlXv£HO\RT°HnbJ	��¤WhtX8RtLÀM\¢HJ�VYXNJ
R!P���J,M\h!�p¢YJ	VHO\ZbX�MNZl�	X�XNVY�c¢0htX m hT°HV0]�J_h!Oc�c¢�jT]�Zb�
VHnlh?M\J3^0k�L=�
LHJ_h!nbZ[LH©�hTLY^1k�LCM8]�e=XfM\J	��X	o

m ¢HJ§k�LCMÀ]�e=X�MNJ	�ÔZbX�hÍLHJ	¤��0J	M\h!�p¢HJ3VHO\ZbX�MNZl�¥^=J	atJ	nbRT£�J3^
ZbLÆMN¢HJ¹LHZ[LYJ,MNZbJ3X¹±��,PfoÕIKRTnbRTO\LHZ�J,M¥h!npo[j�u3|T|Yu_²,o   M_Ö XÀZ[L=�
XN£HZ[Och?M\Z[RtLÄ�,Rt�0J_X�PSO\RT�ÕMN¢YJÀRT°iX�J3ONa?h?M\Z[RtL¦R!P�M\O\hTZ[n8nbh�e�ZbLH©
�2MNOch!ZbnYPSRtn[nbR?¤�ZbLH©
°�J	¢Yh�a�ZbRTOWR!P�XNRT��Jvh!LCM�X�£�J3�	Z[J_X	o%k�XKM\¢HJ	e
��R?aTJ�ZbLFX�J_h!Oc�c¢ÇPSRTO�PSR�R=^�j�MN¢HJ�Z[LY^HZ[a�Zl^=VYh!nQh!LCMcX�R!PQMN¢YJ3XNJ
XN£iJ_�,ZbJ3X�^=J3£iRCX�Z[M8hTL�hTONRt��h?MNZl��J3X\X�J3LY�,Jy�3h!nbn[J_^�£H¢HJ	O\RT��RtLHJ
RTLFMN¢HJ�©TO\RTVHLi^�o m ¢HJ�h!��RTVYLtM�^=J	£�RtXNZ[MNJ3^¸©TJ3LHJ	Och!nbn[eÇ^=J,�
£�J	LY^HXWRtL�MN¢YJ�µCVYhTn[Z[Mfe�R!P�M\¢HJ�PSRCR=^1X�RtVHO\�	J3XºPSRTVHLY^�oK×�MN¢HJ3O
h!LCMcX	j=Rt°YX�J3ONa�ZbLH©yM\¢HJv£H¢HJ3ONRt�0RtLHJvh!O\J8nbZ[ªtJ	nbe�MNR7PSRTnbnbR?¤ÄMN¢YJ
£H¢HJ3ONRt��RTLHJ�M\O\hTZ[npj2¤�ZdM\¢¸h)°HZlhTXyMNR?¤Qh!Oc^HXyX�MNO\RTLH©tJ	O�M\O\hTZ[nlX3o
m ¢�VYX3j!MN¢YJ�£H¢HJ3ONRt�0RtLHJWMNOch!ZbnbXºONJ	´YJ3�,M%MN¢HJyÖ ��J	��RTO\e�Ö?R!P�MN¢YJ
h!LCM0£iRt£HVHnlh?MNZbRTL�j2hTLY^§R?atJ	O�M\Z[��J1MNOch!ZbnbX
n[J_hT^=ZbLH©)M\RÀ©TR�R=^
PSR�R=^¨X�RtVHOc�,J3X�¤�Z[nbn�°�J0ONJ3Z[L=PSRtO\�	J3^�¤�¢HZbn[J7£Yh?M\¢YX8n[J_hT^=ZbLH©�M\R
O\J	��R!M\JvXNRTVYO\�	J3XW¤�Z[nbn�°�Jyh!°YhTLY^=RtLHJ3^�o
Ø Z[MN¢HZbLÍMN¢HJ�PSOch!��J	¤WRTO\ªËRTP�M\¢HJ)k�LCM�]�e=XfM\J	�ÙMN¢YJ�hT°iR?atJ
��J	LCMNZbRTLYJ3^§^=J	M\h!ZbnlX�¤KJ3ONJ�Zb��£HnbJ	��J	LCMNJ_^§ZbL¥MN¢HJ�PSRtn[nbR?¤�ZbLH©
¤Qh�eTo m ¢HJ8hTO�M\ZdÊi�	ZbhTn�hTLCM\X­�	RTLYX�MNO\VY�,MWXNRTnbV=MNZbRTLYXºPSRTOQhy©tZ[atJ	L
�,Rt�
°HZbLYh!MNRTO\Zlh!nYRt£=MNZb��Z[·_h?M\Z[RtL�£HO\RT°HnbJ	�È°�e�Mch!ª�Z[LY©7h7LCVY�7�
°�J	O¥R!P�^=J_�,ZlX�ZbRTLiXÀ£HO\RT°ih!°HZbn[ZlX�MNZl�	h!nbnbeTo ~ ZbOcXfMÇMN¢HJ_X�JÍ^=J3�	Zd�
XNZ[RtLYX7hTONJ�RTLYn[e¥°YhtX�J_^FRTLÍX�Rt��J�nbR��3h!nQZbL=PSRTO\��h?MNZbRTL¬±SJTo ©Yo
hÇ¢HJ	VYONZlXfM\Zb��O\VHnbJ_²,jWhtX0MN¢HJ3ONJ)ZlX�LHR§h!ONMNZ[Êi�	ZbhTn�£H¢HJ	O\RT��RtLHJ
h�a?h!ZbnbhT°HnbJToÉÑ�O\ht^=VYhTn[nbeÍMN¢HJ§�,Rtn[nbJ3�,MNZbaTJË�0J3��RTO\eÍZlX�°HVHZbndM
VH£�jWhTX0X�Rt��J�hTLtMcX	jK^=J	£�J	LY^HZ[LH©ÇRTL¸MN¢HJ)XNRTnbV=MNZbRTLÍµCVYh!nbZdMfe
PSRTVYLY^�j�hTONJ�hTn[nbR?¤KJ_^)M\R)nbh�eÀhTO�M\ZdÊ��,Zlh!n%£H¢HJ3ONRt��RTLHJ0RTLÇMN¢YJ
£Yh!MN¢YX�MN¢HJ3e�VYX�J_^�o m ¢HJ0h!��RTVYLtM�R!Pº£H¢YJ	O\RT��RTLHJ�nlh!Zl^¨hTnbXNR
^=J3£iJ3LY^HX�RTLÀMN¢HJ�XNRTnbV=MNZbRTLÀµCVYhTn[Z[MfeTo7×�M\¢HJ	Ovh!LCMcX�hTONJ
MN¢HJ3L
©TVYZb^=J_^0Z[L�M\¢HJ	ZbO­^=J_�,ZlX�ZbRTL0��h!ª�Z[LY©Yoº×8aTJ	O2M\Z[��J�£ih?MN¢iX%¤�ZdM\¢
¢HZb©T¢Ç£H¢HJ3ONRt�0RtLHJ��,RtLY�,J3LtM\O\h!MNZbRTLË¤�Z[nbn­h?MNMNOchT�,Mv��RtONJ�h!LCMcX
MN¢ih!L�£Yh?M\¢YXW¤�ZdM\¢�nbR?¤Î�	RTLY�	J	LCMNOch?M\Z[RtL�o m ¢�VYX3jCMN¢HJ_X�Jv£Yh!MN¢YX
¤�Zbn[n�°�JWO\J	ZbL=PSRtO\�	J3^�h!Li^�MN¢YJQhTO�M\ZdÊ��,Zlh!n�h!LCM\X�h!O\J8±�¢HRT£�J,PSVHnbnbe=²
©TVYZb^=J_^1MNR�£HO\RT��ZbXNZbLH©�ONJ3©TZbRTLYXWR!P�MN¢HJyXNJ3hTO\�c¢�X�£ihT�,Jto
m ¢HZlX8hT£H£HO\Rtht�c¢)¢YhTX8°iJ3J	LÇh!£H£HnbZbJ3^�M\R1h�L�VH�7°iJ3O8RTPK�,Rt�0�
°HZbLYh?M\RTO\ZbhTn­Rt£=MNZb��Z[·_h?MNZbRTL§£YONRt°Hn[J3��X	j%XNVY�c¢FhTXyMN¢HJ)Ñ�O\hT£H¢
IKRTnbRTO\ZbLH©Ë¯­ONRt°Hn[J3�Ú±��To PfoÎIKRtX�M\hÇh!Li^¹Û�J	ONMN·Tj8u3|t|Cx!²,j%MN¢YJ
Ü8VYht^=O\h!MNZl�¸k8XNXNZ[©tLH��J	LCM§¯ºO\RT°HnbJ	�Ý±SJto ©ioÔ]CMNVYJ,MN·3n[J¦hTLY^
Þ RTO\Z[©tRYj�u3|T|t|t²,jYM\¢HJ m Och�aTJ3n[nbZ[LY©�]=h!nbJ3XN��h!LÀ¯­ONRt°Hn[J3�'±SJTo ©Yo
± Þ RTO\Zb©TR�h!Li^¨Ñvh!�
°ih!Oc^=J	nbnbhYj�u_|T|CxT²³j�±EUWVHn[nbLH¢HJ3Z[��J3O8J	M8h!npo[j
u3|t|T|tht²�²,j�M\¢HJ�g%J	¢HZl�,nbJ1®�RtV=MNZbLH©Ç¯ºO\RT°HnbJ	�ß±�±EUKVYn[nbLH¢HJ3Z[��J	O
J,M)h!npobjyu3|t|T|!°�²³jy±�UWVHnbnbLH¢HJ	Zb��J	O�J,M)h!npo[j
u3|T|t|T�_²�²�hTLY^�MN¢YJ
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g%J	¢YZb�	n[J0®�RTV=M\Z[LY©�¯ºO\RT°HnbJ	�à¤�ZdM\¢ m Z[��J Ø ZbLY^=R?¤�X7±EÑvhT�7�
°YhTO\^=J3n[nlh�J,M0h!npo[jQu3|t|T|C²³o�®�J3�	J	LCMNnbeTj2h¨�,RtL�aTJ	O\©TJ3LY�,J�£HO\R�R!P
PSRTO0h�©TJ3LHJ	Och!nbZ[·3J3^¥k�LCM�]�e=XfM\J	�á¢YhTX
°iJ3J	L¸^=J3aTJ3n[Rt£iJ_^Ë°�e
Ñ�V=MEâ�h!¢HO
±pÑ�V=M�â�hT¢HO_jiw!{t{twT²,o
  L Þ R�J3ONLHJ3O�J,M�hTnEo8± Þ RCJ3ONLYJ	O�J	M8h!npo[j�w!{T{CwT²,jC¤WJ�¢Yh�atJ�£YONRT�
£�RtXNJ3^0MN¢YJ�Z[Li�,RTO\£�RTOch?MNZbRTL0R!P�hv£HO\RT°Yn[J3�6XN£iJ_�,Z[Êi��¢HJ3VHONZlX�MNZl�
h!nb©TRtONZ[MN¢Y��j�LYh!��J	nbe¨M\¢HJ�¤WJ	nbnºª�LHR?¤�L§]=h�a�Z[LH©CX�h!nb©TRtONZ[MN¢H�
ZbLtM\RFh!LÄk�LtM1]=e�X�MNJ3�ãPSRtO�MN¢YJ¨g8®�¯2o m ¢HJ)O\J3XNVHndMcX�MN¢YJ	O\J
¢Yh�atJ�X�¢HR?¤�L0M\¢HJ�£�R!MNJ3LCMNZlh!nYRTP�MN¢HJ8�0J	MN¢HR=^�o   L�M\¢HZbXK£YhT£iJ3O
¤WJ�£YONJ_X�J3LtM�h0��R�^HZdÊYJ_^�aTJ	OcXNZ[RtL�R!P�MN¢HJ�hTn[©tRTO\ZdM\¢H��j=¤�¢HJ	O\J
MN¢YJ���R=^=ZdÊ��	h?M\Z[RtLYXºX�MNJ3�6PSO\RT�6RT°YXNJ	O\a?h?M\Z[RtLYX%��hT^=J�RTL�MN¢YJ
°�J	¢Yh�a�ZbRTO�R!PvRTVYO�RTO\Z[©tZ[LYhTn�h!nb©TRTO\Z[MN¢H��o m ¢HJ_X�J)��R=^=Z[Êi�	h!�
MNZbRTLiX­¢Yh�atJ�n[J_^�MNR0hyXNZ[©tLHZdÊ��	h!LCM­Zb��£HO\R?aTJ	��J3LtMKR!P�MN¢HJ8£iJ3O��
PSRTO\��h!LY�	JTo ~ VHONMN¢YJ	O\�0RtONJtj­¤WJ�MN¢HRtONRtVH©T¢Hnbe§J	a?hTn[VYh!MNJ�MN¢YJ
h!nb©TRtONZ[MN¢Y��o ~ Z[OcX�M3j%¤WJ�X�MNVY^He¥MN¢HJ�n[J_h!O\LHZbLH©¨°�J	¢Yh�a�ZbRTO
°�e
�,Rt��£Yh!O\Z[LY©¸�	htX�J_X�¤�Z[MN¢¡h!LY^Î¤�ZdM\¢HRTV=M�nbJ3h!O\LHZbLH©Yj�ONJ_X�£�J3�,�
MNZbaTJ3n[etoÍ]�J_�,RtLY^�j­¤WJ�X�¢HR?¤ÉMN¢Yh!M0M\¢HJ�°iJ_XfM�O\J3XNVHn[M\X7PSRTVYLY^
°�e¸RtVHO�h!£H£YONRChT�c¢¹hTONJ��,Rt��£iJ	MNZ[MNZbaTJ�MNRFX�M\h!MNJ)RTP�MN¢YJÀh!ONM
O\J3XNVHndMcX	o m ¢HZbO\^�jt¤WJ�J,�Hh!��ZbLHJQMN¢YJ8h�aTJ3O\hT©TJQh!LY^0¤WRTOcXfM­�3hTXNJ
°�J	¢Yh�a�ZbRTO�R!PQRTVYOyh!nb©TRTO\Z[MN¢H��hTLY^ËMN¢HJ�J	ä�J_�³McXyR!PQ£HO\RT°HnbJ	�
�c¢YhTO\ht�³MNJ3ONZlX�MNZl�	XKRTL�MN¢HJ_X�Jv��J3htX�VYONJ_X	o
m ¢HJQO\J	��h!ZbLY^=J3O%R!PYM\¢HZlX%£Yh!£�J	O%ZlX2RTO\©thTLHZb·	J3^7hTX�PSRtn[nbR?¤�X	o   L
MN¢YJWLYJ,��MºX�J_�³MNZbRTL7¤KJW£HO\R?a�Zb^=JWh�£HONRt°HnbJ	�ÆPSRTO\�
VYnbh!MNZbRTL
hTLY^
h!L�R?atJ	O\a�Z[J3¤¨R!P=O\J	nlh?MNJ_^�¤KRtONª=X�RTLvM\¢HJºg�®�¯2o3k�PåMNJ	O�MN¢Yh!M�¤WJ
©TZbaTJ7h�^=J,Mch!Zbn[J_^¨^=J_XN�	ONZb£=MNZbRTL)RTPºRTVHO�LHJ	¤;hT£H£HO\RthT�c¢�o�]=J3�³�
MNZbRTL1r0�	RTLCM\hTZ[LiX­M\¢HJ�ONJ_X�VHn[M\XWRTP�MN¢YJ��	RT��£HV=Mch?MNZbRTLih!n�XfM\VY^=e
¤WJ0£�J	ONPSRTO\��J3^�o Ø J��	RTLY�	n[VY^HJ0¤�Z[MN¢Fh�^=ZlX\�,VYX\X�ZbRTLÇR!PQRTVYO
ÊYLY^HZ[LH©CX	o
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m ¢HJKg8®�¯Ë�	h!L
°iJ­PSRTO\�
VHnlh?M\J3^�ZbL�MN¢YJ­PSRtn[nbR?¤�Z[LY©�¤Wh�eYñ3o2ò�J	M
óõôà±Eö­÷Nø�÷\ù	²8°iJ�h��,Rt�0£Yn[J	MNJ0©TOch!£H¢�j�¤�Z[MN¢Çú�q¬u0LHR=^=J3X
±Sû?üC÷	ýbýbý[÷Nû!þ�²��,RtONO\J3XN£iRtLY^=ZbLH©�M\R�M\¢HJQ�,VYX�MNRt�0J3O\X�ÿ2ô;uT÷3ý[ýbýb÷��
h!Li^ÀM\¢HJ�^=J3£iRTM
ÿ8ôÈ{Yj�h!Li^ÀM\¢HJ�J3^H©TJ�XNJ,M�±�±�û���÷Nû��_²��îø� û���÷�û��	�)ö
²³o Ø Z[MN¢
J_hT�c¢yJ_^=©TJ�±Sû��N÷�û��_²
�)ø¦ZlX�htXNXNR=�,Zlh?M\J3^
hËLHRTL=�ÐLHJ3©th?M\Z[atJ�¤WJ	Zb©T¢CM�ù����TjK¤�¢HZb�c¢¹ONJ	PSJ	OcX7MNRËMN¢HJ�MNOch�aTJ3n
�,RCXfMcX¨°�J,Mf¤WJ	J3L(LHR=^=J_X¨û���h!LY^;û��¹h!LY^;hÎLHRTLH�pLHJ3©th!MNZbaTJ
¤WJ	Zb©T¢CM�
����Tj=¤�¢HZl�c¢�ONJ	PSJ	OcXºM\R
M\¢HJ8MNOch�aTJ	nYMNZb��J8°�J,Mf¤WJ	J3L�MN¢YJ
LHR=^=J_X	o ~ VYO�M\¢HJ	O\��RTO\JTjH¤�Z[MN¢)J_hT�c¢�LHR=^=Jyû��N÷�ÿ­ô6uT÷3ý[ýbýb÷��áZbX
hTX\XNR��	Zbh!MNJ_^�h
LYRTL=�ÐLHJ	©Ch?M\Z[atJ�^=J	��hTLY^�� � j=¤�¢YZb�c¢1¢YhTXKMNR0°�J
X\h?MNZlX�ÊYJ3^�j�hTXK¤WJ	nbn�htXKh7X�J3ONa�Zl�,J�M\Z[��J�� � o m ¢YJ8XNJ	O\aCZl�,J�MNZb��J
h?M�MN¢YJ0^=J3£iRTM�ZbXvXNJ,M�MNR��,ü0ô({HoykWM�MN¢HJ�^=J3£iRTMvh�´YJ3J,MvR!P
XNZ[·3J��.ZlX�h�a�hTZ[nlh!°Yn[Jtji¤�¢HJ3ONJ
J3hT�c¢ÀaTJ	¢YZb�	n[J7¢YhTX8h��	hT£YhT�	ZdMfe
R!P��	�7h!LY^1MN¢YJ���h!��Zb�
VY�à^=O\Z[a�ZbLH©7MNZb�0JvPSRtO�J3ht�c¢1atJ	¢HZl�,nbJ
ZlX����Co
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ò�J	MQPR���� ^=J3LHR!M\J
M\¢HJ�°HZbLYh!O\e¨^=J_�,ZlX�ZbRTLËa�hTONZlh!°Yn[J_X�¤�Z[MN¢ÇMN¢YJ
PSRTnbnbR?¤�Z[LH©�ZbLCMNJ	O\£HO\J,Mch?MNZbRTL��

P ���� ô ST U uÝZdP2aTJ3¢HZl�,nbJQV�a�ZbXNZ[M\X�LHR=^=Jvû �
Z[����J3^HZbh!MNJ	nbe�h!PåMNJ	O�LHR=^=Jvû �

{ R!M\¢HJ	O\¤�ZbXNJTo

m ¢HJ3L1M\¢HJ�RT°HâfJ3�³M\Z[atJ��	h!L�°�J�¤�ONZ[M�M\J	L)hTX

W ÿÐú�ÿ W ÿ7X"Y þZ �\[ ü þZ��[ ü^]Z� [ ñ ù ��� P ���� ±fu�²

VHLY^HJ	OQMN¢YJvPSRTnbn[R?¤�ZbLH©�ONJ_XfM\ONZl�³M\Z[RtLYX

þZ �'[ ñ
þZ��[ ñ P ���� � �`_ � � u _ V _ � ±Ewt²

þZ �'[ ü þZ��[ ü P ���� ±B
����Wqa���p² _ � � u _ V _ � ±�sC²

þZ �\[ ü P ����cb þZ d [ ü P �� d ôÄ{ u _ V _ �¨÷\{ _fe;_ � ±Sr�²

þZ �\[ ü ]Z� [ ñ P ���� ôhg u u _fe;_ �� e ôÄ{ ±jit²
Z �Bk"l Z�mk"l P ���� _on p%n b u � prqts uT÷3ý[ýbý[÷>�fut÷3u _ V _ � ±�}C²

P ���� � s {Y÷	uDu u _ V _ �¨÷\{ _ ÿc÷ e;_ � ±pxT²

m ¢HJ8RT°=âfJ_�³MNZbaTJ0±fu�²%ZlXºM\R7��ZbLHZ[��Zb·	J�MN¢HJ8MNRTM\h!niMNOch�aTJ3ni�	RtX�M\X3o
IKRTLiXfM\O\hTZ[LCM\X1±Ewt²�J	LiX�VHO\J�M\¢Yh?M0LHRÀatJ	¢HZl�,nbJ�ZlX
R?atJ	O\n[RChT^=J_^�o
IKRTLiXfM\O\hTZ[LCM\X¦±Est²ÇO\J3µCVHZbONJÍM\¢Yh?MFM\¢HJÄ��h?�=Zb�
VH� ^=O\Z[a�ZbLH©
MNZb��JvPSRTO�J_hT�c¢�aTJ	¢YZb�	n[J�ZlXQONJ_X�£�J3�,MNJ_^�oKIKRTLYX�MNOch!ZbLCM\Xv±Sr�²WJ	L=�
XNVHONJ�MN¢Yh!M7Z[P8h¨atJ	¢HZl�,nbJ�a�ZlX�Z[M\X�h¨�	VYXfM\RT��J	O0Z[M�hTnbXNR¨nbJ3h�aTJ_X
MN¢YJÇ�	VYXfM\RT��J	O_oàIKRTLiXfM\O\hTZ[LCM\XË±jit²�O\J3µCVHZbO\J¨MN¢ih?M)h!nbnv�	VYX��
MNRt��J	OcX�hTONJ7a�ZbXNZdM\J3^ÀRTLY�	JTj�h!Li^)MN¢ih?MvMN¢HJ�^=J3£iRTM�ZlXvnbJ,PåM	�
MNZb��J3X3o;]�VH°=M\RTVHO�J3n[Zb��Z[Lih?MNZbRTL¦ZlX�J3LYXNVHONJ_^¹MN¢HO\RTVH©t¢¦�,RTLH�
X�MNOch!ZbLtMcX7±E}t²,o ~ ZbLYhTn[nbeTj��	RTLYX�MNOch!ZbLCM\X
±Ðx!²8h!O\JyM\¢HJ�VYX�Vih!n�°HZd�
LYhTONe��	RTLYX�MNOch!ZbLCM\X3o
kÕnbhTON©tJ¸L�VH�7°iJ3OÇRTP�O\J3XNJ3h!Oc�c¢HJ3O\X)¢ih�aTJ�hT^H^=O\J3X\XNJ3^ÆM\¢HZbX
£HO\RT°HnbJ	��¤�Z[MN¢¥^=Z[ä�J3ONJ3LCMvhT£H£HO\RthT�c¢YJ3X3o�vKh!O\n[e�h!£Y£HONRChT�c¢HJ_X
^=J_h!n[M�¤�ZdM\¢�XNZb�0£Yn[Jy¢YJ	VHO\ZbX�MNZl�	XWPSRtO��,RtLYX�MNO\VY�³M\Z[LH©�XNRTnbV=MNZbRTLiX
nbZ[ªtJyMN¢YJ0]=h�a�ZbLH©tX8h!nb©TRTO\Z[MN¢H�Ù±pIKnlh!O\ªTJ
hTLY^ Ø ONZb©T¢CM_j�u_|T}TrC²
RTO8MN¢YJ�]=¤KJ3J	£ÀhTn[©tRTO\ZdM\¢H�'±EÑ�Zbn[nbJ,MNM
h!LY^xw)Z[nbnbJ	O_j�u_|Cx?rC²³j�htX
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¤WJ	nbn�htX�¤�Z[MN¢ÄM\¢HJËhT£H£HnbZb�3h?M\Z[RtL¦R!Py��RTO\J¨RTO1n[J_XNX�XNRT£H¢HZlX��
MNZl�	h!MNJ_^ÀZb��£HONR?atJ	��J	LCMv��J3�c¢YhTLHZbXN��Xvn[ZbªTJ0M\¢HJ�w��ÐRT£=Myh!nb©TRT�
O\ZdM\¢H� ±ÐIKONR�J3X3jºu_|"i!zC²³o Ø J�VYX�J0M\¢HJ�Zb^HJ3h�R!PKMN¢HJ�]Hh�aCZbLH©CX
h!nb©TRtONZ[MN¢Y�6ZbL�RtVHOWk�LCMQ]�e=X�MNJ	�ÉhT£H£HO\Rtht�c¢�jtXNR
¤WJ�¤�Zbn[n�^=ZlXf�
�,ViXNXWM\¢HZbX�h!nb©TRTO\Z[MN¢H�ÈZbL��0RtONJ�^=J	M\hTZ[n�ZbL�MN¢HJ�LHJ	��M�XNJ3�,MNZbRTL�o
  L7MN¢HJ�nlhTX�M2^HJ3�	ht^=JWMN¢HJQVYXNJQR!P��0J	M\h!�p¢HJ3VHO\ZbX�MNZl�	X�¤QhTX�Z[L�atJ3X��
MNZb©th!MNJ_^�o ~ Z[OcXfM�h!£H£HO\Rtht�c¢HJ3XQ¤WJ	O\Jy°YhtX�J_^�RTL m h!°HVÀ]=J3h!Oc�c¢
±��To Pfoº×�XN��hTL�jCu3|T|tsHj?Ñ�J	LY^HONJ_h!V�J,M2h!npo[j�u_|T|!r�hTLY^�®�J3©TR�hTLY^
®�RtVY�	hTZ[O\RTnpjyu3|t|T}C²�h!LY^¡]�Zb�
VHnlh?M\J3^¡k�LHLHJ_h!nbZ[LY©¡±Ð×�X���h!L�j
u3|t|TsC²³o�®�J3�,J3LCMNnbe0hTL�k�LCMW]�e=XfM\J	� h!£H£YONRChT�c¢7PSRTO%M\¢HJ�g8®�¯
¤QhTX8£HONRt£iRCX�J_^�°�e¨UKVYn[nbLH¢HJ3Z[��J	O�J,M�h!npo�±�±EUKVYn[nbLH¢HJ3Z[��J	OvJ	M
h!npobj�u3|T|t|!°i²,jb±EUWVHn[nbLH¢HJ3Z[��J3O�J,M�h!npobj�u3|T|t|T�_²�²³o
×8aTJ3ONa�ZbJ	¤�XËRTL6J,�HhT�,M§hTLY^(hT£H£HO\R��=Z[��h?M\J¸��J,M\¢HR=^HX§�	hTL
°�J¦PSRTVHLi^ Z[LÉò�h!£�RTONMNJ;±�ò�h!£�RTONMNJtjÀu3|t|T|C²ËhTLY^Èò�hT£iRtO�M\J
h!Li^�]=J	��J,MË±Eò�hT£iRtO�M\J¨h!LY^¦]�J3�0J	M3j�u_|T|T|C²³jWONJ_X�£�J3�,MNZbaTJ3n[etow)J	M\h?�Ð¢HJ3VHONZlX�MNZl�	X�¢ih�aTJ)°�J	J	LÎONJ3aCZbJ	¤WJ3^�°�eÄÑ�J	Li^=ONJ_h!V¦J	M
h!npo�±EÑ�J3LY^=O\J3hTV1J	M�h!npo[j�u_|T|T|C²³o
k�XvRtVHOyh!£Y£HONRChT�c¢¨ZlXv°YhtX�J_^ÀRtLÇhTLÇk�LtM
]�e=X�MNJ3��j�¤KJ�¤�Zbn[n
LHR?¤ °HO\Z[J	´Ye�^=J3X\�,O\Z[°�J)M\¢HJÀh!nb©TRtONZ[MN¢Y� £HO\RT£�RtXNJ3^¹PSRtO�MN¢YJ
g8®�¯)°�e�UWVHnbn[LY¢HJ	Zb��J	O�J,M�hTnEoW±�UWVHnbn[LH¢YJ	Zb�0J3O�J	M�h!npobjCu_|T|t|T�3²,o
  L¹MN¢HJ3Z[O�£YhT£iJ3O3j­MN¢HJ)�	RTLYX�MNO\VY�³M\Z[RtL¸RTP�XNRTnbV=MNZbRTLYX�ZlX�^=RTLYJ
VYXNZ[LY©vMN¢HJ�Ï�J3hTONJ_XfM­Ï�J	Zb©T¢�°iRtOºh!nb©TRtONZ[MN¢H��o m ¢HZlXºh!nb©TRtONZ[MN¢H�
X�M\h!ONM\X2¤�Z[MN¢�M\¢HJ�htXNXNZ[©tLH��J	LCM%R!P�h!L�h!O\°HZ[MNOch!O\e
�,ViXfM\RT��J	O2M\R
MN¢YJ�ÊYOcXfMyatJ	¢HZl�,nbJ�hTLY^¥Z[L§J_hT�c¢F^=J_�,ZlX�ZbRTL§X�MNJ3£¸�c¢HR�RtXNJ3X�M\R
a�ZbXNZ[M�M\¢HJ��,ViXfM\RT��J	O��,nbRtXNJ3X�M�MNR�MN¢HJ��	VHONO\J	LCM�nbR��3h?M\Z[RtLÀVHL=�
MNZbn2MN¢YJ��	h!£ihT�,Z[Mfe)RTO�M\Z[��J��,RtLYXfM\O\hTZ[LCMcX�RTP­MN¢YJ�aTJ	¢YZb�	n[J�h!O\J
a�Z[Rtnbh!MNJ_^�o7kWMvMN¢YZbXv£�RTZbLCM�M\¢HJ�aTJ3¢HZb�	n[J0O\J,MNVYONLYX8M\R1M\¢HJ�^=J,�
£�R!M3jHhTLHR!M\¢HJ	OWaTJ3¢HZl�,nbJ�ZlXKZbLHZ[MNZlh!nbZ[·3J3^�h!LY^�MN¢HJ�£HO\R=�,J3^HVHONJ8ZbX
O\J	£�J3h?M\J3^�VHLCM\Z[n2h!nbn��	VYXfM\RT��J	OcX�hTONJyhtXNXNZ[©tLHJ3^�o   L�M\¢HJ7�3hTXNJ
R!P�M\¢HJ8k�LCMQ]�e=X�MNJ	��jCMN¢YZbXWÏ�J_h!O\J3X�MKÏ�J3Z[©t¢C°�RTOWh!nb©TRtONZ[MN¢H�6ZbX
��hT^=J�X�MNR=�c¢YhTX�MNZl�!j�XNVY�c¢¨M\¢Yh?M�MN¢YJ0�	n[RCX�J_XfMvn[R=�3h?MNZbRTLÀZbX�LHRTM
h!nb¤Qh�e�X��c¢YRtXNJ	L�ji°HV=M�Och?M\¢HJ	O�hTn[n�VHL�a�ZbXNZdM\J3^�nbR=�	h?M\Z[RtLYX�¢Yh�atJ
h7£iRCX�Z[MNZbaTJv£HO\RT°YhT°HZbn[Z[Mfe�MNR0°iJ��c¢HRCX�J3L�o   L�UWVHnbnbLH¢HJ	Zb��J	O�J	M
h!npoK±EUWVHn[nbLH¢HJ3Z[��J3O�J	M2hTnEobj=u3|t|T|t�3²�M\¢HZbX�£HO\RT°ih!°HZbn[Z[Mfe�¤WhtX��3h!n[�
�,VYnbh!MNJ3^�a�Zbh7hy£YhTO\hT�0J	MNO\Z[·3J3^�]Hh�aCZbLH©CX%PSVHLY�,MNZbRTL�oºk�PåMNJ3OQhTL
h!LCM�¢ihTX��	RTLYX�MNO\VY�,MNJ3^�h�X�Rtn[V=M\Z[RtLvMN¢HJ­MNRtVHO\X�R!P=MN¢YZbX�X�Rtn[VHMNZbRTL
h!O\J�Zb��£HONR?atJ3^�VYXNZbLH©yM\¢HJ�w?�pRt£=MWhTn[©tRTO\ZdM\¢H�#±ÐIKONR�J_X	j�u3|-i!zt²,o
kWMºM\¢HJ�J3LY^�R!P�h!L�Z[MNJ3O\h!MNZbRTL�jtZEo JTo2¤�¢HJ3L�h!nbnihTLtMcX%¢Yh�atJ�©TJ	LH�
J	Och?M\J3^ÀMN¢HJ3Z[OyXNRTnbV=M\Z[RtLYX	j�£H¢HJ3ONRt�0RtLHJ0ZbX�VY£�^Hh!MNJ_^Çht�	�	RTOc^��
ZbLH©�M\R1h1O\hTLHªC�p°ihTXNJ3^)X\�c¢HJ	��J
¤�Z[MN¢ÇJ	nbZ[MNZlXfMcX	o m ¢HZlX���J3h!LiX
MN¢ih?MKLYR!MWhTn[n�h!LCM\XWh!O\J�hTn[nbR?¤KJ_^7MNR
VY£�^Hh!MNJ�MN¢HJ8£H¢HJ	O\RT��RtLHJ
ZbL=PSRTO\��h?MNZbRTL�j�°HVHM7RTLYn[eÀMN¢HJ W °�J3X�M7h!LCM\X3o m ¢HJ�hT�0RtVHLCM
R!P�£H¢HJ3ONRt�0RtLHJ�¤�ONZ[M�M\J	L�^=J	£�J	LY^YXQRTL1MN¢HJ�XNRTnbV=MNZbRTL�µCVYh!nbZdMfe
PSRTVYLY^�htXº¤WJ	nbn�htXºRtL�MN¢HJ�Och!LHª0R!P�M\¢HJvh!LCM3o   L1ht^H^=Z[MNZbRTL�M\R
MN¢YJ�°iJ_XfM�hTLtMcX�R!P�MN¢HJ�Z[MNJ3O\h!MNZbRTL�jHMN¢HJ�©tn[Rt°Yh!n�°�J3X�M8X�Rtn[VHMNZbRTL
PSRTVYLY^�^=VHO\Z[LH©7MN¢YJ�£HONR=�	J3X\XKZlXQVH£�^Hh?M\J3^�hTXQZ[P�h0L�VH�7°iJ3O�R!P
J	nbZ[MNZlXfM�hTLtMcXQ¢YhT^�VYXNJ3^1Z[M�Z[L�MN¢YJy�,VHO\ONJ3LCMQZ[MNJ3O\h!MNZbRTL�o
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  L¨M\¢HZlX�XNJ3�,MNZbRTLË¤KJ0£HO\RT£�RtXNJyRTVHOvZb��£Hn[J3��J	LCM\h!MNZbRTLÀRTPºMN¢YJ
]=h�a�ZbLH©tX
°YhTXNJ3^¹k�LCM�]=e�X�MNJ3��o m ¢YJ�k�LtM�]�e=X�MNJ	�ÙPSOch!��J	�
¤WRTO\ª0RTP�RTVYOWhTn[©tRTO\ZdM\¢H� ZbXKZb^HJ	LCMNZl�	hTniM\R
M\¢HJvRTLHJ8£HO\RT£�RtXNJ3^
ZbLËUWVHnbn[LH¢YJ	Zb�0J3O8J	MvhTnEo0±�UWVHnbn[LY¢HJ	Zb��J	OvJ,M�h!npo[j2u_|T|T|t�3²QhTLY^
��h!ZbLHnbe��,RtLYX�ZlX�M\XQR!P�MN¢YJ�ZdM\J	Och?MNZbRTL�R!P�MN¢HO\J	JyX�MNJ3£YX3�

� Ñ�J3LHJ	Och?M\Z[RtL)R!P­XNRTnbV=MNZbRTLYX�°�e�hTLtMcX�ht�	�,RtO\^HZ[LH©�M\R�£HO\Z[�
a?h?M\J�Z[LHPSRTO\��h!MNZbRTL�h!LY^1£H¢HJ3ONRt��RTLHJvZbL=PSRTO\��h?MNZbRTL� k�£H£HnbZb�3h?MNZbRTL0R!P�h�n[R=�3h!n=X�J_h!Oc�c¢yM\R8M\¢HJ�h!LCMcX	Ö!XNRTnbV=MNZbRTLiX� ` £�^Hh!MNJ�RTP�M\¢HJ�£H¢HJ3ONRt�0RtLHJ�Z[L=PSRtON��h!MNZbRTL

×8VHO�h!£Y£HONRChT�c¢¨^=Z[ä�J	OcX8ZbL¨M\¢HJ�hT�,MNVYhTn�Zb��£HnbJ	��J	LCM\h!MNZbRTLËR!P
MN¢YJvMN¢HO\J	J�X�MNJ	£iX�hTX�^=J_XN�	ONZb°�J3^1°iJ3n[R?¤�o���B� �C�����2���)������������@����	�����
m ¢HJ0X�Rtn[V=M\Z[RtL¨©TJ3LHJ	Och?M\Z[RtL�MNJ_�c¢HLHZlµtVYJ
¤WJ
Zb�0£Yn[J3�0J3LCMNJ3^ÀZbX
MN¢YJº��h!ZbLy�,RTLCM\ONZb°HV=M\Z[RtL�RTPCRtVHO�¤WRTO\ª�o�k�X�^HZbX\�,VYX\XNJ3^vh!°�R?aTJtj
XNRTnbV=MNZbRTL§�,RtLYX�MNO\VY�³M\Z[RtLËZbL§h!L§k�LCM7]�e=X�MNJ	��PSRTO�M\¢HJ�g8®�¯
¢YhtX7XNRÀP�hTO7°�J	J3L¸°YhtX�J_^FRtL§MN¢HJ)Ï�J3h!O\J3X�M0Ï�J	Zb©T¢�°�RTO��,RTLH�
X�MNO\VY�³M\Z[RtLË��J3�c¢ih!LHZlX���o�Ï�RTMNJTj�MN¢Yh!M�Z[LÇMN¢YZbX��	RTLYX�MNO\VY�³M\Z[atJ
��J3�c¢YhTLHZlX��ÉatJ	¢HZl�,nbJ3X�hTONJ�ÊYnbnbJ3^�RTLHJ�h!M�h7M\Z[��JTo
k�XÀRT£H£�RtXNJ3^¡M\RÄM\¢Yh?M_jyJ3ht�c¢¶R!P�RTVHOÇh!LCM\XË�,RtLYXfM\ONVi�³M\XÀh
XNRTnbV=MNZbRTL¹°YhTXNJ3^¹RTL¸MN¢HJ�¤WJ	nbn�ªCLYR?¤�LÍ]=h�a�ZbLH©tX0h!nb©TRtONZ[MN¢H�
±pIKnlh!O\ªTJ7h!LY^ Ø ONZb©T¢CM_j�u_|T}TrC²³o Ø J
¤�Zbnbn�LHR?¤¶^=J_XN�	ONZb°�JyMN¢YJ
��h!ZbL0X�MNO\VY�,MNVHO\JKRTPYM\¢HZbX%hTn[©tRTO\ZdM\¢H�¶h!LY^7£HO\RT£�RtXNJºM\¢HJQ�0R=^��
Z[Êi�	h!MNZbRTLYX2¤WJ�h!£H£Yn[ZbJ3^7Z[L�RtO\^=J3O2MNR�°�J�h!°HnbJWMNR�VYXNJQZdMKZ[L0MN¢YJ
k�LCM8]�e=X�MNJ3�à�,RtLCMNJ,��M_o
m ¢HJ�]=h�a�ZbLH©tX2hTn[©tRTO\ZdM\¢H�(X�M\h!ONM\X�PSO\RT�6h�X�Rtn[V=M\Z[RtL7¤�¢YJ	O\JQhTn[n
�,ViXfM\RT��J	OcX­hTONJ�X�J3ONatJ3^�RTL1X�J3£Yh!Och?M\J�MNRtVHO\X3o2k�PåMNJ3OWMN¢Yh!MKPSRtO
J3ht�c¢F£YhTZ[O0R!P��	VYXfM\RT��J	OcX7ÿvhTLY^ e M\¢HJ�PSRtn[nbR?¤�ZbLH©ËX\h�a�Z[LH©CX
��J3htX�VHO\JvZbX��3h!nl�,VHnlh?M\J3^��

� ���8ôt�"� ü q^� ü � b �-���T÷ ±�zC²

¤�¢HJ3ONJ�� ��� ^=J	LHRTMNJ_X�MN¢HJ�^=ZlXfMch!LY�	JQ°iJ	Mf¤KJ3J	L0n[R=�	h!MNZbRTLYX�ÿ�hTLY^e h!Li^�MN¢HJ�ZbLY^=J,��{7^=J	LYR!MNJ_XºM\¢HJv^=J	£�R!M_o m ¢CViX	jtMN¢HJ�a?h!nbVHJ3X� ��� �,RtLtMch!ZbLÀM\¢HJ�XNh�a�ZbLH©tX8R!PQ�,Rt�
°HZbLHZbLH©�Mf¤WR��,VYX�MNRt�0J3O\X�ÿ
h!Li^ e RTL�RtLHJvMNRtVHO�hTXQRt£H£�RtXNJ3^1MNR�XNJ	O\a�Z[LY©7M\¢HJ	�#RTL�Mf¤WR
^=Z[ä�J3ONJ3LCM�MNRTVYO\X3o
  LÇMN¢HJ�Z[MNJ3O\h!MNZbaTJ�£H¢YhtX�Jtj��,VYX�MNRt��J	OcX8RtO�£Yh!ONMNZlh!n�M\RTVHOcX�h!O\J
�,Rt�
°HZbLHJ_^7ht�	�,RtO\^HZ[LH©8MNRvM\¢HJ3XNJ�X\h�aCZbLH©CX	j!X�M\hTO�M\Z[LH©�¤�Z[MN¢�MN¢YJ
nlh!O\©TJ3X�M8X\h�a�Z[LH©CX	j�VHLCMNZbn2LHR���RtONJ0�,RT�7°HZbLYh?M\Z[RtLYX�hTONJ
PSJ3hTXNZ[�
°HnbJTo%k¦�,Rt�
°HZbLYh!MNZbRTL0ZbX%ZbL=PSJ_hTXNZ[°HnbJ�Z[P�Z[M­a�ZbRTnlh?MNJ_X2J	Z[MN¢HJ3O%MN¢YJ
�	hT£YhT�	ZdMfe�RtOQMN¢HJvM\RTVHO\nbJ	LH©TMN¢��,RTLiXfM\O\hTZ[LCM\X3o
m ¢HJ�O\J3XNVHndM�RTPKM\¢HZbX�hTn[©tRTO\ZdM\¢H��ZlXyhË±EX�VY°=� ²fRT£=M\Z[��hTn­X�J	M�R!P
MNRtVHOcXWMN¢HO\RTVH©t¢�hTn[n��	VYX�MNRT��J3O\X3o
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×8VHOK�0R=^=Z[Êi�3h?MNZbRTLiX­h!O\J�O\J	nlh?MNJ_^0MNR�M\¢HJ�ViX�J�RTP�£H¢HJ	O\RT��RtLHJ
ZbL=PSRTO\��h?MNZbRTLvZbL�MN¢YJ­^=J3�	ZbXNZbRTL���h!ª�ZbLH©Yo   LYZdM\ZbhTn[nbeTj�¤WJ%©TJ	LYJ	ON�
h?M\J8hyXNRTONMNJ_^�n[ZlX�MKR!P�h!M�M\O\ht�³MNZbaTJ3LHJ3X\X%a?h!nbVHJ_X`�����8ZbL�^=J3�	ONJ_hTX��
ZbLH©8RtO\^HJ	O_o m ¢HJ3XNJKh!M�M\O\ht�³MNZbaTJ3LHJ3X\X�a�hTn[VYJ3X�PSJ3h?M\VHO\J­°�R!MN¢7MN¢YJ
X\h�aCZbLH©CXKa?hTn[VHJ_X�hTXQ¤WJ	nbn�hTXWM\¢HJ�£H¢HJ3ONRt�0RtLHJvZ[LHPSRTO\��h!MNZbRTL�o
m ¢�VYXWMN¢YJ�n[ZlXfM��	RTLYXNZlXfMcXQR!P�M\¢HJvPSRTnbnbR?¤�Z[LH©�a?h!nbVHJ_X

� ��� ô}� � �����'� � � ������� ±�|C²

¤�¢HJ3ONJ4� ��� ^=J	LYR!MNJ_X2MN¢YJ�£H¢HJ3ONRt�0RtLHJ��,RtLY�,J3LtM\O\h!MNZbRTL0RTL0MN¢YJ
h!Oc���	RTLHLHJ_�³M\Z[LH©Ë�,VYX�MNRt�0J3O\X
ÿ�hTLY^ e jºh!Li^��¡hTLY^f�Î°YZbhtX
MN¢YJ
O\J	nlh?MNZbaTJ�ZbL=´YVYJ	LY�	J
R!P2M\¢HJ
£H¢YJ	O\RT��RTLHJvM\O\hTZ[nlX�hTLY^�MN¢YJ
X\h�aCZbLH©CXva�hTn[VYJ3X3j�O\J3XN£�J3�³M\Z[atJ	nbeTo m ¢HJ�£Y¢HJ	O\RT��RTLYJ��,RTLi�,J	LH�
MNOch?M\Z[RtL������1�,RTLCMch!ZbLYX�ZbL=PSRTO\��h?MNZbRTL§hT°iRtV=M7¢HR?¤«©TR�R=^ÇMN¢YJ
�,Rt�
°HZbLYh!MNZbRTL�RTP�Mf¤WR0�	VYX�MNRT��J3O\XWÿ­hTLY^ e ¤QhTXWZbL1£YONJ3aCZbRTViX
Z[MNJ	Och?M\Z[RtLYX3o
  L�J_hT�c¢�^HJ3�,ZlXNZ[RtL�XfM\J	£1R!P�h!L1h!LCM3j�¤WJ8�,RtLYXNZb^=J3O­M\¢HJQV�°�J3X�M
�,Rt�
°HZbLYh!MNZbRTLYXWXfM\Z[nbn�h�a?h!ZbnbhT°Hn[Jtjt¤�¢YJ	O\J�V�ZbXQh7£Yh!Och!��J,M\J	OKR!P
MN¢YJ8h!nb©TRtONZ[MN¢Y�6¤�¢HZl�c¢�¤WJ�¤�Zbn[n�ONJ	PSJ	O­MNR
htX�Ö LHJ	Zb©T¢�°�RTO\¢HR�R�^�Ö
°�J	nbR?¤�o
ò�J	M�� � ^=J3LHR!M\JWMN¢HJ�XNJ,M%R!P V�LHJ3Z[©t¢C°�RTOcX3j?ZEo JTo�MN¢HJcV�PSJ3htX�Zb°HnbJ�,Rt�
°HZbLYh!MNZbRTLYXW±Sÿc÷ e ²�e�Z[J3nb^=ZbLH©�MN¢HJQnlh!O\©TJ3X�M�X\h�a�Z[LH©CX	j?�	RTLYXNZb^=�
J	O\J3^�ZbL)h�©TZbaTJ	L�^=J_�,ZlX�ZbRTL)X�MNJ	£�j=MN¢HJ3L�MN¢HJ7^=J3�	ZbXNZ[RtL1O\VHnbJ�ZbX
©TZbaTJ3L�°�e0J_µCVYh?M\Z[RtLÀ±fu_{t²³jC¤�¢HJ3ONJc¡ ��� ZbX­MN¢YJ8£HO\RT°ih!°HZbn[Z[Mfe0R!P
�c¢HR�RtXNZbLH©
M\R��,Rt�
°HZbLHJ��,VYX�MNRt��J	OcXKÿWh!LY^ e RtL1RtLHJ�MNRtVHO3o

¡ ��� ô S¢T ¢U £�¤/¥¦t§/¨�© ª�«­¬m®�¯ £ ¨5ª ZdP � ��� ��� �
{ R!MN¢YJ	O\¤�ZbXNJTo

±�u3{C²

m ¢HJQ�,RtLYXfM\ONVi�³MNZbRTL
£HONR=�	J3X\X�ZlX2XfM\RT£H£�J3^
¤�¢HJ	L0LHR���RtONJKPSJ3h!�
XNZ[°HnbJy�,Rt�
°HZbLYh!MNZbRTLYXQh!O\Jv£iRCXNXNZb°Hn[Jto���<° ����±����(���²��@;±�³
k�PåM\J	O%M\¢HJ�h!LCMcX%¢Yh�aTJQ�,RtLYX�MNO\VY�³M\J3^7MN¢HJ3Z[OºXNRTnbV=M\Z[RtLYX%°HV=Mº°�J,�
PSRTO\J�MN¢YJ�£H¢HJ3ONRt��RTLHJ�ZlXyVH£�^Hh!MNJ3^FJ3hT�c¢§hTLtMcX	Ö�X�Rtn[VHMNZbRTL¥ZbX
Zb�0£YONR?atJ3^�°�e�hT£H£HnbeCZbLH©�h�nbR=�	hTn�X�J_h!Oc�c¢�o   L�MN¢HJ7£Yh!£�J	O�°�e
UWVHnbn[LH¢YJ	Zb�0J3O�J	M�h!npo�±�UWVHnbn[LY¢HJ	Zb��J	O�J	M�hTnEobj�u_|T|T|t�3²QhtX�¤KJ3n[n
hTXQZbL�RTVHOQRTO\Zb©TZbLYh!n�h!nb©TRtONZ[MN¢Y��± Þ RCJ3ONLYJ	O�J,M�hTnEobjYw!{t{twT²ºMN¢YJ
nbR��3h!n�XNJ3h!Oc�c¢¸hTn[©tRTO\ZdM\¢H�'VYXNJ3^¹¤WhtXyM\¢HJ¨w��ÐRT£=M�h!nb©TRtONZ[MN¢H�
±��To Pfo­IKO\R�J3X3jHu3|-i!zt²,o m ¢HJ�w?�pRt£=Mºh!nb©TRtONZ[MN¢H�(¤WhtX%^=J	atJ	nbRT£�J3^
PSRTOQM\¢HJ�MNOch�aTJ3n[ZbLH©�XNhTn[J_X���h!L1£HO\RT°HnbJ	�ÉhTLY^�Z[MNJ3O\h!MNZbaTJ3n[e�J	���
�c¢YhTLH©TJ_X�Mf¤KR�J3^H©TJ3Xy¤�ZdM\¢§w�LYJ	¤«J3^=©tJ3X�VHLCM\Z[nºLYR�PSVHO�M\¢HJ	O
Zb�0£YONR?atJ	��J	LCM\X­h!O\J�£iRCXNXNZ[°Yn[Jto   L�M\¢HJ8�	RTLCMNJ	��M­R!P�MN¢YJ�g8®�¯
Z[M�¤WhtXWhT£H£HnbZ[J_^1XNJ	£ih!Och?MNJ3n[e�M\R�h!nbn�aTJ	¢YZb�	n[JvO\RTV=M\J3XW°HVHZbndM�°�e
MN¢YJWhTLtMcX	o m ¢HJW��hTZ[L
Zb^=J_h�RTP=MN¢HZlX2h!nb©TRtONZ[MN¢H�ÆZlX�M\R�Zb��£HONR?atJ
MN¢YJ�ONRtV=MNZbLH©�R!P�J3hT�c¢1MNRtVHO_o
  L¸£YONJ3n[Zb��Z[LYhTONeÇM\J3X�M\X0¤KJ�PSRTVHLi^§MN¢ih?M0MN¢HJ)XNRTnbV=MNZbRTLYX7RT°H�
M\hTZ[LYJ3^¥VYXNZ[LY©)RTLHnbe¨M\¢HJ1w��ÐRT£HM
h!nb©TRTO\Z[MN¢H��hTONJ�ht�	�	J	£=Mch!°HnbJ
hTXyONJ3£iRtO�M\J3^ÇZ[L Þ R�J	O\LHJ	OyJ	M7h!npoË± Þ R�J3ONLHJ3OyJ,M0h!npo[j%w!{t{twT²,o

