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5.4.2. Optimization Results 

Scenario 1:  (Tmax free to vary) 

The optimization results for scenario 1 are summarized in Table 5.9. The optimal 
parameter values presented in Table 5.9, suggest that the currently used parameter values 
are generally different from the optimal values. Moreover, for all the three optimization 
objectives, optimal parameter values also differ between test sites. This strongly suggests 
the need for a site specific optimization. TH-169 NB is a moderately congested site while 
I-94 carries considerable higher volumes of traffic and is heavily congested during the 
peak period. 

Table 5.9 also presents some major MOEs to assess the effect of optimization on the 
SZM control performance. The base case for all the comparisons was the SZM control 
operated with the currently used parameter values. On TH-169, System TTT 
minimization decreased system TTT by 5 percent and Mainline TTT by 8.5%.  Further, a 
considerable decrease of 30% in the number of stops on the mainline was also achieved. 
Number of stops on the mainline is regarded as a surrogate measure of secondary 
accidents which are rear end collisions. In this a view, a 30% decrease in number of stops 
can be regarded as any additional benefit along with overall system and mainline 
improvement in travel delay. However, these benefits also resulted in TTT increase on all 
ramps by 40 %.  When mainline TTT was minimized, an improvement of 10% in the 
mainline TTT, 4.5% in system TTT and 34% in number of mainline stops was achieved 
but with a 73% deterioration in ramp performance. On the other hand, for the severely 
congested site I-94, system TTT minimization favored ramps to Mainline. System TTT 
decreased by 3.3 % and Ramp TTT decreased by 44%, while mainline TTT increased by 
1.1%. With mainline optimal parameter values, the mainline TTT decreased by 5% over 
the base case, but ramp TTT increased by 43%.  In essence, these results suggest that the 
optimization is effective in improving the performance of SZM control. However, which 
specific set of optimal parameter values to use largely depends on the local needs and the 
level of congestion on the freeway.   
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Table 5- 9 Optimization Results: Scenario 1* 

 

TH-169 North Bound I-94 East Bound 
Optimization Objective Optimization Objective 

 

STTT MTTT RTTT STTT MTTT RTTT 
System TTT -5.1 % -4.3 % -1.9 % -3.3 % -0.4 % -0.7 %
Mainline TTT -8.4 % -10 % 2.3 % 1.1 % -5.1 % 3.4 %
Ramp TTTT 39.7 % 72.8 % -59.5 % -44.4 % 43.1 % -48.8 %
Mainline Speed 5.1 % 6.0 % -1.5 % -0.2 % 1.7 % -2.6 %
Mainline Total Stops -30.2 % -34.1 % 14.3 % 5.3 % -20.6 % 15 %
Mainline Delay/Veh -22.2 % -25.6 % 8.9 % 3.6 % -15.9 % 10.9 %
Avg. Ramp queue 44.4 % 86.1 % -80.6 % -79.5 % 77.5 % -87.5 %
Max Ramp queue 37 % 37 % -36 % -19.7 % 41.1 % -31.9 %

CO -6.6 % -6.7 % -0.6 % -1.6 % -2.9 % 0.6 %
HC -5.4 % -4.9 % -1.3 % -2.2 % -2.2 % 0.2 %PE
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Pollutants 
NOx -7.6 % -7.6 % -0.8 % -2 % -3.9 % 0.7 %

A      ( Base†: 1714) 1660 1600 1660 1640 1400 1640 
B      ( Base  : 25) 40 20 40 20 40 40 
C      ( Base  : 150) 180 120 150 150 210 210 
D      ( Base  : 1.15) 1.2 1.2 1.3 1.3 1.25 1.4 
E      ( Base  : 0.8) 0.9 0.7 0.7 0.9 0.7 0.85 
F      ( Base  : 1800) 1800 1800 2100 1900 2050 2050 
G     ( Base  : 2100) 2400 2100 2700 2700 2100 2700 
H     ( Base  : 32) 40 40 30 25 27 30 
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  *Scenario 1: Max. Ramp Wait Time Threshold free to vary 

 †Base Case  :  Current parameter values of SZM Control 

 

Scenario 2:   (Tmax set to 4 minutes) 

The benefits of optimization in scenario 1 require relaxing the Maximum ramp wait time 
threshold (Tmax) from 4 minutes to 7 and 8 minutes for TH-169 and I-94 respectively. As 
Tmax ,is one of most significant parameters that affect the performance of SZM control 
and also is most sensitive with respect to drivers , it is of high engineering importance to 
also address the question “What if Tmax is not allowed to change from its base value of 4 
minutes, which is politically accepted?” 

