CHAPTER IV
DATA ANALYSIS AND DISCUSSIONS

In this section, data analyses of obtaining travel times for link, route and OD were
carried out. The analyses employed the research methodology were discussed in Chapter
3. Various traffic scenarios were simulated in Paramics Microsimulation model. The
simulation Yielded several data, including vehicle identification numbers, travel times,
origins and destinations, and other traffic data for validation. The results from the
simulation were installed in files, then transferred to worksheets for further analysis.
Several statistical analyses on the corresponding cata were carried out. The key
examination was the quality of the travel time received from probe vehicles under various
traffic and probe (market penetration) conditions. The analyses were divided into three
parts: Link travel time, Route travel time, and OD travel time (Case study). The results of
link travel times were discussed in section 4.1, the results of route travel times were

discussed in Section 4.2 while section 4.3 discussed the Origin and Destination (OD)
travel times.

41 LINK TRAVEL TIME

After processing the output from Paramics V5 according to the network building
method, the ‘true’ and probe vehicle average travel times and their corresponding
standard deviations were obtained for 45 minutes of simulation period. The ‘true’ average
link travel time is the average of the travel time experienced by all vehicles that traversed
the link during the simulation period, while the average probe vehicle travel time is the
average travel time from only probes traveling on the link.

The accuracy of the link travel time obtained from the probe data is described by
the magnitude of its standard deviation. Suppose that ip probe vehicles traveling on a link
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and that each of these probe vehicles reports the time required to traverse the link. Then

the standard deviation of the average reported link travel times from the probe vehicles is
as follows:

o=—L (41)

: #HP

Where: as = Staﬁd?rd deviation of the mean link travel time reported by the probe
vehjcles .
vip = number of probe vehicles

The ‘true’ link travel time for every link in the network was analyzed from the
travel time average of all vehicles passing the link. In case of the probe vehicle travel
time, the 1D of each vehicle for each link was matched with 200 bootstrap vehicles 1Ds.
The average travel time obtained from the ‘true’ and the probe vehicles were able to be
compared. The comparison of the ‘true” travel time and the travel time by probe vehicles
Is shown in Figure 4.1 The standard deviation of the travel times and the average value
of the travel times of probe vehicles are shown later in Figure 4.3,
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Figure 4.1 was constructed from the average link travel times reported by probe
vehicles. The traffic conditions were broken into 5 traffic situations, depending on their
congestion level (as indicated by the entering flow onto the test network). The average
probe vehicle travel time for each link appearing in the figure was not the data from a
single set of probe vehicles, rather it was the average of 200 bootstrapped travel times on
that link. Thus, Figure 4.1 does not intend to show the difference of the average travel
time from each (possible) set of probes, and the comparison with the true link travel time
implies the ability of probe vehicles (at a particular percentage of probe vehicles) to give
an accurate data, .. ....... Although unable to see the quality of the travel time (in
terms of accuracy) of each reported data, Figure 4.1 reveals the effect of the amount of
travel time data by probe vehicles (percentage of probes) to the resulting discrepancy of
travel times, compared with the ‘true’ travel time.
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As shown in Figure 4.1, for every set of traffic volume, the travel times from
probe vehicles are almost equivalent to the ‘true’ travel times. The plots of probe vehicle
travel time versus ‘true’ link travel time agree well. This is very promising result, as it
indicates the relations hetween accuracy of the travel times with different traffic volumes.
This implies the obtainment of travel time accuracy by probe vehicles in a wide range of
traffic volumes (situations). Therefore, the travel time from probe vehicles can be used
for the representation of the ‘true’ travel time. However, when the level of service is
poor, during the network starts to load with vehicles and exceeds the capacity (in other
words, in saturated traffic conditions), the average travel time given by probe vehicle is
not well equivalent to the ‘true’ travel time. As shown in Figure 4.1 d) and e), at 2.5%
and 5% of probe vehicles, the average travel time from probe vehicles has underestimated
the ‘true’ travel time. It is observed that the small amount of probe vehicles could result
in the large discrepancy of travel time in congested conditions. When the number of
probe vehicles is larger, then the reported average travel time would be closer to the
‘true’ travel time.