Ø ¢HZbn[J�MN¢HJ�ZbLY^=Zba�Zb^=Vih!nºO\RTV=M\J3Xv¤WJ	O\J�R!PQ¢HZ[©t¢§µtVih!nbZdMfetj�MN¢YJ
Ö X�VH°H�pRt£=MNZb��h!npÖ��	n[ViXfM\J	O\Z[LH©�R!PW�,VYX�MNRt�0J3O\X8nbJ3^ÀMNR1MN¢HJ���h!ZbL
^=J3aCZlh?M\Z[RtLFR!P�MN¢HJ_X�J�ONJ_X�VYndMcXyPSO\RT�áMN¢YJ�°�J3X�M�ªCLYR?¤�L¸X�Rtn[VH�
MNZbRTLiX	o
m ¢�VYX3jC¤WJ��0R=^=Z[ÊYJ_^�MN¢YJ�hTn[©tRTO\ZdM\¢H� Z[L�MN¢HJ8PSRTnbn[R?¤�ZbLH©7¤Wh�eto
  L¦hT^H^HZdM\Z[RtL¸M\R¥MN¢HJÀw?�pRt£=M�h!nb©TRTO\Z[MN¢H��j­¤WJ�ÊYOcXfM�h!£Y£Hn[e¹h
nbR��3h!n�XNJ3hTO\�c¢�°YhTXNJ3^1RTL�´:µ�¶>·���R?atJ3XWMNR�hTL�hTLCM\X�XNRTnbV=MNZbRTL�o
k¸´5µ�¶5·F�0R?atJ1hTZ[��X�h?M�Z[��£HO\R?a�Z[LY©)MN¢HJ�XNRTnbV=MNZbRTL¹°Ce§J	���
�c¢YhTLH©TZbLH©¥Mf¤WR¸�,VYX�MNRt��J	OcX�PSO\RT�ß^=Zdä�J	O\J	LCM1MNRTVYO\X3j�ZEo JTo6h
�,ViXfM\RT��J	O8ÿ­PSO\RT�àMNRtVHO²V�ZlX�J	�H�c¢Yh!LH©tJ3^�¤�Z[MN¢Àh��	VYX�MNRT��J3Oe PSO\RT��M\RTVHO	¹�o m ¢YJ�Zb^=J_h�R!P­M\¢HZlXvn[R=�	hTnºX�J_h!Oc�c¢ÀZlX�MNR�Zb�7�
£HO\R?aTJ�M\¢HJ��,nbVYX�MNJ	O\ZbLH©�RTPºMN¢HJ�XNRTnbV=MNZbRTL�o m ¢YJ7VYXNJ0R!P%´:µ�¶>·
��R?aTJ_X­¤QhTX­£HONRt£iRCX�J_^�°�e1×�X���hTLÀ±p×�XN��h!L�j�u3|t|TsC²�PSRTOWMN¢YJ
g8®�¯2o
]�R�ZbLÇRtVHO�LHJ3¤6h!£Y£HONRChT�c¢�j�¤WJ�ÊYOcXfMyhTZ[��M\R)Z[��£HO\R?aTJ7MN¢YJ
�,nbVYX�MNJ3ONZbLH©)h!LY^ËZ[PWLHR���RTO\J0Z[��£HO\R?aTJ3�0J3LCM\Xvh!O\J7£�RtX\XNZ[°HnbJTj
¤WJyX�VH°HâfJ3�³M�J_hT�c¢�ONJ_X�VYndM\Z[LH©��	n[ViXfM\J	OQMNR�h�w?�pRt£=M�h!nb©TRtONZ[MN¢H�
ZbL�RtO\^HJ	OWMNR�Zb��£HONR?atJ�M\¢HJ�O\RTV=M\Z[LH©io���'� º ³���@;��9»�;���»� º �����	�
k�PåM\J	OÇh!nbn
h!LCM\XÀ¢Yh�aTJ§�	RTLYX�MNO\VY�³M\J3^¬MN¢YJ	ZbOËXNRTnbV=MNZbRTLYX3jvMN¢YJ
£H¢HJ3ONRt��RTLHJ�M\O\hTZ[nlXWh!O\J�VH£�^Hh?M\J3^�RtL�MN¢HJ�°YhtX�ZlXºRTP�MN¢HJvX�Rtn[VH�
MNZbRTLiXQPSRTVHLi^�°Ce1MN¢YJ
h!LCM\X3oKk8�	�	RTOc^=Z[LY©�MNR�MN¢YJyO\hTLHª�°ihTXNJ3^
X\�c¢HJ	��J�£HO\RT£�RtXNJ3^ÇZbLFUKVYn[nbLH¢HJ3Z[��J	O7J,M7hTnEo§±EUKVYn[nbLH¢HJ3Z[��J	O
J,MQh!npo[j�u3|t|T|tht²�MN¢HJ8£H¢HJ3ONRt�0RtLHJ�VH£�^Hh?M\J�ZlX­^=RtLHJ�htX%PSRTnbnbR?¤�X

� ��� � ô½¼-� ��� q¿¾ZÀ [ ñÂÁ � À��� qaÃ Á �JÄ��� ±�uTu�²

¤�¢HJ3ONJÇ{ _ ¼ _ uÇZbX�MN¢YJÀM\O\hTZ[nv£�J	OcX�ZlXfMch!LY�	JËhTLY^ÅÃõôW q«u¨ZlX�M\¢HJÀL�VH�7°iJ3O�RTPvJ3n[Z[MNZlX�M\X3o ` XNZ[LY©FMN¢YZbX�XN�c¢YJ	��J
Mf¤WRËª�ZbLY^HX0R!P8MNOch!ZbnbX�h!O\J�nlh!Zl^�o ~ ZbOcXfM_jºMN¢YJ�°�J3X�M�X�Rtn[VHMNZbRTL
PSRTVYLY^Ë^HVHONZbLH©�MN¢YJ�£HONR=�	J3X\X�ZlXvVH£�^Hh?M\J3^¥hTXvZ[P
ÃÍh!LCM\X�¢Yht^
MNOch�aTJ3O\XNJ3^FZdM_o m ¢HJ)hT�0RtVHLCM0RTP8£H¢YJ	O\RT��RTLHJ1nbhTZb^¹°�e§MN¢YJ
J	nbZ[MNZlXfMcXºZlX Á � Ä��� ô;uÇÆ�È Ä jC¤�¢HJ3ONJ%È Ä ZlX%MN¢YJ�RT°=âfJ_�³M\Z[atJ�a�hTn[VYJR!P%M\¢HJ
°�J3X�M�XNRTnbV=M\Z[RtL)PSRTVHLi^¨X�R�P�h!O_o8]�J3�	RTLY^�jiM\¢HJ W °�J3X�M
h!LCMcX�R!P2M\¢HJ
Z[MNJ3O\h!MNZbRTL¨h!O\Jyh!nbnbR?¤KJ_^�M\R�nlh�e1£H¢YJ	O\RT��RTLHJ�RtL
MN¢YJ�hTO\�3X7MN¢HJ3e§MNOch�aTJ3O\XNJ3^�o m ¢HJ)µtVih!LCMNZ[MfeFnlh!Zl^F°�e§MN¢YJ3XNJ
h!LCMcX�^=J	£�J	Li^HX�RtL�MN¢HJ3Z[O�Och!LYª�É§hTX�¤WJ	nbn�htXQMN¢HJ3Z[O�X�Rtn[VHMNZbRTL
µCVYh!nbZ[MfefÈ À jºX�VY�c¢FMN¢Yh!M7M\¢HJ�É��pMN¢¹°iJ_XfM�h!LCM7nlh�e=X Á � À��� ô± W b É¨q;u_²�Æ�È À oËk�O\�3X
°�J	nbRTLY©TZbLH©)MNRËLHJ	Z[MN¢YJ	O0R!P�MN¢YRtXNJ
XNRTnbV=MNZbRTLYXiâfVYX�M%n[RCX�JK£H¢HJ3ONRt�0RtLHJKh!M2MN¢HJWO\h!MNJv±fu b ¼=²³j?¤�¢HZl�c¢
�,RtLYX�MNZ[MNV=M\J3XQM\¢HJvMNOch!Zbn�J	a?h!£�RTOch?M\Z[RtL�o
k�PåM\J	O1MN¢HJÇ£H¢HJ3ONRt��RTLHJ¨ZbL=PSRtON��h?M\Z[RtL¦¢YhTX�°iJ3J	L¬VH£�^Yh?MNJ_^
MN¢YJ�h?MNMNOchT�³M\Z[atJ	LHJ_XNXya�hTn[VYJ3X	�)���1hTONJ�hTVH©T��J	LCM\J3^Ç¤�ZdM\¢§MN¢YJ
LHJ3¤¬£H¢YJ	O\RT��RTLHJ�ZbL=PSRTO\��h?MNZbRTL�hTXQZbL�J3µCVYh!MNZbRTL¥±�|t²,o
Ï�RTMNJtj3M\¢Yh?M�Z[L�RtVHO�RtONZb©TZbLYhTn!h!£H£HO\Rtht�c¢�hTX�£HO\RT£�RtXNJ3^vZbL�± Þ R!�
J	O\LHJ3O�J	M�h!npobjTw!{T{CwT²,j3M\¢HZlX�h!M�M\O\ht�³MNZbaTJ3LHJ3X\X�nbZbX�M2¤WhtX�O\J,� X�RtO�M\J3^
h?PåM\J	OyJ_hT�c¢¥Z[MNJ	Och?M\Z[RtL�o m ¢HJ�Z[LCMNVYZdM\Z[RtL¥PSRTOvMN¢YZbX
ONJ	�ÐXNRTONMNZbLH©
¤QhTX�M\¢HJËPSRTnbn[R?¤�ZbLH©Yo   L¦M\¢HJË°�J	©tZ[LYLHZ[LY©¸M\¢HJÇh!M�M\O\ht�³MNZbaTJ	�
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LHJ_XNXWa?h!nbVHJ3XQhTONJ�X�RtO�M\J3^�ht�	�	RTOc^=Z[LY©yMNR7MN¢YJvX\h�a�Z[LY©tXºa?hTn[VHJ_X	j
hTX�MN¢HJË£H¢HJ3ONRt�0RtLHJ)ZlX�J3µCVYhTn�RtLÄh!nbn�hTO\�3X	o¶k�X�n[J_h!O\LHZbLH©
R=�	�	VHO\X3j�h!LY^ËX�Rt��J7h!Oc�	X�h!O\J
O\J	ZbL=PSRtO\�	J3^�M\¢HONRtVH©T¢ÀMN¢HJ0VH£=�
^Hh!MNJ�RTP�MN¢YJ8£H¢YJ	O\RT��RTLHJ�Z[L=PSRtON��h!MNZbRTL�jCMN¢YJ�h!M�MNOchT�,MNZbaTJ3LHJ3X\X
a?h!nbVHJ3X������0�c¢YhTLH©TJtjihTX�MN¢YJ	e�°iJ_�,Rt�0J7��RTO\J
h!LY^¨�0RtONJ
°HZd�
hTXNJ3^7°�e�MN¢YJW£Y¢HJ	O\RT��RTLYJKZbL=PSRTO\��h?M\Z[RtL�o m ¢�VYX3j!a?h!nbVHJ_X�MN¢Yh!M
¤WJ	O\J�Z[LHZ[MNZlh!nbnbeË¢HZb©T¢§°YV=M
M\VHONLYJ3^§RtV=M
LHRTMyMNR¨°�J�ZbLF©TR�R=^
XNRTnbV=MNZbRTLYX�¤�Zbnbn�^=J3�	ONJ_hTXNJTjK¤�¢HZ[nbJ¨�,Rt�
°HZbLYh!MNZbRTLYX�¤�Z[MN¢�ZbLHZd�
MNZlh!nbnbe)n[R?¤¶a?h!nbVHJ_X�M\¢Yh?M�h!£H£�J3hTONJ_^)ZbLÀ©TR�R=^¨XNRTnbV=MNZbRTLiX�¤�Zbn[n
°�J3�,Rt��J
��RTO\J7h!M�MNOchT�,MNZbaTJto8k�X�MN¢YJ0h!M�MNOchT�,MNZbaTJ3LHJ3X\X�a?h!nbVHJ3X
h!O\JºO\J,� X�RtO�M\J3^�h!PåMNJ	O�J3ht�c¢�ZdM\J	Och?M\Z[RtL�j�MN¢HZlX�n[J_hT^HX�MNR�^=e�LYh!��Zl�
J,ä�J3�,M\X3o   L�£Yh!ONMNZl�,VHnlh!O_j�Ö ©TR�R=^�ÖHh!Oc�	X�hTONJ�ONJ3Z[LHPSRTOc�,J3^�Mf¤�Zl�,JTo
~ Z[OcX�M3j�M\¢HJ	e¨O\J3�	J	ZbaTJ0��RTO\J7£H¢YJ	O\RT��RTLHJ7MN¢ih!LÇR!MN¢YJ	OcX	j�hTLY^
XNJ3�,RtLY^ÀhtX8MN¢HJ3Z[Oyh!M�MNOchT�,MNZbaTJ3LHJ3X\X�Z[LY�	ONJ_hTXNJ3X�MN¢HJ3eÀh!O\J��,RTLH�
XNZb^=J3ONJ_^�J_h!O\n[ZbJ	OQZbL�MN¢HJy�	RTLYX�MNO\VY�³M\Z[atJv£HONR=�	J3X\X	o
Û�R?¤WJ	atJ	O_j�MN¢HZlX0ONJ	�ÐXNRTONMNZbLH©¨nbJ3ht^¥MNRËP�hTX�M3jºhTLY^F£HO\J	��h!MNVHO\J
�,RtL�aTJ	O\©TJ3LY�,JyhTLY^�M\¢CViX8¤QhTX�n[J	PåM�RtV=MvR!P%MN¢YJ7��R=^=Z[ÊYJ3^Ëh!n[�
©TRtONZ[MN¢Y�.£HO\J3XNJ	LCMNJ_^¸¢HJ3ONJto m ¢HZlX	j�hTX�hÇ£�RtXNZdM\Z[atJ)X�Zl^=J)J,På�
PSJ3�,M3j
hTnbXNR¦nbJ3hT^¡M\RÄh¦��Z[LYRTOÀ^=J_�,O\J3htX�J¥ZbL;�,RT��£HVHM\h?M\Z[RtL
MNZb��Jy¤�¢HZl�c¢�MNR�XNRT��Jy^=J3©TO\J	JvR!ä�XNJ,M�M\¢HJ
hT^Y^=ZdM\Z[RtLYh!n�J,ä�RTONM
LHJ3J3^=J_^�PSRtOQMN¢HJ�LYJ	¤ÎnbR=�	hTn�X�J_h!Oc�c¢�oÊ ÅFÁ¸ë'çËÃÄ¾ � ¾Ë¼=Á¸½ � é'ð�¾ËÃÎÂr~
  LyM\¢HZlX%X�J_�³MNZbRTL7¤KJK¤�Z[nbn=J	a?hTn[VYh!MNJKRTVHO2£HO\RT£�RtXNJ3^yhT£H£HO\Rtht�c¢�o
~ Z[OcX�My¤KJ�¤�Zbn[n­^HJ3X\�,O\Z[°�J�MN¢HJ�X�M\hTLY^HhTO\^Ë°iJ3LY�c¢H��h!O\ª¨£HO\RT°H�
nbJ	�«Z[LYX�M\hTLY�,J_X2PSRTOºMN¢HJ�g�®�¯2otk�PåMNJ3ON¤Qh!Oc^HX%¤WJ�¤�Z[nbnY£YONR?a�Zl^=J
h��,Rt��£Yh!O\ZbXNRTL�°�J,Mf¤WJ	J3L�h�XfM\R��c¢ihTX�MNZl��XNh�a�ZbLH©tX�hTn[©tRTO\ZdM\¢H��j
¤�¢HJ3ONJ�LHR§nbJ3hTONLHZbLH©¥R=�	�	VHO\X�hTLY^¹RTVHO�LHJ3¤#hT£H£HO\Rtht�c¢�jKhtX
¤WJ	nbn�htX­¤�Z[MN¢1MN¢YJ�hT£H£HO\RthT�c¢�^HJ3X\�,O\Z[°�J3^�Z[L�UKVYn[nbLH¢HJ3Z[��J	OQJ	M
h!npo ±�UWVHnbn[LH¢YJ	Zb�0J3O�J	M1h!npo[jvu_|T|T|t�3²,oÎÏ�J	�CM1¤KJ¨¤�Zbnbn8�,Rt�0�
£YhTONJ0RTVHOvO\J3XNVHn[M\X�¤�ZdM\¢ÇX�M\h!MNJ�R!PKMN¢HJ�hTO�MvONJ_X�VYndMcX8RTPKRTMN¢HJ3O
��J,Mch?�Ð¢HJ	VHO\ZlXfM\Zb��h!£Y£HONRChT�c¢HJ_X	o ~ ZbLYh!nbn[etj�¤WJ�£HO\J3XNJ	LCMyZ[LHPSRTON�
��h?M\Z[RtL1RtL�M\¢HJyh�aTJ3O\hT©TJ�hTLY^�¤WRTOcX�MQ�3hTXNJ�°�J	¢ih�aCZbRTOQRTP�RTVYO
h!nb©TRtONZ[MN¢Y��oËÌ�B� ��³��ÎÍ��²�Ï±�³)9}��@1� º @��;Í����89���À�Ð�
���Ï±����
k�nbn�RTVHO��,Rt�0£YV=M\h!MNZbRTLYX¸¤KJ3ONJÄ£�J	ONPSRTO\��J3^ÈRtLõh;XNJ,MÍR!P
°�J	LY�c¢H��hTONª1£HONRt°HnbJ	��X�^=J_XN�	ONZb°iJ_^�Z[LF±ÐIK¢HONZlX�MNR!Ê�^=J3X�J	M�h!npo[j
u3|�x?|C²³o   LHPSRTO\��h!MNZbRTL¥RTL¥M\¢HJ3XNJ�ZbLYX�M\h!Li�,J3XyZbX7�,RTnbnbJ3�³M\J3^¥ZbL
m h!°HnbJ�uTo
m ¢HJ�ZbLYX�M\hTLY�,J_X�Ñ0u b Ñ0u_{�hTONJ�Och!Li^=RT�;£YONRt°Hn[J3��X	jtZEo JTo�MN¢YJ
�,ViXfM\RT��J	OcX�hTONJ¨nbR=�	h!MNJ3^ÄO\hTLY^=RT��nbe¸ZbLÄM\¢HJÀ£Hnlh!LYJTj�¤�¢HZbnbJ
ZbLYXfMch!LY�	J3XQÑ0uTu b Ñ0u3r�hTONJ��,nbVYX�MNJ	O\J3^Ë£HO\RT°HnbJ	��X3j�ZEo JTo7MN¢YJ
�,ViXfM\RT��J	OWn[R=�3h?MNZbRTLiX­h!O\J8�	n[ViXfM\J	O\J3^�o%k�nbn�Z[LYX�M\hTLY�,J_XKhTONJ��	h!�
£Yht�,Z[Mfe��	RTLYX�MNOch!ZbLHJ3^�o   L¨hT^H^=Z[MNZbRTL¨MNR�M\¢Yh?M_jiM\¢HJ
ZbLYX�M\hTLY�,J_XÑv} b Ñ0u_{�hTLY^ÏÑ0u3s b Ñ0u	r�hTONJ7ONJ_XfM\ONZl�³M\J3^�¤�Z[MN¢ËONJ_X�£�J3�,M
MNR�M\RTVHO\nbJ	LH©TMN¢�o   LÇMN¢HJ_X�J�ZbLYX�M\hTLY�,J_X	j�hTn[nK�,VYX�MNRt�0J3O\X�¢Yh�atJ
Zl^=J	LCMNZl�	hTn�X�J3ONa�Zl�,J�M\Z[��J_X���oFk�£YhTO�M0PSONRt�ÙMN¢HJ)ht^H^=Z[MNZbRTLYhTn
MNZb��J7�	RTLYX�MNOch!ZbLCM\X3jHZ[LiXfMch!LY�	J3X�u	�7i�hTLY^)}?�cu3{�h!O\J�Zl^=J	LCMNZl�	hTnEo
m ¢HJyX\h!��JvZbXWM\ONVYJvPSRTO�ZbLYXfMch!LY�	J3Xvutu,�cu_wyhTLY^Çu3s!�\u3rYo