As mentioned earlier, the scenario 2 models can be obtained from general scenario 1 
models by setting Tmax to 240 seconds. For scenario 2, optimization results of only TH-

A - Absolute Max Release Rate   ; B - Occupancy Threshold          ;  C - Step Increment in ramp demand    
D - Meters turn on Threshold     ; E - Passage Compensate factor ;  F - Right lane Capacity                 
G - Other lane Capacity             ; H - Full Density of a zone         ;  J - Max. Ramp wait time 
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169 are presented and discussed here. Table 5.10 presents the optimal values for the three 
objective functions. The System TTT optimal values are very effective in improving both 
system and ramp performances. Compared to the current parameter values, these optimal 
values decreased the system TTT by 3.5%, ramp TTT by 55% and average ramp queue 
by 74%. However, marginal effects were observed on the mainline. Similar results were 
obtained with ramp TTT as optimization objective. However, under mainline TTT 
optimization also marginal effects were observed. It is worth noting that system and ramp 
improvements are significant without increasing the Maximum allowed ramp wait time 
threshold from 4 minutes. Nevertheless for a 10 % decrease in mainline delay and a very 
significant 35% decrease in number of stops (a surrogate measure of secondary accidents) 
a new threshold of 7 minutes is necessary. The Space time 3D graphs of mainline density, 
as presented in Figures 5.14 and 5.15, also support the above important implication.  
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Table 5- 10 Optimization Results: Scenario 2* 
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Figure 5- 14 Space-Time 3D plots of TH169 Mainline Density Pattern 
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Figure 5- 15 Space-Time 3D plots of I-94 Mainline Density Pattern 
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Part III Common Parameter Optimization  

6. GENERAL METHODOLOGY 

The reason why the site-specific optimized parameter values are not suitable for other 
freeway sections is that different sections have different geometries and traffic patterns. 
Basically, it is the different congestion levels which lead to inefficiency of the site-
specific values. To address it, one intuitive idea is to build a large network for the whole 
Twin Cities. However, it is infeasible not only because this method is very time-
consuming but whether the micro-simulator can handle such a big network is a question.  
The other easier approach is to build several freeway sections which can represent all the 
congestion levels. If we can find one set of optimized parameter values which maximally 
benefits for all these freeway sections simultaneously, we can claim that it is the common 
optimum parameter set. Therefore, the first step is to identify the representative freeway 
sections based on the freeway congestion level; the second step is to search the optimum 
parameter values for all the sections using Response Surface Methodology. 

6.1 Representative Freeway Sections 

Identifying the representative freeway sections is a crucial step to find the common 
optimum parameter values. These sections should have geometric properties and traffic 
characteristics that are representative of the Twin Cities freeway system. In addition, 
these sections should be able to represent different congestion levels. Based on 2006 
metropolitan freeway system congestion report (Mn/DOT, 2007), the Twin Cities’ 
freeway system can be categorized into 4 classes based on 4 congestion levels: Low, 
Medium, High and Very high. The sections with Low congestion level mean that there is 
no recurring congestion during peak hour, such as I494 SB, HW100 SB (Figure 1). The 
sections with Medium congestion level have less than 1 hour of congestion, such as 
Th36EB, Th169SB. The sections with High congestion level have 1~3 hours of 
congestion, such as Th169NB. And the sections with Very high congestion level mean 
that the hours of congestion on these sections are larger than 3 hours. The typical 
examples are I94EB and I94WB. Combined with the geometric complexity level: Simple, 
Moderate and Complex, we selected following 4 freeway sections as our research 
objectives: I-94 EB, TH-169 NB, HW-100 SB and TH-36 EB (Figure 1). And the 
geometric characteristics are shown in Table 2.  
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TH-169 NB

HW100 SB

TH 36 EB

I-94 EB

TH-169 NB

HW100 SB

TH 36 EB

I-94 EB

Low

Medium

High

Very High

Congestion Level

 

Figure 6- 1 Selected Freeway Sections and Congestion Levels (Mn/DOT, 2007) 

 

Table 6- 1  Characteristics of Selected Freeway Sections 
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I-94 EB: This test section starts from the interchange with I-394 and ending at 9th St.  It 
is about 11 miles long with 6 weaving sections, 3 lane-drop sections, 19 entrance ramps 
and 14 exit ramps. The upstream and downstream boundaries are free of congestion. 
During peak hours, this section is often severely congested due to the heavy traffic and 
the complex geometry. Therefore, it is the represent of “Very high” congestion level. 

TH-169NB: This section is a 12-mile circumferential freeway starting from the I-494 
interchange and ending at 63rd Avenue North. The upstream and downstream boundaries 
are free of congestion. Most of the section has two lanes interrupted by 10 weaving areas, 
24 entrance ramps and 25 exit ramps. The 23 metered ramps include 4 HOV bypasses 
and 2 freeway-to-freeway ramps connecting TH-169 with TH-62 and I-394. It represents 
the “High” level of congestion because of its high volume and moderate complexity of 
geometry. 

TH-36EB: It is a 7-mile freeway section starting from I35W Interchange to TH61 
Interchange with 7 weaving sections, 2 lane-drop sections, 9 entrance ramps and 9 exit 
ramps. The geometry is very simple because most of the section has only two lanes. But 
large traffic volume merging from I35W makes the congestion time about 1 hour during 
PM peak hour, i.e. “Medium” congestion level. 

HW-100SB: Originally HW100SB was a 2-lane freeway section but a new lane built in 
2006 significantly decreases the congestion level from “Very high” to “Low”. A 12-mile 
section starting from France Ave to I494 Interchange is selected in our study which 
includes 22 entrance ramps, 17 exit ramps and 15 weaving sections. It has very good 
traffic condition except little congestion happened between I394 to Th62. 

6.2 Optimization Methodology 

Response Surface Methodology (RSM) is adopted in our study to optimize the common 
parameters in SZM strategy not only because of its efficiency but also for the consistency 
with the previous study (Beegala et al. 2005) which found the site-specific parameter 
values for SZM control using RSM. Similar as previous study, RSM can draw the 
response surface which describes the relationship between response(s) and significant 
parameters which is identified by the sensitivity analysis. So, it is necessary to define the 
response(s) and significant parameters first. 