Probe Vehicle Average Travel Time (s)

Probe Vehicle Average Travel Time (s)

bootstrapped was made independently. As shown in Figure 4.2, the example plot of
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While the previous figures considered the average of 200 bootstrapped travel
times on each link simultaneously, now the consideration of the travel time from 200

average travel times from 200 hootstrapped was illustrated to compare with the ‘true’
travel time for the probe percentage of 2.5%, 5%, 10% and 20% respectively at traffic
volume of 4000veh/h. The purpose of the illustration of these figures was to give a
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picture on how the average travel time given by probe vehicle varies at 200 bootstrapped
at various probe percentage. These figures demonstrate the close similarity between
bootstrap predicted average travel times and ‘true’ average travel times. It can be seen
that the variation of average travel time for every links is wider when having percentage
of probe to be 2.5% and this variation becomes lower as the percentage of probe vehicle
increases. This is consistent with intuition, as sample sizes are smaller, and thus variation
of the average travel time must also be larger. The expected variation is zero if the probe
vehicle percentage is 100% where in other words, the average travel time given by probe
vehicle will definitely replicate the ‘true’ average travel time when assuming all vehicles
to be probes. However, in reality, these variations may vary as the traffic pattern is

affected by several factors such as the characteristics of the drivers, even if the flows are
the same.
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As mentioned earlier, the accuracy of the fink travel time obtained from the probe
vehicles is described by the magnitude of its standard deviation. It is a measure of the
average value of the difference between probe vehicle travel time observations and the
average value of the ‘true’ travel time observations. As shown in Figure 4.3, the variation
of travel time standard deviation is larger as the link travel time increases. The standard
deviation is a commonly used statistic to describe the variability of a random variable.
The standard deviation increases with the increasing of probe vehicle average travel time.
Heuristically, a larger number of probe reports imply a better accuracy in travel time
prediction,

Comparing the number of probe vehicles, it is clear that the larger number of
probes brings about the small deviations. In all traffic conditions, Figure 4.3 a) to e), the
2.5% percentage of probe vehicles give the largest variation in reported travel time, while
the 20% probe vehicles gives the smallest.
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Travel times of probe vehicles are less accurate with the increasing of traffic
volume in the network. A telling statistic is the increase in standard deviation, indicating
that there is a greater spread in the ‘true’ travel times when comparing it with the
increasing of the traffic volume. The increases in standard deviation support the
expectation when the traffic generally is cleared during green light and experiences no
extraordinary delays. However, if the network has full loads of traffic, traffic can quickly
back up into the preceding intersection and take multiple traffic signal cycles to dissipate
the queue. In spite of that, the standard deviation primarily depends on the traffic flow
and the traffic environment. In case of low traffic flow, most of the drivers can keep their
desired speeds and the travel times vary as much as the speed preferences. On the other
hand, higher flows make more vehicles hindered and the travel time to a higher extend
determined by the surrounding traffic. However, comparing probe vehicles with all
vehicles, the same tendency of average travel time and variation could he observed
although there were few samples of probe vehicles.
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To further examine the variance (Standard deviation) of travel time from the probe
vehicles at various traffic conditions, the coefficient of variation is considered. The

coefficient of variation is hasically the standardized form of standard deviation, and can
be expressed as follow:

cov = SD/average (2)

Where, cov = coefficient of variation
SD = standard deviation
Average = average value

And the plots of COV are illustrated in Figure 44

Considering Figure 4.4 a) through €), there is no pattern in the COV. It implies
that the standard deviation (variation) of the travel times reported by probe vehicles is
independent to the amount of link travel time,
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Travel times given by probe vehicles were examined for each link. Threg links
were selected to exemplify the travel time results in different link types: entrance, exit,
and internal links. Referring to Figure 34, link 4-5, 195 and 5-20 were selected for
further travel time investigation. These 3 links represented the entrance, internal and exit
link respectively. The summary of number of probe vehicles, the average travel time,
standard cleviation as well as the ‘true’ average travel time for each analyzed link is
shown in Table 4.1.