m h!°HnbJ�ut�8IK¢Yh!OchT�,MNJ	O\ZlXfM\Zb�3X�×�P m ¢HJ0UWJ	LY�c¢H��hTONª�¯ºO\RT°HnbJ	�
  LYX�M\hTLY�,J_X ÒQÓÕÔ×ÖRØGÙÛÚ�ÜmØÕÝ Þ'ß"Ù�à

á 1"#E0â.)1-3>6 ã ä å æ çG65#E0 = +"ç-,­OA�I M�è I:é)è ê è M�ëmì"í éDI�@�.ÇNA�ë î)M I5ì�è ê è L�ï�M�í ë)é�@�.ÇNA ï I:è)è ë)è)è ê è LÇë�éDí�I5ì;@�.ÇNACì ImM�è ë)è)è ê è I:èÇë�LDí ì?ëð@�.�NA�M I:K)K ë)è)è ê è Imë�KDI)í ìÇMð@­çGNA é M�è I:é)è ë�è�è I5è M�M)M�í ìÇï�@�.ÇNA�î î)M I5ì�è I5é�è I5è K�è)KDí é�L�@�.ÇNA L I:è)è ë)è)è ë�ï�è I5è L�é�M�í K)ì;@�.ÇNA K ImM�è ë)è)è ë�è�è I5è I�I:é�ë�í M�Mð@�.�NA�I:è I:K)K ë)è)è ë�è�è I5è I:ï)KÇM?í L�Mð@­çGNñ Þ<ò×à5ó5ß�ÜmßDÖfÚ�ÜmØÕÝ Þ'ß"Ù�àá 1"#E0â.)1-3>6 ã ä å æ çG65#E0 = +"ç-,­OA�I�I Imë�è ë)è)è ê è I:è)ìÇë�í�I�I�@�.�NA�Imë I:è)è ë)è)è ê è LDI5KDí M)é�@�.ÇNA�I:ï Imë�è ë)è)è î)ë)è M�è ImM�ìDI�í�I5ì;@�.�NA�I5ì I:è)è ë)è)è I:è�ìÇè K)è L�é)éDí ïÇîð@�.ÇNãÏO�O�O�1�+-*²çG6�( &)$Ð3>+-#E0�&�*Q6�(�#äoO/O�O�ôÇ65�"!�35,�643:. = .)35!�0õ8å^O�O�O�*	.�öD!�*²+-*Å0�&�+D(�,/6>1-÷)0��æ�O�O�O�#76>(�ô�!�35640�!/*Q6çG65#E0 = +"ç-,­O�O�O�OÌçG6>#E0 = +-ç",/!�#7�"6:9�#7&),/+D0�!�&�1@�.ÇN �×.�!�,/,/.m(â9ÂH×I5K�K�ï@­çGNCø�&?3��-.�0�.�1Õ9ð�×.�!�,/,/.m(â9ÂHRI5K�K�M
ËÌ�<° ��ùc�2�����²���)���ú��û»�	³��ü���²��@2���m�Ï�Íý�²³��4ù2�)��@
ò�J	M0ViXyÊYOcX�M�hTLYh!nbe=X�J�M\¢HJ�n[J_h!O\LHZ[LY©¨°iJ3¢Yh�a�Z[RtO
RTP�RTVHO�h!£H�
£HO\Rtht�c¢�o m ¢HZlX�¤�Zbn[n%©tZ[atJ�VYX�h1ÊYO\X�M�Z[LiX�Zb©T¢CM�Z[LCM\R1M\¢HJ�£iJ3O��
PSRTO\��h!LY�	J�R!P�M\¢HJ8k�LtM�]�e=XfM\J	��o%k�XKXfMch?MNJ_^�h!°�R?aTJ�RtVHOKk�LCM
]�e=X�MNJ	�ÈZlXWaTJ3ONe�XNZ[��ZbnbhTOKM\R
M\¢HJvk�LCM�]�e=XfM\J	�É^=J_XN�	ONZb°iJ_^�ZbL
±�UWVHnbnbLH¢HJ	Zb��J	OvJ,M�h!npobj%u3|T|t|T�_²³o m ¢CViX	j�¤WJ7�c¢HRCX�J7°YhTXNZb�3h!nbn[e
MN¢YJ
XNhT��J�£Yh!Och!��J,M\J	O�XNJ,MNMNZbLH©tX3jHLYhT�0J3n[e�ú¥h!ONMNZ[Êi�,Zlh!n�hTLCM\X3j�ËôÅ�ËôÅi0h!Li^�Ã)ôÎ}7J3n[Z[MNZlX�M�h!LCM\X3o
  L�£YONJ3n[Zb��Z[LYhTONe�X�MNVY^=ZbJ3XW¤WJ�PSRtVHLY^�M\¢Yh?MKPSRTOWRTVHOQh!£Y£HONRChT�c¢
h!L�J3a�hT£iRtO\h!MNZbRTL�O\h!MNJQ¼�ôÎ{Yý |-i7ZbX�£YONJ	PSJ	Och!°HnbJvMNR�¼�ôÎ{Yý xDi
±�htX�£HO\RT£�RtXNJ3^�ZbL¸±�UWVHnbnbLH¢HJ	Zb��J	O�J,Mvh!npo[j�u3|T|t|T�_²�²³o Ø J7hTnbXNR
a?h!O\Z[J_^ÇMN¢HJ1£iRt£HVHnlh?M\Z[RtL¸X�Zb·	J_X
hTLY^¥MN¢YJ�L�VH�
°�J	O7R!P�Z[MNJ3O\h!�
MNZbRTLiX	j�°YV=MvPSRTVHLY^ÀMN¢ih?Myú¸hTLtMcX�h!LY^Çw	þ�ú¹ZdM\J	Och?MNZbRTLiX8£YONRT�
a�Zb^HJËhF©tR�R�^Î�,RT��£HO\RT��ZlX�JÀ°iJ	Mf¤KJ3J	LÎ�	RT��£HV=Mch?MNZbRTLÎMNZb��J
h!Li^)X�Rtn[V=M\Z[RtL¨µCVYh!nbZdMfeto ~ ZbLYhTn[nbeTji¤KJ�M\J3X�MNJ_^)^=Zdä�J	O\J	LCMvX�Zb·	J_X
R!P�MN¢HJ1LHJ	Zb©T¢�°�RTO\¢HR�R�^�j%ZEo JTo§^=Z[ä�J3ONJ3LCM7L�VH�
°�J	OcX0R!P�hTndM\J	ON�
LYh!MNZbaTJ3XWZbL1J_hT�c¢�^=J3�	ZbXNZ[RtL�X�MNJ3£1RTP�hTL1h!LCM�h!Li^�PSRtVHLY^�MN¢Yh!MV¸ô ÿåúÌÆ?r � hT©thTZ[L¥e�Z[J3nb^YXyM\¢HJ�°�J3X�M7O\J3XNVHn[M\Xy¤�Z[MN¢¸ONJ_X�£�J3�,M
MNR
°iRTMN¢��	RT��£HV=Mch?MNZbRTL�M\Z[��J_XKhTLY^�X�Rtn[VHMNZbRTL�µCVYh!nbZ[MfeTo w)RTO\J
^=J	M\h!ZbnlX
h!°�RTVHMyMN¢HJ_X�J�ONJ_X�VHn[M\X7�	hTL§°iJ�PSRTVHLY^¥ZbLÎ± Þ R�J	O\LHJ3O
J,M�hTnEobjYw!{t{twt²³o
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m R�hTLYh!nbe=X�J�M\¢HJ�n[J_h!O\LHZbLH©7°�J	¢ih�aCZbRTOQRTP�RtVHO�h!£H£YONRChT�c¢�hTLY^
MN¢YJÍ£�J	ONPSRTO\��h!LY�	J¹RTP�RTVYOÇLYJ	¤ k�LCMF]=e�X�MNJ3�îh!£Y£HONRChT�c¢
��RTO\Jv©TJ	LYJ	Och!nbn[etjC¤WJ��,Rt�0£ih!O\J8M\¢HO\J	J��	htX�J_X	o� ]=h�a�ZbLH©tXW°YhtX�J_^1k�LCM\X3�%RTVHO�LHJ3¤¡hT£H£HO\Rtht�c¢� ]CM\R=�c¢YhTX�MNZl�)]=h�a�Z[LH©CX�h!nb©TRTO\Z[MN¢H���1MN¢HZlX�ONJ	PSJ	OcX0MNR¥RTVYO

LHJ3¤ÍhT£H£HO\Rtht�c¢7¤�Z[MN¢��ÇôÄ{HjtZEo JTo�MN¢YJ�Z[L=´iVHJ	LY�	J�R!P�MN¢YJ
£H¢YJ	O\RT��RTLHJ�ZbL=PSRTO\��h?MNZbRTL1ZbXQ^=J3n[Zb°�J	Och?MNJ3n[e1X�J	MWM\R7·3J	O\R
hTLY^�LYR�n[J_h!O\LHZ[LY©7R=�	�	VHOcX� ]CMch!LY^Yh!Oc^yk�LCMº]�e=XfM\J	����M\¢HZbX�O\J,PSJ3O\X�MNR�MN¢HJQh!nb©TRtONZ[MN¢H�
°�eÀ±EUKVYn[nbLH¢HJ3Z[��J	O�J,M�h!npobj�u3|T|t|T�_²
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~ Z[©tVHO\J1ut��IKRT��£YhTONZbLH© m ¢YJ0ò�J3h!O\LHZbLH©1UWJ3¢Yh�a�Z[RtO�×�PQ×8VYO
]=h�a�ZbLH©tXyUQhtX�J_^Çk�LCM\X�±�°iRtnb^¥nbZbLHJ_² Ø ZdM\¢ m ¢HJ1]CM\R=�c¢YhTX�MNZl�
]=h�a�ZbLH©tXQk�nb©TRtONZ[MN¢Y�

~ Z[©tVHO\J)u�X�¢HR?¤�X�M\¢HJ�°�J	¢Yh�a�ZbRTO�RTPQRtVHOyLHJ3¤«hT£H£HO\Rtht�c¢ÇhtX
�,Rt��£Yh!O\J3^¹MNR¸MN¢HJÇ]CMNR=�c¢YhtXfM\Zb�À]Hh�aCZbLH©CX�h!nb©TRtONZ[MN¢H� PSRTO1h
Mfe�£HZl�	h!nKONVYL§R!P�£HO\RT°HnbJ	� Ñ0uTo Ø J��	hTL§RT°YXNJ	O\aTJ�Mf¤WR)Zb�7�
£�RTONM\h!LCM�O\J3XNVHn[M\X3o ~ ZbO\X�M3jQZbL�MN¢HJË°iJ3©TZbLHLHZbLH©¥MN¢YJ¨Mf¤WRFh!n[�
©TRtONZ[MN¢Y��X�h!O\J7hTn[��RCXfM�Zb^=J3LCMNZl�	h!npo m ¢HJ�h!LCM\X8¢Yh�aTJ7LHR!M�eTJ	M
©th!MN¢HJ3ONJ_^¸J3LHRTVY©T¢Í£H¢HJ	O\RT��RtLHJTjWX�R¥M\¢HJ)Z[LH´YVHJ	Li�,J)R!P�MN¢YJ
MNOch!ZbnlX2ZbX%XN��h!nbnEo   LY^=J3J3^�jtZdM­XNJ	J3��X�M\¢Yh?M%M\¢HJ�]CM\R��c¢ihTX�MNZl�Wk�nd�
©TRtONZ[MN¢Y�;ÊYLY^YX%°iJ	M�M\J	OKXNRTnbV=M\Z[RtLYX2��RTO\J�µtVYZb�cª�nbe7hTX2Z[M­ZlX%LHRTM
^=ZlXfM\VHO\°iJ_^�°Ce
MN¢HJ�J	��J	O\©TZbLH©�XfM\ONVi�³MNVYONJ�ZbL�MN¢HJ�£H¢HJ	O\RT��RtLHJ
ZbL=PSRTO\��h?MNZbRTL�o�]�J3�	RTLY^�jiMN¢YJ0]=h�a�ZbLH©tX�°ihTXNJ3^)k�LCMcX�X�M\h!ONM�M\R
©thTZ[L�PSO\RT�6MN¢YJ�£H¢HJ3ONRt�0RtLHJ���J	��RtONe0h!LY^��	RTLCMNZbL�VYh!nbnbe
Zb�7�
£HO\R?aTJ�MN¢HJ3Z[O�XNRTnbV=MNZbRTLYX0VHLCM\Z[nQM\¢HJ	e¸�	RTL�aTJ3ON©tJ�MNR¥h!L¹RT£=M\Zd�
�
VY�î±S¤�¢HZl�c¢ÎZbL¬MN¢HZlX��	hTXNJÇZbX�XNn[Zb©T¢CMNnbe¦¤WRTOcX�J)M\¢Yh!L¬MN¢YJ
©TnbRT°ih!n�RT£HMNZb�
VH��²³jQ¤�¢HZbnbJ�MN¢HJË]�MNR=�c¢YhTX�MNZl�)]=h�a�Z[LY©tX�h!nb©TRT�
O\ZdM\¢H�'^=R�J3XyRTP��,RtVHO\XNJ�LHJ3ZdM\¢HJ	O0n[J_h!O\L§LHRTO0�,RtLCatJ	O\©TJ0MNRËh
�,J3O�Mch!ZbL¥n[J3aTJ	npj�°YV=M
Och?MN¢YJ	O�RtX\�,Zbnbnbh!MNJ3X�hTONRtVHLY^Çh!L§h�aTJ3O\hT©TJ
XNRTnbV=MNZbRTLÀMN¢Yh!MvZlXv�
Vi�c¢Ë¤WRTOcX�J
MN¢YhTLÀM\¢HJ�X�Rtn[VHMNZbRTLYX8PSRTVYLY^
°�e�RTVYO�LHJ	¤¶]=h�a�Z[LY©tXW°YhTXNJ3^�k�LCM8]�e=X�MNJ3��o
ò�J	MKVYXKLHR?¤¦�,Rt��£Yh!O\JQMN¢HJ�MN¢HO\J	J�h!nb©TRtONZ[MN¢H��X%¤�Z[MN¢�ONJ_X�£�J3�,M
MNR7MN¢YJ8°�J3X�M�X�Rtn[V=M\Z[RtL�PSRTVYLY^�R?atJ	O8u3{yO\VHLYXKPSRtOKJ_hT�c¢�RTP�MN¢YJ