Response(s) 

As a simulation-based optimization problem, many outputs generated by simulator, i.e. 
MOEs, can be chose as the response(s), such as System Total Delay, Ramp Total Delay, 
System Total Travel Time, Average Mainline Speed, Total Number of Stops, etc. In our 
study, we selected System Total Travel Time as the response because our objective is to 
maximize the total system performance of SZM control. 
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Significant Parameters 

Fully exploring the relationship between all 20 control parameters (Table 1) and response 
is almost impossible because of numerous combinations between these parameters. For 
example, assume a 3-level design, for 20 parameters, there are 320combinations. In other 
words, we need to run 320 in simulator. Actually, some parameters have no or little 
impact on response and sensitivity analysis can identify which parameters significantly 
affect the response. The sensitivity analysis is already done by Beegala et al. (2005). The 
result is shown in Table 3. 

Table 6- 2 SZM Parameters and Levels in Interval of Significance 

 

 

RSM Optimization 

Response Surface Methodology (RSM) is one of the most suitable and efficient 
techniques to determine the best combination of parameter values. RSM is a collection of 
mathematical and statistical techniques for modeling and analysis of complex systems 
with an objective to optimize its response (Myers and Montgomery, 1995). Basically, 
RSM fits a surface of the response which describes the relationship between the 
significant parameters and response using least square regression based on the data points 
generated by a Factorial Design. The Factorial Design is vital because it determines 
whether the response surface is accurate or not. Obviously, the full factorial design which 
evaluates all possible combination of parameter values is generally infeasible because of 
the numerous computational requirements. For example, it requires 39 simulation runs. 
Therefore, the Fractional Factorial Design (FFD) technique is applied to reduce the 
number of runs based on the reasonable assumption that the higher order interactions are 
negligible and only a fraction of full factorial experiment is sufficient to estimate the 
effects of main parameters and lower order interactions. In our study, it is recommended 
to use Orthogonal Resolution V Designs because at least a Resolution of five is required 
to estimate all two factors interactions and an Orthogonal Design is required to ensure 
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that both the factors and their interactions are uncorrelated (Box and Hunter, 1961; 
Franklin, 1984 and Suen et al., 1997). To avoid the laborious work, a 3-level Orthogonal 
Resolution V Design provided by National Bureau of Standards (1957) is adopted in our 
study. In detail, it needs 3V9-4=243, which is only a 1/81 fraction of the full factorial 
design. 

After the design is constructed, the new SZM strategy with each parameter combination 
in the design is simulated on each freeway section and System Total Travel Time, i.e. 
response, is extracted. The response surface equation is generated based on the responses 
obtained from the simulations of all parameter combinations in the selected design by 
least square regression method. Because we apply the Orthogonal Resolution V Design 
which can estimate the all two factors interactions unbiasedly, the second order surface 
model is built as following: 
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Where: Gy = System Total Travel Time of freeway section G; 
{ }HW100SBTh36EB,TH169NB,I94EB,∈G ; 

             ix = Parameter i; { }6,7,8,91,2,3,4,5,∈i ; 

             G,0β , Gi,β , Gii ,β , Gij ,β = Coefficients of surface model of freeway section G; 

              k = 9, number of parameters.  

 

And the total combined surface function for 4 freeway sections is as Formula : 
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Where: Y = System Total Travel Time for 4 freeway sections. 

Numerically minimize Formula (6-1), we can get the site-specific optimum parameter 
values for each freeway section. And numerically minimize Formula (6-2), we can get the 
common optimum parameter values. 
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7.  IMPLEMENTATION AND RESULTS             

7.1 Simulator 

Obviously, field operational tests are infeasible due to the cost, time and safety 
considerations. In this study, the AIMSUN simulator was used based on earlier 
experience, suitability, reputation as well as its proven record in testing traffic control and 
management systems including ramp metering (Hourdakis and Michalopoulos, 2002). 

7.2 Test Dates 

The test dates for I94EB and TH169NB are November 01 and November 08, 2000 
respectively. The dates represent incident free conditions and were specifically selected 
during the ramp meter shutdown period to ensure the calibrated simulation models have 
no systematic bias to a particular set of control parameter values. However, the test dates 
for TH36EB and HW100SB are February 15 and March 22, 2007 respectively because 
both freeway sections are rebuilt recently and we only can extract the recent loop detector 
data from Mn/DOT’s website to build the traffic demand for simulation. These two days 
are also incident free. The afternoon peak was selected for four test sites since all sections 
experience congestion during that time. In order to include the entire congestion cycle 
each simulation experiment was conducted from 14:00 to 20:00, while the SZM control 
period lasts from 15:00 to 18:00. 

7.3 Results 

Follow the optimization method introduced in previous section, the common optimum 
parameter values and corresponding MOEs for 4 freeway sections are presented in Table 
4. For comparison, the site-specific optimum parameter values as well as corresponding 
MOEs are described in Table 4 too. This table shows the percentage change between the 
original SZM control and the improved SZM control with common or site-specific 
optimum parameter values for 4 test sites. The base case for the comparison is the 
original SZM control. Thus, a positive percentage change means that this MOE increased 
with the improved SZM strategy in this freeway section and vice versa. 

Measures of Effectiveness 

As indicated in Table 4, the common optimum parameter values are different with 
original values and also differ with site-specific optimum parameter values. But 
consistent with our expectation, with common optimum values, the System Total Travel 
Time is reduced for all test sections and the reduction varies from 2.18% to 4.96% 
depending on different type of freeway section. For most test sites, the Mainline Total 
Travel Time has a little reduction but the Ramp Total Travel Time as well as Ramp Delay 
significantly decreases. The highest RTTT saving is 50.58% for TH-169 NB. Even lowest 
RTTT saving is as much as 17.84% for HW-100 SB. And the decrease of the Average 
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Ramp Delay is about 50.47%. The System Average Speed is increased varying between 
3.01% and 5.27%.  In addition, the Fuel Consumption and Pollutants are also reduced. 

As indicated in Table 4, the reduction of System Total Travel Time with common 
optimum parameter values is lower than with site-specific optimum values for all the test 
sections. But the difference is not very big. For example, at I-94 EB, the STTT decreases 
2.86% for common optimum values while 3.07% for site-specific optimum values. And 
for HW-100SB, the difference of STTT saving between two sets of optimum values is 
only 0.31%. Therefore, although the improvement with the common optimum parameter 
values is not as good as with site-specific, the difference is not very big and is acceptable. 

Optimum Parameter Values 

It is necessary to check whether the 9 optimum parameter values are reasonable and to 
see how they work. An interesting phenomenon is that for all 4 freeway sections, the 
biggest improvements are all achieved from ramps. This can be shown from Table 4 that 
the Ramp Total Travel Time as well as Ramp Delay significantly decreases while the 
Mainline Total Travel Time only has a little reduction. It means that we relax the ramp 
constraint and let more vehicles merge into freeway system. This phenomenon is 
consistent with the change of the parameters. As can be seen in Table 4, the Estimated 
Capacity Value for Rightmost Lane increases from 1800 veh/hour/lane in original control 
to 2100 veh/hour/lane in optimum control, and the Estimated Capacity Value of Other 
Lanes increases from 2100 veh/hour/lane to 2611 veh/hour/lane. The big increase of the 
capacity value attracts more vehicles releasing from ramps and decrease the ramp wait 
times. Actually, the change of the capacity value also consists with the real world traffic 
conditions. In one of our ongoing researches about capacity estimation (Liu et al., 2007), 
we found that current estimated capacity value most of the time underestimates the real 
capacity. And the optimum result proves this point. 

The other big change happens to “Ramp Turn-on Threshold” which varies from 0.8 in 
original control to 0.5 in optimum control. The smaller number of turn-on threshold 
means the ramp metering control will work earlier. This change indicates that in most 
situations, the ramp metering control is more efficient than no control. 

Finally, it is worth to point out that the common optimum values still keep the “Max. 
Ramp Wait Times” unchanged. Therefore, with the common optimum parameter values, 
the improved SZM control does not violate the ramp waiting time constraint. Actually, 
the improved SZM control reduces the ramp wait times because the Ramp Delay/Veh is 
significantly decreases. 
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Table 7- 1 Optimization Results 

 

*Current parameter values of SZM control 
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Part IV Concluding Remarks 

8. CONCLUSIONS 

This study aims to explore both site-specific and common optimum parameter values for 
ramp control strategies. First, this research presented the potential of Response Surface 
Methodology supplemented by sensitivity analysis, in optimizing the site-specific 
performance of Minnesota’s New Stratified Zone Metering. At the same time, as the 
optimization process is general, the proposed methodology can be applied to any ramp 
control strategy with well defined control parameters. The methodology has also proved 
effective in determining the optimal parameter values under multiple optimization 
objectives. Optimal parameter values and the improvement vary by site and optimization 
objective. 

However, the site-specific optimum values have certain shortcomings including the 
difficulties in implementation and numerous time-consumption to search the site-specific 
optimum values for all the freeway sections. Therefore, the second objective of this study 
is to explore the common optimum parameter values for improving Minnesota’s 
Stratified Zone Metering (SZM) Strategy for Twin Cities to replace the site-specific 
optimum values. Four typical freeway sections which can represent all types of freeway 
sections in Minneapolis-St. Paul metropolitan area are built in a micro-simulator and the 
MOE (i.e. System Total Travel Time, in this study) of different combinations of the 
control parameter values which are decided by a Fractional Factorial Design (FFD), are 
extracted from simulation as the response. Then a response surface, which describes the 
relationship between response and the combinations of control parameter values, is 
constructed applying Response Surface Methodology (RSM). This surface is described 
by a second order mathematical model and the optimum values are estimated by 
numerically solving it. The common optimum parameter values are implemented in SZM 
control to compare with the original strategy as well as the control with site-specific 
optimum parameter values by simulation. The testing results show that the control 
performance is improved. For example, the System Total Travel Time is reduced as much 
as 4.96%; the System Average Speed is increased as much as 5.27%. And the Mainline 
Total Stops, Ramp Total Travel Time, Ramp Delay, Energy Consumption and Pollutant 
decreases as much as 3.51%, 50.58%, 65.60%, 1.86% and 4.25% respectively. In 
addition, compared with the SZM control with site-specific optimum parameters, the 
testing results indicated that although the improvement of SZM control with common 
optimum parameter values is not as good as with site-specific optimum values, the 
average difference is only 0.91% for 4 test sites. Most importantly, the improved SZM 
with common parameter values does not violate the ramp waiting time constraint. 