u	rÀZ[LYX�M\hTLY�,J_X	o¨Ï�R!M\JTj�MN¢Yh!M
PSRtO7h!nbnºM\¢HO\J	J�hT£H£HO\RthT�c¢YJ3Xv¤WJ
©TJ3LHJ	Och?M\J3^FhTL¸Zl^=J	LCM\Zb�3h!nQL�VH�
°�J	O�R!P�X�Rtn[V=M\Z[RtLYX3o m ¢HJ�ONJ	�
XNVHndMcX8PSRTO8MN¢HJ7MN¢HO\J	J�h!£Y£HONRChT�c¢HJ_X�hTONJ
XNVH����h!O\Z[·3J3^ÀZ[L m h!�
°HnbJ7w=o ~ RtO�J3ht�c¢�Z[LYX�M\hTLY�,J�¤WJyZbLY^=Zl�	h!MNJvMN¢YJy°iJ_XfMvX�Rtn[VHMNZbRTL
PSRTVYLY^�¤�ZdM\¢�hTL�e�R!P�MN¢HJvM\¢HONJ3Jyh!nb©TRtONZ[MN¢H��XWZbL�°�RTnl^�o

m h!°HnbJ¥wH��IKRt�0£ih!O\ZbXNRTL¡×�P�]=h�a�Z[LY©tX�UWhtX�J_^Îk�LtMcX Ø ZdM\¢
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]H]=k
o[obo ]CMNR=�c¢YhtXfM\Zb�y]=h�a�ZbLH©tXQhTn[©tRTO\ZdM\¢H�
]=k�]�o[obo ]CM\hTLY^Hh!Oc^�k�LCM8]�e=X�MNJ	�

~ O\RT� m hT°Hn[J�w1¤WJ��3h!LÇRT°YXNJ	O\aTJ7Mf¤WR�ZbLCMNJ3ONJ_XfM\Z[LH©�O\J3XNVHn[M\X3o
~ Z[OcX�M3ji�	n[J_h!O\n[e�RTVHO�LHJ3¤;]=h�a�Z[LH©CXQ°YhTXNJ3^�k�LtMv]�e=XfM\J	�õRtV=M��
£�J	ONPSRTO\��X�MN¢HJ1R!MN¢YJ	O�Mf¤WR¨h!nb©TRtONZ[MN¢H��X3o   LÎu3{�RTVHM
R!PQMN¢YJ
u	r�ZbLYX�M\hTLY�,J_X�Z[M�ÊYLY^YX8X�MNO\Zb�,MNnbe1°�J,MNMNJ3O�XNRTnbV=MNZbRTLiXQMN¢YhTL)MN¢YJ
R!M\¢HJ	O�Mf¤WR)h!£H£HO\Rtht�c¢HJ3X3o ~ RtO
w���RtONJ0Z[LiXfMch!LY�	J3XvRTVYO�LYJ	¤
h!£Y£HONRChT�c¢7ÊYLY^HX­MN¢YJ�XNhT��J�X�Rtn[VHMNZbRTL�hTX­RTLHJ�RtO­°�R!M\¢�R!P�MN¢YJ
R!M\¢HJ	O�hTn[©tRTO\ZdM\¢H��X	o¦×8LHn[eFMf¤KRÇZ[LiXfMch!LY�	J3X��	hTL¹°�J)X�Rtn[atJ3^
��RTO\JvJ,ä�J3�³M\Z[atJ	nbe�¤�Z[MN¢�MN¢HJyX�M\hTLY^HhTO\^�k�LCM8]�e=X�MNJ	��oºÛ�R?¤Q�
J	atJ	O_jTZ[P�¤KJ�n[R�RTª�h?M­MN¢HJ8ONJ_X�VHn[M\X­��RTO\J��,nbRtXNJ	nbeTjC¤KJ�XNJ	J�MN¢Yh!M
RTVYOQhTn[©tRTO\ZdM\¢H� ©TJ3LHJ	Och!nbn[e7ÊYLY^YX�X�Zb©TLHZ[Êi�3h!LCMNnbe�°iJ	M�MNJ3O�X�Rtn[VH�
MNZbRTLiXWMN¢YhTL1M\¢HJ�R!M\¢HJ	OQMf¤WR�h!£H£HO\Rtht�c¢HJ3X3j�¤�¢HJ	O\J3htXW¤�¢HJ	L�Z[M
^=R�J3X8LHRTM�ÊYLY^)MN¢HJ7°iJ_XfM�X�Rtn[VHMNZbRTL�j�ZdM�ZbX8aTJ3ONe��,nbRtXNJ�M\R�MN¢YJ
O\J3XNVHndM�Rt°=M\hTZ[LHJ_^�°Ce�MN¢HJyX�M\hTLY^Hh!Oc^�k�LCM8]�e=XfM\J	��o
]�J_�,RTLi^�jCPSRTOKMN¢HJ��,nbVYX�MNJ3ONJ_^�£HO\RT°HnbJ	��X�Ñ0uTu b Ñ0u3r7h0XfM\ONZbªC�
ZbLH©�RT°YXNJ	O\a?h?MNZbRTL1�	h!L�°�J���ht^=JTo ~ RTOWMN¢HJ_X�JvZbLYX�M\h!Li�,J3X3j�MN¢YJ
]CM\R��c¢ihTX�MNZl�Ë]=h�a�ZbLH©tX�h!nb©TRtONZ[MN¢H��j�¤�¢YZb�c¢¬£iJ3O�PSRtON��X1¤KRtO\X�M
PSRTO�M\¢HJ�O\hTLY^=Rt�.£HO\RT°HnbJ	��X3jºÊYLY^YX�aTJ	O\e§©TR�R=^ÍX�Rtn[V=M\Z[RtLYX3ow)RtONJ
XN£�J3�,Z[Êi�3h!nbn[etj�Z[M8ZlX��,RT��£�J,M\ZdM\Z[atJ7¤�Z[MN¢)M\¢HJ�]CM\hTLY^Hh!Oc^
k�LCM�]�e=XfM\J	��o m ¢HJ�XfM\ONVi�³MNVYONJ�RTP�MN¢HJ_X�J�£HONRt°HnbJ	��X7XNJ	J3��X
MNR�°iJ
X�MNO\RTLY©Tnbe�J,�=£HnbRTZ[MNJ_^�°Ce�MN¢HJ0]=h�a�Z[LH©CX�h!nb©TRtONZ[MN¢Y��o   L
P�hT�,M3j2hTXvM\¢HJ�]=h�a�ZbLH©tXyhTn[©tRTO\ZdM\¢H��M\J	LY^HX�MNRÀ�	RT�
°YZ[LHJ��	VYX��
MNRt��J	OcX�MN¢Yh!M7h!O\J��,nbRtXNJ7M\R)J3ht�c¢ËRTMN¢HJ3O
h!LY^ÀP�h!OyPSONRt��MN¢YJ
^=J3£iRTM7h!LY^ÇZlXyh!°Yn[J�M\R)°HVHZbnb^ËMNRtVHOcXyX�Zb�
VYndMch!LHJ3RTVYXNn[etj�Z[MyZbX
aTJ3ONe
n[ZbªTJ3n[e7MNRyX�M\hTO�Mº°HVYZ[nl^=ZbLH©y£YhTO�M\ZbhTn=MNRtVHO\X%PSRTOºJ_hT�c¢��,nbVYXf�
MNJ3O3o m ¢�VYX3jHM\¢HJ7htXNXNZ[©tLH��J	LCM�R!Pºh��	VYX�MNRT��J3O�°iJ3n[RtLH©TZbLH©�M\R
h¨�	J	ONM\h!ZbLF�,nbVYX�MNJ3O3j�MNRÀh)MNRTVYOyPSRTO0h!LHRTMN¢HJ3O
�,nbVYX�MNJ3O3j2nbJ3hT^=�
ZbLH©�MNRvn[RtLH©vVHLHLHJ_�,J_XNX\h!O\e���R?aTJ	��J3LtMcX�°iJ	Mf¤KJ3J	L��,nbVYXfM\J	OcX2ZbX
VHLHnbZbªTJ	nbeTo
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ò�J	M�VYX�LYR?¤õM\VHONL�M\¢HJÀhTLYh!nbe=X�ZlX�R!PvRTVYO�h!nb©TRtONZ[MN¢H� ¤�ZdM\¢
O\J3XN£iJ_�³MºM\R7h!°iX�Rtn[V=M\J�J,ä�J3�,MNZbaTJ3LHJ3X\X	o m RyMN¢ih?MKJ3LY^�¤WJ8�,Rt�0�
£YhTONJvM\¢HJyO\J3XNVHndMcX�Rt°=M\hTZ[LHJ_^�¤�ZdM\¢¨RTVHO�]=h�a�Z[LH©CXQ°YhTXNJ3^)k�LCM
]�e=X�MNJ	�Ì¤�ZdM\¢ÇMf¤KR m h!°HV§]�J3hTO\�c¢¥h!£Y£HONRChT�c¢HJ_X	j�¤�¢HZl�c¢§h!O\J
�,VYONO\J	LCMNnbe¥MN¢YJ)°iJ_XfM���J,Mch?�Ð¢HJ	VYONZlXfM\Zb��hT£H£HO\RthT�c¢YJ3X
PSRTO�MN¢YJ
£HO\RT°HnbJ	��o Ø J�¤�Zbnbnº��J3hTXNVHO\J�MN¢HJ�£�J	ONPSRTO\��h!LY�	J�Z[LÇM\J	O\��X
R!Pv^=J	a�Zlh?M\Z[RtL¸R!P8MN¢HJ�°�J3X�M�X�Rtn[VHMNZbRTL¸Rt°=M\hTZ[LYJ3^¹¤�ZdM\¢¹J_hT�c¢
��J,M\¢HR=^¡PSONRt�ÔM\¢HJF°�J3X�MÀª�LHR?¤�L¶X�Rtn[V=M\Z[RtL¶h�a�hTZ[nlh!°Yn[J¥PSRtO
J3ht�c¢1ZbLYX�M\hTLY�,J�hTXQ£YONJ_X�J3LtM\J3^1Z[L m h!°HnbJ�uTo
m ¢HJ¥h!nb©TRtONZ[MN¢H��X1¤KJ¥�,Rt��£Yh!O\JÀRtVHO¨]=h�a�Z[LH©CX�°ihTXNJ3^Îk�LCM
]�e=X�MNJ	�Ô¤�ZdM\¢¡hTONJËMN¢HJ¥£YhTO\hTn[nbJ	n8M\hT°HVÆX�J_h!Oc�c¢Îh!nb©TRtONZ[MN¢H�
±�¯ m ]H²�PSO\RT� ±�®�J	©TRàh!LY^�®�RtVY�	hTZ[O\RTnpjÍu3|T|t}t²�hTLY^ MN¢YJ
m k�U ` ®�× `�m vÍh!nb©TRtONZ[MN¢Y� ± m ]H²­PSONRt��±EÑ�J3LY^=O\J3h!V1J,M�h!npo[j
u3|t|!r�²³o
m ¢HJ�nlhTX�MvMf¤KR�O\R?¤�X8RTP m h!°HnbJ�s)X�¢YR?¤¶PSRTOyhTn[nºhTn[©tRTO\ZdM\¢H��X
MN¢YJ�O\J	nlh?M\Z[atJ�£�J	Oc�,J	LCMch!©TJ�^=J	a�Zlh?M\Z[RtLË±�®�¯ Þ ²­R?atJ	O­MN¢HJv°�J3X�M
ª�LHR?¤�L¥X�Rtn[V=M\Z[RtL�o;w)RtONJ�XN£iJ_�,Z[Êi�	hTn[nbeTj�MN¢HJ�XNJ3�	RTLY^ÀMNR�nlhTX�M
O\R?¤;©TZbaTJ_X�M\¢HJ�h�aTJ3O\hT©TJ
®�¯ Þ PSRTO�MN¢YJ�O\hTLY^=RT��£YONRt°Hn[J3��X
±pI8u	�fI8u_{t²,ji¤�¢HZbnbJ
M\¢HJ7nlhTX�MvONR?¤¶XN¢HR?¤�X�M\¢HJ�h�aTJ	Och!©tJy®�¯ Þ
PSRTOQM\¢HJy�,nbVYX�MNJ3ONJ_^�£HO\RT°Yn[J3��X�±ÐI8uTu	�fI8u3rC²³o