It is need to know that the optimization is done for original SZM control. With recent 
improvements of SZM, such as improved queue control logic and real-time capacity 
estimation (Liu, et al, 2007), it is desired to apply the optimization method to the 
improved SZM control to achieve the maximum benefits. 
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Appendix A 



A-1 

Design Matrix table for a 39-4 fractional factorial design with a resolution V 

Defining relation of the design is  

I = AB2C2DF = AB2CDE=CD2E2F2 

 

Design 
Point A B C D E F G H J TH169 

System TTT I94 System TTT 

1 -1 -1 -1 -1 -1 -1 -1 -1 -1 8734.782 10557.77 

2 0 0 1 1 -1 -1 0 0 -1 8678.632 10446.84 

3 1 1 0 0 -1 -1 1 1 -1 8623.733 10244.69 

4 -1 0 0 0 0 0 0 -1 -1 8551.212 10209.72 

5 0 1 -1 -1 0 0 1 0 -1 8565.878 10280.99 

6 1 -1 1 1 0 0 -1 1 -1 8719.605 10451.44 

7 -1 1 1 1 1 1 1 -1 -1 8450.437 10162.95 

8 0 -1 0 0 1 1 -1 0 -1 8527.706 10457.49 

9 1 0 -1 -1 1 1 0 1 -1 8456.32 10326.26 

10 0 0 0 1 0 1 1 1 1 8335.972 10235.88 

11 1 1 -1 0 0 1 -1 -1 1 8361.259 10522.56 

12 -1 -1 1 -1 0 1 0 0 1 8434.903 10363.49 

13 0 1 1 -1 1 -1 -1 1 1 8562.463 10726.53 

14 1 -1 0 1 1 -1 0 -1 1 8462.535 10324.21 

15 -1 0 -1 0 1 -1 1 0 1 8533.935 10443 

16 0 -1 -1 0 -1 0 0 1 1 8461.314 10262.96 

17 1 0 1 -1 -1 0 1 -1 1 8430.859 10249.9 

18 -1 1 0 1 -1 0 -1 0 1 8477.051 10643.24 

19 1 1 1 0 1 0 0 0 0 8604.619 10319.64 

20 -1 -1 0 -1 1 0 1 1 0 8563.231 10377.4 

21 0 0 -1 1 1 0 -1 -1 0 8613.615 10497.76 

22 1 -1 -1 1 -1 1 1 0 0 8432.144 10242.91 

23 -1 0 1 0 -1 1 -1 1 0 8546.591 10281.23 

24 0 1 0 -1 -1 1 0 -1 0 8421.091 10244.16 

25 1 0 0 -1 0 -1 -1 0 0 8632.78 10573.56 

26 -1 1 -1 1 0 -1 0 1 0 8592.701 10261.99 

27 0 -1 1 0 0 -1 1 -1 0 8699.428 10289.2 

28 1 0 1 0 1 -1 -1 -1 -1 8685.811 10495.58 

29 -1 1 0 -1 1 -1 0 0 -1 8667.176 10369.11 

30 0 -1 -1 1 1 -1 1 1 -1 8639.728 10136.68 

31 1 1 -1 1 -1 0 0 -1 -1 8624.842 10188.75 

32 -1 -1 1 0 -1 0 1 0 -1 8599.68 10359.56 

33 0 0 0 -1 -1 0 -1 1 -1 8639.998 10424.53 

34 1 -1 0 -1 0 1 1 -1 -1 8545.841 10207.21 

35 -1 0 -1 1 0 1 -1 0 -1 8580.553 10481.66 

36 0 1 1 0 0 1 0 1 -1 8484.507 10240.06 

37 -1 1 -1 -1 -1 1 1 1 1 8410.804 10248.4 

38 0 -1 1 1 -1 1 -1 -1 1 8328.816 10598.43 



A-2 

39 1 0 0 0 -1 1 0 0 1 8433.957 10372.82 

40 -1 -1 0 0 0 -1 -1 1 1 8371.898 10616.02 

41 0 0 -1 -1 0 -1 0 -1 1 8534.563 10340.46 

42 1 1 1 1 0 -1 1 0 1 8521.304 10209.55 

43 -1 0 1 1 1 0 0 1 1 8450.479 10345.31 

44 0 1 0 0 1 0 1 -1 1 8532.975 10179.66 

45 1 -1 -1 -1 1 0 -1 0 1 8519.753 10532.23 

46 0 -1 0 1 0 0 0 0 0 8476.047 10368.37 

47 1 0 -1 0 0 0 1 1 0 8522.05 10287.35 

48 -1 1 1 -1 0 0 -1 -1 0 8579.87 10624.09 

49 0 0 1 -1 1 1 1 0 0 8447.018 10191.32 

50 1 1 0 1 1 1 -1 1 0 8548.713 10490.71 

51 -1 -1 -1 0 1 1 0 -1 0 8471.378 10419.71 

52 0 1 -1 0 -1 -1 -1 0 0 8614.307 10529.35 

53 1 -1 1 -1 -1 -1 0 1 0 8590.757 10308.56 

54 -1 0 0 1 -1 -1 1 -1 0 8580.691 10296.84 

55 0 1 0 1 0 -1 -1 -1 -1 8732.247 10400.28 

56 1 -1 -1 0 0 -1 0 0 -1 8681.88 10284.29 

57 -1 0 1 -1 0 -1 1 1 -1 8594.42 10373.9 

58 0 -1 1 -1 1 0 0 -1 -1 8617.481 10326.21 

59 1 0 0 1 1 0 1 0 -1 8693.433 10322.05 

60 -1 1 -1 0 1 0 -1 1 -1 8642.713 10495.67 

61 0 0 -1 0 -1 1 1 -1 -1 8545.619 10300.35 

62 1 1 1 -1 -1 1 -1 0 -1 8557.546 10388.24 

63 -1 -1 0 1 -1 1 0 1 -1 8535.151 10358.07 

64 1 -1 1 0 1 1 1 1 1 8399.679 10353.14 

65 -1 0 0 -1 1 1 -1 -1 1 8479.748 10461.31 

66 0 1 -1 1 1 1 0 0 1 8239.156 10296.61 

67 1 0 -1 1 -1 -1 -1 1 1 8490.676 10619.39 

68 -1 1 1 0 -1 -1 0 -1 1 8554.862 10364.75 

69 0 -1 0 -1 -1 -1 1 0 1 8503.841 10260.5 

70 1 1 0 -1 0 0 0 1 1 8452.537 10297.36 

71 -1 -1 -1 1 0 0 1 -1 1 8261.755 10333.97 

72 0 0 1 0 0 0 -1 0 1 8515.581 10532.53 

73 -1 0 -1 -1 -1 0 0 0 0 8556.517 10216.63 

74 0 1 1 1 -1 0 1 1 0 8513.277 10369.97 

75 1 -1 0 0 -1 0 -1 -1 0 8589.964 10526.99 

76 -1 1 0 0 0 1 1 0 0 8421.174 10247.16 

77 0 -1 -1 -1 0 1 -1 1 0 8520.657 10340 

78 1 0 1 1 0 1 0 -1 0 8424.694 10247.62 

79 -1 -1 1 1 1 -1 -1 0 0 8643.493 10563.25 

80 0 0 0 0 1 -1 0 1 0 8695.032 10367.78 

81 1 1 -1 -1 1 -1 1 -1 0 8619.669 10236.83 

82 1 1 1 -1 0 -1 0 -1 -1 8806.128 10311.12 

83 -1 -1 0 1 0 -1 1 0 -1 8561.902 10208.68 

84 0 0 -1 0 0 -1 -1 1 -1 8729.887 10441.46 

85 1 -1 -1 0 1 0 1 -1 -1 8540.496 10112.4 

86 -1 0 1 -1 1 0 -1 0 -1 8658.488 10465.18 



A-3

87 0 1 0 1 1 0 0 1 -1 8576.739 10322.81 

88 1 0 0 1 -1 1 -1 -1 -1 8517.796 10333.24 

89 -1 1 -1 0 -1 1 0 0 -1 8505.361 10289.98 

90 0 -1 1 -1 -1 1 1 1 -1 8454.451 10307.91 

91 -1 -1 -1 1 1 1 -1 1 1 8410.24 10466.6 

92 0 0 1 0 1 1 0 -1 1 8396.674 10284 

93 1 1 0 -1 1 1 1 0 1 8341.032 10313.48 

94 -1 0 0 -1 -1 -1 0 1 1 8468.159 10408.31 

95 0 1 -1 1 -1 -1 1 -1 1 8520.286 10192.56 

96 1 -1 1 0 -1 -1 -1 0 1 8502.183 10642.85 

97 -1 1 1 0 0 0 1 1 1 8356.999 10275.75 

98 0 -1 0 -1 0 0 -1 -1 1 8545.4 10593.14 

99 1 0 -1 1 0 0 0 0 1 8464.196 10434.82 

100 0 0 0 0 -1 0 1 0 0 8495.582 10289.58 

101 1 1 -1 -1 -1 0 -1 1 0 8515.732 10491.9 

102 -1 -1 1 1 -1 0 0 -1 0 8496.248 10220.92 

103 0 1 1 1 0 1 -1 0 0 8465.511 10289.11 

104 1 -1 0 0 0 1 0 1 0 8462.104 10378.33 

105 -1 0 -1 -1 0 1 1 -1 0 8397.741 10234.78 

106 0 -1 -1 -1 1 -1 0 0 0 8616.62 10224.26 

107 1 0 1 1 1 -1 1 1 0 8696.656 10293.33 

108 -1 1 0 0 1 -1 -1 -1 0 8668.303 10569.69 

109 0 -1 0 0 -1 -1 0 -1 -1 8727.948 10277.09 

110 1 0 -1 -1 -1 -1 1 0 -1 8587.388 10182.72 

111 -1 1 1 1 -1 -1 -1 1 -1 8636.161 10603.07 

112 0 0 1 1 0 0 1 -1 -1 8435.624 10287.62 

113 1 1 0 0 0 0 -1 0 -1 8652.937 10471.12 

114 -1 -1 -1 -1 0 0 0 1 -1 8578.976 10212.49 

115 0 1 -1 -1 1 1 -1 -1 -1 8505.057 10353.54 

116 1 -1 1 1 1 1 0 0 -1 8411.993 10333.75 