m h!°HnbJ­sH��IKRt��£Yh!O\ZbXNRTLy×�P m hT°HV
]�J_h!Oc�c¢vk�LY^ m ¢HJK]Hh�aCZbLH©CX
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~ O\RT� m h!°Yn[JQs�Z[Mº�	hTL
°�JW�	n[J_h!O\n[eyXNJ	J3L�j�MN¢Yh!M%RTVHO2h!nb©TRtONZ[MN¢H�
RTVHMN£�J	ONPSRTO\��X­MN¢YJ8Mf¤WR m h!°YV�]�J_h!Oc�c¢�h!£H£YONRChT�c¢HJ_Xº¤�Z[MN¢�ONJ	�
XN£iJ_�³MºM\RyX�Rtn[V=M\Z[RtL�µtVih!nbZdMfeto m ¢HJ8h�aTJ	Och!©tJK^=J3a�Zbh!MNZbRTL�R!P�RTVYO
]=h�a�ZbLH©tX0°YhtX�J_^¹k�LtM�]�e=X�MNJ3�.R?aTJ3O�hTn[n�ZbLYX�M\hTLY�,J_X7ZlX�RTLYn[e
{Hý sTz�;�j�¤�¢HZbn[JËMN¢YJÇ£ih!Och!nbn[J3n�Mch!°HV¡X�J_h!Oc�c¢ÄZbX�RtL¬h�aTJ3O\hT©TJ
{Hý�iDi	;.h�¤Qh�eFPSO\RT�ÕM\¢HJË°�J3X�M1ª�LHR?¤�L¬X�Rtn[V=M\Z[RtL�j�hTLY^�MN¢YJ
m k�U ` ®�× `�m v¬h!nb©TRtONZ[MN¢H�#¢YhtX�h!LËh�aTJ	Och!©tJ�^=J	a�Zlh?MNZbRTLÀR!P
{Hý zHu�;�o�¯%hTO�M\Zb�	VHnbhTONnbeTjTRTL�M\¢HJ8�	n[VYX�MNJ3ONJ_^�£HO\RT°HnbJ	��XºMN¢HJ�X�V=�
£�J	O\Z[RtO�£iJ3O�PSRtON��hTLY�,J�RTP�RtVHO�h!nb©TRtONZ[MN¢Y�à�	hTL�°iJ7RT°YXNJ	O\aTJ_^�o
m ¢HZlX�ZlX�^=VHJ¨M\RFM\¢HJ¨P�ht�³M3j�MN¢Yh!M�M\¢HJ¥]Hh�aCZbLH©CX�h!nb©TRtONZ[MN¢H�
Z[M\XNJ	n[PQZlXyª�LHR?¤�LÇM\R)£iJ3O�PSRtON�ÌaTJ	O\eÀ¤WJ	nbnºRtLËM\¢HJ��	n[VYX�MNJ3ONJ_^
£HO\RT°HnbJ	��X3o m ¢HZbX
¤WhtX
hTnbXNR¨�,RtL=ÊYO\�0J_^¥°�eËRtVHOyO\J3XNVHndMcXyZbL
MN¢YJ�nbhtXfM�XNJ3�³M\Z[RtL�o
ò�R�RtªCZbLH©�h!M2�	RT��£HV=Mch?M\Z[RtL�MNZb��J3X3j!¤KJK¢Yh�aTJ­MNR��,RTLiX�Zl^=J	O�MN¢YJ
PSRTnbnbR?¤�Z[LH©�ZlXNXNVHJ3X3��ÊiO\X�M3j?M\¢HJ���hT�c¢HZbLHJ_X2VYX�J_^�^=Zdä�J	O%©tONJ_h?M\n[etow)RtONJ3R?aTJ	O_jCMN¢HJ7¯ m ]�h!nb©TRtONZ[MN¢H��jH¤QhTX�£iJ3O�PSRtON��J3^�RtL�£ih!ON�
h!nbnbJ	n2��hT�c¢HZbLHJ3X3o0]=J3�,RtLY^�j�M\¢HJ0MNZb�0J_Xv©TZbaTJ3L¨PSRTO�M\¢HJ m hT°HV
]�J_h!Oc�c¢�hT£H£HO\Rtht�c¢HJ3X2^=J3LHR!M\J�MN¢HJ�MNZb��J�MNR�ÊiLY^0MN¢HJ8°iJ_XfMWX�RT�
nbV=MNZbRTL�j?¤�¢YJ	O\J3hTX�RTVHO��,RT��£HVHM\h?M\Z[RtL�MNZb��J3X�^=J	LYR!MNJºMN¢HJKMNZb��J
MNR7£iJ3O�PSRtON�Éw�þNú¨X�Rtn[VHMNZbRTLYX3o ~ RTOW��RtX�MK£HO\RT°HnbJ	��X­MN¢HJ�°�J3X�M
XNRTnbV=MNZbRTL0¤WhtX�PSRTVHLi^7J_h!O\n[ZbJ	O2ZbL0MN¢HJ�XNJ3hTO\�c¢7£HONR=�	J3X\X	o=<vJ	J	£H�
ZbLH©�MN¢HJ_X�J�£�RTZbLtMcXvZ[LÇ��Z[Li^�j�Z[MyX�J3J	��X�MN¢Yh!M�RTVHO�h!£Y£HONRChT�c¢
ÊYLY^YX0�	RT��£�J,MNZ[MNZbaTJ�XNRTnbV=MNZbRTLYX7aTJ3ONeÇP�htXfM�hTX0�,Rt�0£ih!O\J3^¥M\R
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9 ���	³Ï���
]�RËP�h!O�¤WJ1¢Yh�atJ�J3a�hTn[Vih?MNJ_^FRtVHO0hT£H£HO\Rtht�c¢¸hT�3�,RTOc^=ZbLH©)M\R
MN¢YJ�°iJ_XfM�XNRTnbV=MNZbRTLYXWPSRtVHLY^�PSRTO�J_hT�c¢�ZbLYX�M\hTLY�,JvZbLËu_{
M\ONZlh!nlX3o
  L)M\¢HZbX�XNJ3�³M\Z[RtL)¤KJ7¤�Z[nbn�Mch!ªtJ
h�nbR�RTª�h?M�M\¢HJ7h�atJ	Och!©TJ�hTLY^
¤WRTOcXfMQ�	hTXNJ�°�J	¢ih�aCZbRTOKR!P�RtVHOQh!nb©TRTO\Z[MN¢H� ZbL�MN¢YJ3XNJ7u_{�MNO\Zlh!nlX
PSRTO�J_hT�c¢�R!P�MN¢HJ�u3r0ZbLYX�M\hTLY�,J_X	o
Ø ¢Yh!M1ZlX���h!ZbLHnbe¹RTPvZbLCMNJ3ONJ_XfM_j�ZbX�MN¢HJÀµCVHJ_XfM\Z[RtL¦¤�¢HJ,M\¢HJ	O
MN¢YJ�h�aTJ3O\hT©TJ0RTO�¤WRTOcXfM
^=J3a�Zbh!MNZbRTL§^=J	£�J	Li^HXyRtLËM\¢HJ�£HO\RT°H�
nbJ	�ßX�Zb·	J¨hTLY^��c¢Yh!OchT�,MNJ	O\ZlXfM\Zb�3X	o m ¢YJ	O\J,PSRTO\J�¤KJ)¤�Zbnbn�LHR?¤
£HO\R?a�Zb^=J
ONJ_X�VHn[M\X�PSRTO8MN¢HJ0^=Z[ä�J3ONJ3LtM�£HO\RT°HnbJ	� X�Zb·	J_X8hTLY^�PSRtO
MN¢YJ�^=Zdä�J	O\J	LCM�£HO\RT°HnbJ	�Ì�c¢Yh!OchT�,MNJ	O\ZlXfM\Zb�3X	j�LYhT�0J3n[eÀO\hTLY^=RT�
h!Li^1�	n[VYX�MNJ3ONJ_^�o
ò�J	M­VYXºÊYO\X�M­nbR�RTª7h!M­£HO\RT°HnbJ	�«�c¢Yh!OchT�,MNJ3ONZlXfM\Zb�3X	o   L m hT°HnbJ�r
¤WJ��3h!L�XNJ	J8MN¢HJ�h�atJ	Och!©TJ�hTLY^�¤WRTOcX�MW�	htX�J8°iJ3¢Yh�a�Z[RtOKRTP�RTVYO
]=h�a�ZbLH©tXW°YhtX�J_^1k�LtM8]=e�X�MNJ3��jYh�aTJ3O\hT©TJ3^�R?atJ	OWMN¢YJ�O\hTLY^=RT�
h!Li^1�	n[VYX�MNJ3ONJ_^�£HONRt°HnbJ	��X	j=O\J3XN£�J3�³M\Z[atJ	nbeTo
~ O\RT�«M\¢HJ3XNJ�O\J3XNVHn[M\XºZ[MK°�J3�	RT��J3XKRTLi�,J�hT©th!ZbL�RT°�a�ZbRTVYXºMN¢Yh!M
RTVYOyh!nb©TRTO\Z[MN¢H��£�J	ONPSRTO\��Xv£Yh!ONMNZl�,VHnlh!O\nbe�¤WJ	nbnºRtLÀM\¢HJ��,nbVYXf�
MNJ3ONJ_^À£YONRt°Hn[J3��X	o�Û�R?¤WJ	atJ	O_jiM\¢HJ�¤WRTOcXfM��	htX�J0°iJ3¢Yh�a�Z[RtOvR!P
uTý |tw	;àPSRTOvM\¢HJ�Och!LY^=Rt��£HO\RT°HnbJ	�áX�J3J	�áXfM\Z[nbn%MNR)°�J���RTO\J
MN¢ih!L�ONJ_hTXNRTLYhT°HnbJTo
Ø ¢HZbn[Jv¤WJ8¢ih�aTJ�LHR?¤Î�,RtL=ÊYO\��J3^�M\¢HJ�XfM\ONRtLH©
£�J	ONPSRTO\��h!LY�	J
R!P�RtVHOÀ]=h�a�Z[LY©tX)°YhtX�J_^Æk�LCMÇ]�e=X�MNJ	�ÔPSRTO)M\¢HJ¸�	n[VYX�MNJ3ONJ_^
£HO\RT°HnbJ	��X7n[J	M0ViX
ÊiLYh!nbn[eÇM\VHONL¸MNRËMN¢HJ�µCVHJ3X�MNZbRTL¸¢HR?¤Éh�aC�
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m h!°HnbJQrY�   LH´YVHJ	Li�,J8×�P�¯­ONRt°HnbJ	�6IK¢YhTO\ht�³MNJ3ONZlX�MNZl�	Xº×8L m ¢YJ
k�atJ	Och!©tJÀk�LY^ Ø RtO\X�MÀIWhTXNJËUWJ	¢Yh�a�ZbRTO)×�P0×8VHO�]Hh�aCZbLH©CX
UQhTXNJ3^�k�LCM8]�e=X�MNJ	�

%�6>ôD!/.m0�!/&)1 ÒQÓ-Ô×ÖRØ Ù ñ Þ<ò×à5ó5ß�ÜmßDÖ!�1A@

Ú�ÜmØÕÝ Þ\ß-Ù2à Ú�Ü�Ø-Ý Þ'ß"Ù�à
��ôÇ6�(â.)÷�6 I�O�I:è èDO�I5ì

2�&)(�#E0
A .)#76 I�O KÇë èDO�I:L
J	Och!©tJ�h!Li^§¤KRtO\X�M7�3hTXNJ�°iJ3¢Yh�a�Z[RtO
O\J	nlh?M\J�MNRÀMN¢HJ�£HO\RT°HnbJ	�
XNZ[·3JTo   LFRtO\^HJ	O�M\RÀh!LYXN¤WJ	OyM\¢HZlX7µCVHJ_XfM\Z[RtL�j2¤KJ�¢ih�aTJ�RTLYn[e
nbRCRtªTJ_^0h!M­£HO\RT°HnbJ	��X
Ñ0u b Ñ0u3{Yo m ¢HJ�ZbLCMNVHZ[MNZbRTL�PSRtOºM\¢HZbX­ZbX
MN¢YJQPSRTnbn[R?¤�ZbLH©Yo m ¢HJ��	n[VYX�MNJ3ONJ_^
£YONRt°Hn[J3��X�Ñ0uTu b Ñ0u3r8¢Yh�atJ
XNZ[·3J3X�RTP�u_{T{�hTLY^0u_w!{��	VYX�MNRT��J3O\X3o m ¢�VYX3j	M\¢HJ	e�h!O\J2��J3^=ZbVH�
XNZ[·3J3^�o
Û�R?¤KJ3aTJ3O3j�^=VHJ7MNR1MN¢HJ3Z[O��	n[VYX�MNJ3ONJ_^ÀX�MNO\VY�³M\VHO\J
M\¢HJ	e
�	hTL)°iJ7°iJ	M�M\J	OvX�Rtn[atJ3^1MN¢YhTL¨£HO\RT°HnbJ	��X�¤�ZdM\¢¨O\hTLY^=Rt�à^=ZlXf�
MNO\Zb°HV=MNZbRTL)RTPº�,VYX�MNRt�0J3O\X�R!P%J3µCVYhTn�h!Li^�J	aTJ3L¨X���hTn[nbJ	O�XNZb·	JTo
  L¨RtO\^=J3O�LHRTM8M\R�°HZlhTX8RTVYO�O\J3XNVHndMcX�RtL)MN¢YJ7^=J3£iJ3LY^=J	Li�,J0R!P
h�aTJ3O\hT©TJ�h!Li^§¤KRtO\X�M0�3hTXNJ�°�J	¢Yh�a�ZbRTO
RtLF£HO\RT°HnbJ	�'XNZ[·3J�¤WJ
¢Yh�atJ�M\¢CViX�^=J3�	Zb^HJ3^1MNR�Zb©TLHRtONJv£HO\RT°HnbJ	��X4Ñ0uTu b Ñ0u	rio
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~ Z[©tVHO\JÀw=�Àk�aTJ	Och!©tJt± Þ hTONª¹IKRtn[VH��LYXc²�k�Li^ Ø RtO\X�M�IWhTXNJ
UWJ	¢Yh�a�ZbRTO¨×�P�×8VYO)]Hh�aCZbLH©CX�UQhtX�J_^¬k�LtMcX ~ RtO Þ Z[ä�J3ONJ3LCM
¯ºO\RT°Yn[J3�õ]�Z[·3J3X

~ Z[©tVHO\J�w�XN¢HR?¤�X�M\¢Yh?My°�R!M\¢¥h�atJ	Och!©tJ7h!Li^Ë¤WRTOcX�M��3hTXNJ�ONJ	�
XNVHndMcXQZ[Li�,O\J3hTXNJ�¤�Z[MN¢�£HO\RT°HnbJ	�ÉXNZb·	J�¢HR?¤KJ3aTJ3OKh?M�h0^=J3�	ONJ_hTX��
ZbLH©¹Och?M\JTo m ¢HZlX1O\J3XNVHn[M1ZlX�£Yh!ONMNZl�,VHnlh!O\nbe¹J3LY�,RtVHO\hT©TZbLH©¸htX
Z[M�XNVH©t©TJ3X�M\X8M\¢Yh?M�J	atJ	LËPSRTOvnlh!O\©TJ	O�£HO\RT°HnbJ	��X�RTVYO�]Hh�aCZbLH©CX
°YhtX�J_^¨h!£H£YONRChT�c¢¨XN¢HRTVHnl^)°�J0hT°HnbJyMNR1ÊYLY^ÀONRt°HVYX�M8O\J3XNVHn[M\X3o
Û�R?¤WJ	atJ	O_j­M\¢HJÀa?hTn[Zl^=Z[Mfe¹RTP�M\¢HZlX1X�M\h!MNJ	��J3LtM1LHJ	J_^HX�M\RF°�J
MNJ_XfM\J3^�ZbL1PSVHMNVHO\J�¤KRtONª�o

B ÅFÁ¸½¶ÅÇé7Ã¡ðW¼HÁ¸½¶ð

  L�MN¢YZbX1£Yh!£�J	O�¤KJ¨¢ih�aTJ)ZbLCatJ3X�MNZb©th!MNJ3^¹M\¢HJ¨��J	O\ZdM�R!PvMN¢YJ
ZbLY�,RtON£�RTOch?M\Z[RtL
R!P�h�£iR?¤WJ	ONPSVHnH£YONRt°Hn[J3�(XN£iJ_�,Z[Êi��h!nb©TRtONZ[MN¢H�
PSRTO7MN¢YJ1g�®�¯2j2LYh!��J	nbe¥MN¢YJ�]=h�a�ZbLH©tX7h!nb©TRtONZ[MN¢H��j%ZbLCMNRËhTL
k�LCM8]�e=X�MNJ3�ÉPSOch!��J	¤WRTO\ª�o
Ø J�¢Yh�aTJ�ÊiO\X�M
£HO\J3XNJ	LCMNJ_^§h���h?MN¢YJ	��h?M\Zb�3h!nºPSRtON�7VHnlh?MNZbRTL�j

PSRTnbnbR?¤KJ_^8°�e�h!LvR?aTJ3ONa�ZbJ	¤ÀRTPCJ	�=ZbX�MNZbLH©�O\J3XNJ3h!Oc�c¢�Z[LvM\¢HJ­h!O\J3hYo
k�PåM\J	O\¤WhTO\^YXQ¤KJv¢Yh�atJ�^=J_XN�	ONZb°�J3^�RTVHO�hT£H£HO\RthT�c¢1Z[L)^=J	M\hTZ[npo
m ¢HO\RTVH©t¢yM\J3X�M\X2RTL7MN¢YJ�XfMch!LY^HhTO\^
°iJ3LY�c¢H��h!O\ª�£HO\RT°HnbJ	�(Z[L=�
X�M\h!Li�,J3X8¤WJ
¤WJ	O\J7h!°Yn[J7MNR�X�¢HR?¤�j�M\¢Yh?MvRTVHOvh!nb©TRtONZ[MN¢Y�#J	���
¢HZb°HZ[M\X�hT^HhT£=MNZbaTJ%nbJ3hTONLHZbLH©ij	RTVHMN£�J	ONPSRTO\��X�J,�=ZlXfM\Z[LH©�k�LCM2]�e=X��
MNJ3�«htX2¤KJ3n[n�hTX%X�M\h!MNJ�R!P�M\¢HJ�h!ONM m hT°HV�]�J3hTO\�c¢�h!£Y£HONRChT�c¢HJ_X
h!Li^�X�¢YR?¤�XKX\h?M\ZbX�PSe�Z[LH©0h�aTJ3O\hT©TJ�h!Li^�¤KRtO\X�MW�3hTXNJ�°�J	¢Yh�a�ZbRTO_o
~ Z[Lih!nbn[etj�¤WJ§X�¢YRTVHnl^ÆhT^H^�j�M\¢Yh?M)RTVYO¨h!£H£HO\Rtht�c¢ÄPSJ_h?MNVYONJ_X
Mf¤WR�Z[��£�RTONM\hTLtM8ZbX\X�VYJ3X��	RTLY�	J	O\LHZbLH©�O\J3h!n�¤KRtONnl^�£HO\RT°HnbJ	��X3o
~ Z[OcX�M3jvMN¢YJ3XNJF£HO\RT°HnbJ	��X¨hTONJ¥©TJ3LHJ	Och!nbnbeÎ�,nbVYX�MNJ	O\J3^�jyhTX)ZbL
�,Z[MNZbJ3X�MN¢HJ
^HJ	LYXNZdMfe1R!P%�,VYX�MNRt��J	O�nbR=�	h?M\Z[RtLYXQZlX�¢HZb©T¢HJ3O�MN¢YhTL
ZbL0O\VHOch!nHhTONJ_hTX3o Ø J�XN¢HR?¤WJ3^�j!MN¢Yh!M%PSRTOº�,nbVYX�MNJ3ONJ_^7£YONRt°Hn[J3��X
RTVYO�hTn[©tRTO\ZdM\¢H�Æ¤KRtONª=X�£ih!ONMNZl�,VHnlh!O\n[e�¤WJ	nbnEo%]�J3�	RTLY^�j��	RT��£HV=�
M\h!MNZbRTL�M\Z[��JyZlX�RTPåMNJ	LË�,O\VY�,Zlh!n�ZbL)O\J3h!n�¤KRtONnl^�h!£H£HnbZl�	h?M\Z[RtLYX3j
h!Li^§RTVHO0O\J3XNVHndMcX7XNVH©t©TJ3X�M3j�M\¢Yh?M�RTVHO�]=h�a�ZbLH©tX
°YhTXNJ3^Fk�LCM
]�e=X�MNJ	�.�	RT��£YhTONJ_X�P�h�aTRtO\hT°Hnbe¨MNRËR!M\¢HJ	O7MNJ_�c¢HLHZlµtVYJ3X0¤�ZdM\¢
O\J3XN£iJ_�³MQMNR�M\¢HZbX�RT°=âfJ_�³MNZbaTJto��>5C�G���D���A�EGF�DFA�G��IH
m ¢HZlX§¤WRTO\ª¶¤WhtX§X�VH£Y£iRtO�M\J3^«°�e¶MN¢HJ¬k�VYX�MNO\ZbhTL ]H�,ZbJ	LY�	J
~ RtVHLY^Hh!MNZbRTLyVYLY^=J	O�©TOch!LCM�] ~ UKJ7{Hu_{vÖ k8^Hh!£=M\Z[atJ   L=PSRtON��h!�
MNZbRTL¸]=e�X�MNJ3��X7hTLY^�w)R=^=J	nbnbZ[LH©ÀZ[L^vK�,RtLHRT��Zl�	X�h!Li^rw¨h!LH�
h!©tJ	��J	LCM�]=�	Z[J3LY�,JtÖYh!LY^�°�e�M\¢HJ7×8J3X�MNJ3ONO\J	Zl�c¢HZlXN�c¢YJ�Ï8h?MNZbRTLH�
h!nb°YhTLHª�±p×8J3Ï8U�²�VYLY^=J	O2©tO\hTLtM"J7zT}Tst{Ho Ø JQh!O\JK©tO\h!MNJ,PSVYnTM\R
Û�J3ON°�J	ONM Þ h�¤�Zl^¨h!LY^�PSRtVHOvh!LHRtLCe���RTViX�ONJ	PSJ	O\J	J_X�PSRTO�MN¢HJ3Z[O
a?h!nbVYh!°Yn[J��,Rt���0J3LCM\XQRTL�M\¢HJ�£Yh!£�J	O_o