117 -1 0 0 0 1 1 1 1 -1 8420.825 10220.12 

118 1 0 1 -1 0 1 -1 1 1 8407.687 10437.89 

119 -1 1 0 1 0 1 0 -1 1 8453.277 10311.6 

120 0 -1 -1 0 0 1 1 0 1 8391.444 10248.53 

121 1 1 -1 0 1 -1 0 1 1 8480.375 10331.95 

122 -1 -1 1 -1 1 -1 1 -1 1 8511.565 10292.86 

123 0 0 0 1 1 -1 -1 0 1 8576.387 10692.46 

124 1 -1 0 1 -1 0 1 1 1 8373.85 10295.87 

125 -1 0 -1 0 -1 0 -1 -1 1 8510.659 10487.45 

126 0 1 1 -1 -1 0 0 0 1 8474.921 10338.87 

127 -1 1 -1 1 1 0 1 0 0 8535.626 10271.37 

128 0 -1 1 0 1 0 -1 1 0 8522.58 10505.88 

129 1 0 0 -1 1 0 0 -1 0 8529.055 10330.49 

130 -1 -1 0 -1 -1 1 -1 0 0 8463.502 10306.3 

131 0 0 -1 1 -1 1 0 1 0 8469.776 10271.69 

132 1 1 1 0 -1 1 1 -1 0 8490.663 10210.79 

133 -1 0 1 0 0 -1 0 0 0 8693.894 10288.07 

134 0 1 0 -1 0 -1 1 1 0 8505.831 10274.48 



A-4

135 1 -1 -1 1 0 -1 -1 -1 0 8808.265 10510.35 

136 -1 0 -1 1 1 -1 0 -1 -1 8770.8 10310.34 

137 0 1 1 0 1 -1 1 0 -1 8698.293 10372.53 

138 1 -1 0 -1 1 -1 -1 1 -1 8741.068 10503.78 

139 -1 1 0 -1 -1 0 1 -1 -1 8558.505 10220.03 

140 0 -1 -1 1 -1 0 -1 0 -1 8539.671 10489.52 

141 1 0 1 0 -1 0 0 1 -1 8582.398 10274.41 

142 -1 -1 1 0 0 1 -1 -1 -1 8496.124 10252.99 

143 0 0 0 -1 0 1 0 0 -1 8503.248 10364.82 

144 1 1 -1 1 0 1 1 1 -1 8541.392 10267 

145 0 1 0 0 -1 1 -1 1 1 8457.901 10477.66 

146 1 -1 -1 -1 -1 1 0 -1 1 8378.225 10261.99 

147 -1 0 1 1 -1 1 1 0 1 8448.523 10225.03 

148 0 -1 1 1 0 -1 0 1 1 8555.505 10458.3 

149 1 0 0 0 0 -1 1 -1 1 8471.492 10187.9 

150 -1 1 -1 -1 0 -1 -1 0 1 8552.51 10766.42 

151 0 0 -1 -1 1 0 1 1 1 8398.907 10218.98 

152 1 1 1 1 1 0 -1 -1 1 8471.55 10515.58 

153 -1 -1 0 0 1 0 0 0 1 8444.597 10403.57 

154 1 -1 1 -1 0 0 1 0 0 8501.73 10224.41 

155 -1 0 0 1 0 0 -1 1 0 8587.47 10656.54 

156 0 1 -1 0 0 0 0 -1 0 8512.607 10429.76 

157 1 0 -1 0 1 1 -1 0 0 8419.511 10486.26 

158 -1 1 1 -1 1 1 0 1 0 8479.361 10277.15 

159 0 -1 0 1 1 1 1 -1 0 8430.048 10293.09 

160 1 1 0 1 -1 -1 0 0 0 8593.251 10302.57 

161 -1 -1 -1 0 -1 -1 1 1 0 8651.731 10299.77 

162 0 0 1 -1 -1 -1 -1 -1 0 8682.21 10449.91 

163 0 0 0 -1 1 -1 1 -1 -1 8634.254 10291.81 

164 1 1 -1 1 1 -1 -1 0 -1 8740.979 10529.8 

165 -1 -1 1 0 1 -1 0 1 -1 8631.194 10341.41 

166 0 1 1 0 -1 0 -1 -1 -1 8666.229 10413.5 

167 1 -1 0 -1 -1 0 0 0 -1 8557.285 10292.6 

168 -1 0 -1 1 -1 0 1 1 -1 8498.608 10333.07 

169 0 -1 -1 1 0 1 0 -1 -1 8535.542 10318.3 

170 1 0 1 0 0 1 1 0 -1 8471.562 10279.37 

171 -1 1 0 -1 0 1 -1 1 -1 8581.346 10433.48 

172 1 1 1 1 -1 1 0 1 1 8388.991 10166.86 

173 -1 -1 0 0 -1 1 1 -1 1 8392.675 10282.03 

174 0 0 -1 -1 -1 1 -1 0 1 8473.54 10540.85 

175 1 -1 -1 -1 0 -1 1 1 1 8488.57 10264.87 

176 -1 0 1 1 0 -1 -1 -1 1 8563.28 10672.29 

177 0 1 0 0 0 -1 0 0 1 8530.477 10327.16 

178 1 0 0 0 1 0 -1 1 1 8485.554 10476.14 

179 -1 1 -1 -1 1 0 0 -1 1 8431.607 10399.18 

180 0 -1 1 1 1 0 1 0 1 8445.411 10398.49 