@�A�LÐAC<?ACG�>TA�H
M O M +-,�,�1-�"65!�*Q6>(:H ø%O-NCOO6
.�(70�,Ì.)1-9 AC�JO(�?07(â.)+"#7#�@EI5K�K)K�.ÇN+P/�1-6+QÏ(â.�1	3%çÕ.�#76:9�ô�6>(�#7!�&�1�&�$Õ0��-6�.�1?0Ð#E8"#E0�6>*�P×.
3>&�* = +D0â.�0�!�&�1-.),#E0�+Õ9�8?OSRGT+U	V WYX5Z&[]\�WY^+_�T`XIUba�^I\�WcU�X5Z"^edgfO_�T+WYXIV hi^IU�j:k"T+jlT`XIW`mcn
�Â@EI:N+P ë)M.o?ï�LDO
M O M +",�,/1"�-65!�*Q6>(:H�øcOpNCOq6
.�(70�,	.)1-9tAC�JOr��07(â.�+-#7#f@EI5K�K)K)çGN+P
� ="= ,�8D!�1-÷ð0��-6�.�1�0�#E8D#E0�65*Î0�&�0��-6	ôÇ65�"!/3>,/6	(�&�+D0�!�1-÷ = (�&)ç-,�65*ðOá 1�Ps� Ort�&�#7#�6>0x.),­O @­6:9D#5O N�HguvT+VwXIx yqT+\�W+hzj4V himljl{}|�~I��XIU�mcT+j
XIU�~b�	W4T+U�~Ij�h�U���^.m4X5Z]��T`XIWYmcn���XIWYX�~Ih��I�rj#dl^IW�f�_�V hz��h���X�V hi^IU-H
� ,�+�Q 6>(:H M &�#E0�&)1JHGë)LÇM�oDë�K�éDO
M O M +",�,/1"�-65!�*Q6>(:HÕøcO�NCO�6�.�(70�,×.)1Õ9;AC�ÂO���07(â.�+-#7#�@EI:K�K)K)3mN+P���1!�* = (�&môÇ6:9Å.�1�0�#E8"#E0�6>* .),�÷)&)(�!�0��-* $'&)(�0��-6xôÇ65�"!/3>,/6x(�&�+"0�!�1"÷= (�&)ç-,�65*ðO=|�U�U�X5Z jq^ed/f�_�T+W`XIV hi^�U	j�k"T+j�T`XIWYmcn��	��P ïDI:K.o�ï�ë)LDO
� OGAC�"(�!�#E0�&)FÕ9"65#5H��%O�,ý!�1-÷)&58�8>!Ð.)1Õ9A!×O �J&)0���@EI:K�î)K�N+P�� �-6côÇ6l*�-!�35,�6�(�&�+"0�!�1"÷ = (�&�ç-,�65*ðO á 1�P � OÌAC�"(�!�#E0�&)FÕ9"65#�6�0	.),­Or@­6:9D#5O N�HR&^I�9�lhzU�XIVw^�W+hiXIZGfO_�V h���h��.XIV hi^�U-H�2�!�,/6�8?HGAC�"!/3>65#E0�6>(:HGï�ImM�o�ï�ï)LDO
� OGAC�"(�!�#E0�&)FÕ9"65#�@EI:K)LÇM�N+P�tÌ65�"!�35,�6cø�&�+D0�!�1-÷"O á 1JO"��O��ÐO��R.�Q`,�6>(6>0�.�,�O @­6:9"#5O N�Hc� �-6 �Â(â.mô�65,�!/1"÷S�D.),�65#7*	.)1�!Ð(�&)ç-,�65*ðH�2�!�,�6>8?HAC�-!�356>#E0�6>(:HÕì�ïDI+oÇì�ì�LDO
0�OJAC,/.�(43Ç6².)1-9�H��"O�2 O�2�(�!�÷)��0�@EI:K)é)ìÇN+P���3��"6:9"+",/!�1"÷�&�$Cô�65�-!�*35,�65#4$'(�&)* .ý35651?07(â.),Ì9"6 = &)040�&�.ý1�+"*²çG6>(4&�$`9"6>,/!�ôÇ6�(78 = &)!�1�0�#5OfO_�T+WYXIV hi^IU�j�k�T+jlT`XIW`mcn7����P M�é�L�o�M)L�I�O
�cO�AC&�,�&�(�1-!­Hg,2Or%�&)(�!�÷)&Å.)1Õ9�t�O�,ð.)1"!/6l8�85& @EI:K)KDI:N+P}%�!�#Y*07(�!�ç-+D0�6:9�� = 0�!/*Q!�8:.m0�!�&�1ýç?8���1�0`AC&�,�&�1"!/6>#5O á 1�P&NCO�tC.m(�65,/.�.)1-9
!×O M &)+"(�÷)!/1"6²@­6:9D#5O N�H��]WY^.mcTcT`~Ih�U��Ij�^ed�V�n	T]�GhzWcj4V�[]\�WY^+_�T`XIU�R&^IU	x
d.T+W`T+U�mcT�^IU�|�WcV h  =mlhiXIZ��-h d.T�H���,�#765ô�!�6>(:H���*Q#E0�6>(â9".)*ðHGI:ï�ì�o-I5ì?ë?O

EVOLUTIONARY SCHEDULING AND ROUTING1324



%²OÕAC&�#E0â.�H��cO�6
6>(7048Q@EI5K�K�î�N�O]��1?0�#�35.)1ð35&),�&�+"(�÷)(â. = �"#5O#a�^I\�W+x
U�XIZ�^Yd�V�n	T/fO_�T+W`XIV h ^IU�X5Z�k�T+jlT`XIW`mcn���^.mlhwT+V ¡#
��J@�ïÇN+P ë�KÇM.o?ï�è�M�O
0�O��cO"AÌ(�&?6>#4@EI:KÇM�LÇN�O=��*Q6>0��-&�9�$<&�(�#7&�,�ô�!�1-÷²�J(â.:ôÇ65,�!�1-÷/�D.),�65#Y**	.)17!Ð(�&)ç-,�65*Q#5O�fO_�T+WYXIV hi^IU�j�k�T+jlT`XIWYmcn�
�P î�KDI+o?L�è�I�O
� OA%�&?6�(�1-6>(:H¢,2O�0�(�&�1-.),�0:HÏøcOANCOA6�.m(70�,�H¢,2O;ø�65!�*	.)1"1JHAC�JO���07(â.�+-#7#�.)1-9A,2O��?0�+-*Q*Q6>(4@Bë�è�è�ë�N+P"�D.:ôD!�1"÷�#4��1?0�#�$<&�(�0��"6
t�65�-!�35,�6Cø�&�+D0�!�1-÷�!Ð(�&)ç-,�65*ðO á 1�� O�A .�÷�1-&)1-!�6>0Ð.�,­O\@­659"#5O N�H�|=_�_�Z h x
m4XIV hi^IU�j/^Yd#[]��^5Z \�V hi^�U�XIWc¡�R&^I�$_�\�V hzU��)HO� = (�!/1"÷�6>(�� � A]��ë�ë)î)K�H
M 6>(�,�!�1�£�6
65!/9D65,�çG6>(�÷"H×I)I+o�ë)èDO
,2O]%�&�(�!�÷�&x.)1Õ9K�ÐO",2O$0�.)*�çÕ.m(â9"65,�,/.�@EI:K�K�î�N+P¤��1?0ýAC&�,�&)1�8
��8D#E0�65*�P��f35&?& = 6>(â.�0�!�ôÇ6�,�6:.�(�1"!/1"÷%. ="= (�&Ç.�3���0�&40��"6`�J(â.:ôÇ65,�,�!/1"÷�".�,�65#7*	.)1S! (�&�ç",�65*ðO�¥Y[G[&[¦�	WYXIU	j+X�mlV h ^IU	j1^IU¤[���^5Z \�V hi^IU�XIWc¡
R&^I�$_�\�VwXIV hi^IUA�G@EI:N+P M)ï�o?é�é�O
��O�,2Op0�.)*�çÕ.m(â9"65,�,/.DH��`O4�×.)!�,�,/.�(â9Å.)1-9§0�Oq��÷�.I8�8>!ý@EI:K)K�K�N+P
,���A]��*wt
ø$!��=2¨P��©,ý+-,�0�! = ,�6#��1�0�AC&�,�&�1?8��?8"#E0�6>*t$'&)("t�65�-!�*35,�6�ø�&)+"0�!�1-÷q! (�&�ç",/6>*Q#&Q`!�0��	� !�*Q6]2�!�1Õ9"&.Q`#5O á 19%²O�AC&�(�1-6�6>0.),­O/@­6:9D#5O N�H(ªpT+«S¥l~�T`XIjphzUbfO_	V hz��h��.XIV h ^IU-HO,ý3:0�(â.�Q]*w6
!�,�,�H��J&)1�*9"&)1JH-é�ï.oDî)ï�O
,2OÐø%O&0�.�(�6>8?H&%²O(� O(��&)�-1"#7&�1^@EI:KÇî�KÇN�O¨R&^���_�\�V¬T+Wcj�XIU�~g¥cU�x
V W`X5mlVwX��lh Z hzV ¡�{/|®­�\�hi~�T/Vw^AV�n	TA��n	T`^IW+¡1^ed�ª"�sR&^I�$_�Z�T+V¬T+U�T+j4jl¯
2 O�6�O�N"(�656>*	.)1�°ÅAC&DO�H � 6lQS±Ì&)(43GO
,2O=0
651Õ9�(�6:.)+ÂH"�cO(6�6>(7048�.�1Õ9¤0�O��J. = &)(70�6�@EI:K�K�ì?N+P1� 0â.)ç"+#76:.m(�3��;�-6>+"(�!�#E0�!�3c$'&)(
0��"6�ô�65�-!�35,�64(�&�+D0�!/1"÷ = (�&�ç",�65*ðO#u�XIU�X���Tlx
�:T+U�V=��mlhwT+U�mcT]
���P�Imë)î)é�o-Imë�K�èDO
,2O"0
6>1Õ9D(�65.)+JH"0�O]�R. = &)(70�6;.�1Õ9¤±�O�!×&�0�ôD!�1a@EI:K�K)KÇN+P�,ý6>0â.�*�-6>+"(�!�#E0�!�35#�$'&)(
0��"6%ôÇ65�-!�35,�64(�&�+D0�!�1-÷ = (�&)ç-,�65*ðO�0#�Ðø���%t�R653â��*1-!�3:.�,Â(�6 = &)(70�0$*jK�L�*õM)ë�O
M O���O$0
!�,/,�6>0�.)1Õ9K�ÐO�øcO",ý!/,�,�6>( @EI5KÇî�ìÇN+Pb�ü�"65+"(�!�#E0�!�3�.�,�÷�&I*(�!�0��-* $<&�(ð0��-6�ôÇ65�"!/3>,/6+*õ9D!�# = .�0�3â� = (�&)ç-,�65*ðO¦fO_�T+W`XIV h ^IU	j�k"Tlx
jlT`XIW`mcn/����P ï�ìÇè�o?ï)ì�KDO
2 O(�DO&0
+"0 ²E.)�"(ý@Bë)è)èÇë�N+P���A]�}.),�÷�&�(�!�0��"*Q#rQ`!�0�� ÷�+-.�(â.)1?0�6565935&)1Dô�6>(�÷�651"356
0�&c0��-6�& = 0�!�*	.),G#7&),/+D0�!�&�1JO]¥cU.dl^IW+�9XIV hi^IU:�]WY^.m+T+j4jcx
hzU��r�OT+V V¬T+Wcj�����P/I>ì?M�oÕImM�ïDO
0�Og�J. = &)(70�6»@EI:K)K�KÇN+P³� ö".)3>0 .),�÷�&�(�!�0��"*Q# $<&�( 0��-6½07(â.:ôÇ65,�*,�!�1-÷ #�.),�65#7*	.�1 = (�&�ç",�65*¸.)1Õ9�0��"6;ôÇ65�-!�35,�6�(�&�+D0�!�1-÷ = (�&)ç-,�65*ðO0#�Ðø���%½�R653â�-1"!/35.), (�6 = &)(70�0$*jK�L�*õï�î�O
0�O(�J. = &)(70�6�.�1Õ9�NCO(��65*Q6>0�@EI:K)K�K�N+P�AC,/.)#7#7!�3:.),`�"65+"(�!�#E0�!�35#�$'&)(0��-6
ôÇ65�-!�35,�6
(�&)+"0�!�1-÷ = (�&�ç",�65*ðO&0#�Ðø���%½�R653â�-1"!/35.), (�6 = &)(70$0$*K�L�*õM�ì"Oá O�6cO��
#7*	.)1	@EI5K�K�ï�N+P(,ý6>0â.�#E07(â.�0�65÷�8c#7!/*�+-,/.�0�659c.�1-1"6:.),�!�1-÷�.)1-90â.)ç"+r#76:.�(�3â� .�,/÷)&)(�!�0��-*Q#�$<&)(�0��"62ô�65�-!�35,�62(�&)+"0�!�1-÷ = (�&)ç-,�65*ðO|�U	U�X5Z jq^Yd9fO_�T+WYXIV hi^IU�j�k�T+jlT`XIWYmcn/
��	P ìÇë�Ico?ì?M?I�OA�OJø�65÷)&ð.�1Õ9�A�OJø�&�+-35.)!�(�&�,�@EI:K)K�éÇN+Pr� = .m(â.),�,�65,Ì0â.�ç-+�#76:.�(�3â�.),�÷)&)(�!�0��-*ú+-#7!�1"÷ 6e²õ653>0�!�&�1 3â�Õ.�!/1"#�$<&�(Ï0��"6fôÇ65�"!�35,�6f(�&�+"0�!�1"÷= (�&)ç-,�65*ðO á 1�P á O$6�O#�
#7*	.)1 .)1-9��"O � 65,�,�8 @­6:9D#5O N�H9uvT+VwXIx
yqT+\�Wchzj4V himljl{¬��n	T`^IWc¡7XIU�~�|�_5_�Z him4XIV hi^IU�j�H � ,�+�Q 6>(:H M &)#E0�&�1JHÕé�é�I+oéÇî)M�O
±²O-ø�&?3â�Õ.m0�.�1Õ9���O�%²O-�×.�!/,�,/.�(â9 @EI:K)KÇM)N+P"!Ð(�&)çÕ.�ç-!�,�!/#E0�!�3r%�!�ôÇ6>(`*#7!�FÕ3:.m0�!�&�1^.)1-9 á 1?0�651"#7!�F-3:.�0�!�&)1�!/1b�J&?3:.�,q�D6:.m(�3��f$'&)(�tÌ6>�-!�35,�6ø�&�+"0�!�1"÷"O"a�^I\�WcU�X5Z-^ed�yqT+\�W+h�jcV h mlj���P�I5ìÇî.o-I:éÇî?O�
O��?05´+"0485,�6�H�,2O]%�&�(�!/÷)&r@EI:K�K)KÇN+P¤��A]�µ��,�÷�&)(�!�0��"*Q#�$'&)(ý0��"6
¶ +Õ.)9D(â.m0�!/3#��#7#7!�÷�1"*Q651?0]! (�&�ç-,�65*ðO á 1�%�O"AC&)(�1-6
6>0�.),­O`@­6:9D#5O N�H
ªqT+«�¥l~�T`XIj�hzU�fO_�V hz�rh��.XIV hi^IU"H�,ý3�0�(â.�Q]*w6
!�,�,�H��Â&�1Õ9D&�1ÂHDï�ï�o�M)è�O
��O�%²OÇ�×.)!�,�,/.�(â9�@EI:K)K�ïÇN+P&! .m(â.),�,�65,Õ!�0�6>(â.m0�!/ô�6�#765.�(�3â�Q*Q6>0��-&�9D#Ð$'&)(ôÇ65�"!�35,�6�(�&�+"0�!�1"÷ = (�&)ç-,�65*Q#5O=ªqT+V «=^�W4·�j]����P é�é�I+o�é�î)ï�O

EVOLUTIONARY SCHEDULING AND ROUTING 1325



EVOLUTIONARY SCHEDULING AND ROUTING1326