181 -1 -1 -1 0 0 0 -1 0 0 8574.991 10495.32 

182 0 0 1 -1 0 0 0 1 0 8538.335 10285.55 



A-5 

183 1 1 0 1 0 0 1 -1 0 8433.872 10297.67 

184 -1 0 0 1 1 1 0 0 0 8451.046 10316.89 

185 0 1 -1 0 1 1 1 1 0 8297.958 10337.13 

186 1 -1 1 -1 1 1 -1 -1 0 8472.525 10501.63 

187 -1 1 1 -1 -1 -1 1 0 0 8705.698 10199.02 

188 0 -1 0 1 -1 -1 -1 1 0 8688.901 10522.24 

189 1 0 -1 0 -1 -1 0 -1 0 8620.715 10342.44 

190 -1 1 -1 0 0 -1 1 -1 -1 8612.776 10282.47 

191 0 -1 1 -1 0 -1 -1 0 -1 8801.435 10528.47 

192 1 0 0 1 0 -1 0 1 -1 8711.02 10191.93 

193 -1 -1 0 1 1 0 -1 -1 -1 8633.094 10565.9 

194 0 0 -1 0 1 0 0 0 -1 8575.071 10233.76 

195 1 1 1 -1 1 0 1 1 -1 8456.049 10339.97 

196 -1 0 1 -1 -1 1 0 -1 -1 8521.595 10270.43 

197 0 1 0 1 -1 1 1 0 -1 8495.217 10223.77 

198 1 -1 -1 0 -1 1 -1 1 -1 8481.898 10172.94 

199 0 -1 0 -1 1 1 0 1 1 8438.104 10296.69 

200 1 0 -1 1 1 1 1 -1 1 8398.61 10196.65 

201 -1 1 1 0 1 1 -1 0 1 8520.664 10529.6 

202 0 0 1 0 -1 -1 1 1 1 8453.009 10298.82 

203 1 1 0 -1 -1 -1 -1 -1 1 8593.14 10573.52 

204 -1 -1 -1 1 -1 -1 0 0 1 8571.932 10383.48 

205 0 1 -1 1 0 0 -1 1 1 8520.902 10649.32 

206 1 -1 1 0 0 0 0 -1 1 8421.518 10372.7 

207 -1 0 0 -1 0 0 1 0 1 8397.007 10301.09 

208 1 0 1 1 -1 0 -1 0 0 8556.89 10472.24 

209 -1 1 0 0 -1 0 0 1 0 8487.393 10203.14 

210 0 -1 -1 -1 -1 0 1 -1 0 8457.931 10407.13 

211 1 1 -1 -1 0 1 0 0 0 8502.87 10247.1 

212 -1 -1 1 1 0 1 1 1 0 8484.798 10206.11 

213 0 0 0 0 0 1 -1 -1 0 8455.69 10288.26 

214 1 -1 0 0 1 -1 1 0 0 8486.851 10290.56 

215 -1 0 -1 -1 1 -1 -1 1 0 8652.616 10549.12 

216 0 1 1 1 1 -1 0 -1 0 8608.99 10340.38 

217 1 -1 1 1 -1 -1 1 -1 -1 8704.383 10324.54 

218 -1 0 0 0 -1 -1 -1 0 -1 8775.52 10538.42 

219 0 1 -1 -1 -1 -1 0 1 -1 8740.604 10232.85 

220 1 0 -1 -1 0 0 -1 -1 -1 8698.551 10421.98 

221 -1 1 1 1 0 0 0 0 -1 8544.74 10293.82 

222 0 -1 0 0 0 0 1 1 -1 8616.63 10197.58 

223 1 1 0 0 1 1 0 -1 -1 8488.677 10164.53 

224 -1 -1 -1 -1 1 1 1 0 -1 8448.04 10281.56 

225 0 0 1 1 1 1 -1 1 -1 8424.593 10441.38 

226 -1 0 -1 0 0 1 0 1 1 8351.663 10420.4 

227 0 1 1 -1 0 1 1 -1 1 8415.399 10313.74 

228 1 -1 0 1 0 1 -1 0 1 8435.616 10370.8 

229 -1 1 0 1 1 -1 1 1 1 8459.884 10352.16 

230 0 -1 -1 0 1 -1 -1 -1 1 8661.941 10612.92 



A-6

231 1 0 1 -1 1 -1 0 0 1 8523.264 10383.81 

232 -1 -1 1 -1 -1 0 -1 1 1 8529.061 10538.44 

233 0 0 0 1 -1 0 0 -1 1 8486.199 10295.87 

234 1 1 -1 0 -1 0 1 0 1 8358.418 10226.92 

235 0 1 0 -1 1 0 -1 0 0 8577.224 10480 

236 1 -1 -1 1 1 0 0 1 0 8502.332 10427.55 

237 -1 0 1 0 1 0 1 -1 0 8451.717 10288.62 

238 0 -1 1 0 -1 1 0 0 0 8467.611 10300.11 

239 1 0 0 -1 -1 1 0 0 0 8473.485 10234.56 

240 -1 1 -1 1 -1 1 -1 -1 0 8581.238 10450.05 

241 0 0 -1 1 0 -1 1 0 0 8582.655 10248.8 

242 1 1 1 0 0 -1 -1 1 0 8699.259 10604.32 

243 -1 -1 0 -1 0 -1 0 -1 0 8777.344 10185.79 

 

 