Table 41 “True’ and probe vehicle travel time comparison
a) Traffic volume entering the network is 4000 veh/h

Average for True' Averae for Probe Vehicle
No of PV Travel Time () Standard Deviation ()

PV
Link V,\elﬁigre rr() SD() Per%t)e/g)tage Link A Min Max Avg Min Max Awg Mn Max SDTT

45 403 41T 1210 F5/0 5 1 16 47119 3029 6225 1003 104 302 446
195 257 6315 2048 25 195 775 & I 6351 3700 9567 206 106 443 107
520 283 405 1% 50 5 2395 0. 43 119 000 37 643
45 1 6 B 441 4019 %642 1119 18 215 310

5 19— = 17 6339 4564 842 2026 216 024 719

50 9 3 16 4056 39. 422 18 029 318 069

45 B 16 4 475 4141 5475 1139 2% BB 2R

10 195 18 7 29 6291 4865 7616 202 7983 2597 4%

50 B 8 8 405 3039 4178 1% 086 276 046

45 5% 3 74 4170 3% 5261 1175 554 1669 15

2 195 % 24 50 6310 5478 7245 2052 13% 2405 334

50 % A 4 4053 970 4124 1% 16 282 03l

b) Traffic volume entering the network is 6000 veh/h

Average for 'True' Avera »efor Probe Vehicle o
No of PV Travel Time () standard Deviation ()

PV
Link V,\elgiglfe TT() SD() Percentage Link Avg Min Max Awg Min Max Avg Mn Max SDTT
%

45 951 19935 6306 45 1 7 8 0003 16413 24175 6232 4429 86.%6 1498
195 33 81% 2173 25 195 6 1 14 8158 47125 1350 2632 212 4526 1234
50 39 43 1 0 7 1 4 4136 3050 44 166 04 372 072
45 % 19 5 1973 16185 22427 6189 4868 7817 1178

5 195 1 4 2 8l62 5190 11463 2115 987 3B/E0 757

%0 B 6 4 437 308 429 168 042 28 050

45 66 4 8 194 17609 20779 6275 5352 73R 157

10 195 2 8 % 8l2% 6506 10006 2737 1680 3380 564

50 26 L 43 4135 4026 223 11 0% 25 034

45 18 14 1% 19900 18403 21076 6295 5448 7005 510

2 95 & A4 6 8l 703 9326 2750 2345 308 4K

520 51 % 67 4L 4078 4% 174 127r 219 020
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Table 41 ‘True’and probe vehicle travel time comparison (continued)
¢) Traffic volume entering the network is 8000 veh/h

Average for Trug* Avera e for Probe Vehicle
Noofpv Travel Time () Standard Deviation ()

. pv . . .
Link V,\éﬁiglfe TT() SD() Percentage Link Avg Min  Max Avg Mn Max Ag Mn Max SDTT
0,

(
45 8 42924 11947 45 14 6 26 4253 33BI1 54713 11817 5228 15638 3328
195 403 84713 2823 25 195 6 1 13 87 6000 13817 262 177 5128 1240
520 316 4101 180 52005 0 10 4068 000 4325 174 000 425 418
45 2 16 4 42546 36600 49231 11962 9198 14644 275
5 195 B 5 2 8412 6618 10405 2744 1059 4153 1%
520 10 2 18 4100 3900 423 179 0% 3R 062
45 583 37 T4 4942 36854 47453 11980 9968 14800 16.36
10 195 26 W 3 8439 7250 %7l 2199 1988 3737 511
50 19 8 B 4096 3950 4202 18 08 268 042
45 12 8 12 42968 40025 457.69 11970 10472 13233 1063
2 195 49 3% 69 8466 7303 9AT7T 2825 2% BHKH 3B
520038 5 53 4099 4023 471 180 131 23 08

d) Traffic volume entering the network is 10000 veh/h

Average for ‘True' Avera >¢for Probe Vehicle o
No of PV Travel Time () Standard Deviation ()

PV
Link V,gﬁigfe T() SD() Percoe/ntage Lok Awg Min Max Ag Min Max Awg Mn Max SDTT
0

45 666 70002 17576 45 7 1 16 71186 477.00 87350 16662 20.74 26204 7L1L
195 600 11573 3979 25 1850 2 4 U751 4400 15950 302 397 7218 1651
50 &1 4035 18 B 2l—b 0 2 4010 000 435 177 000 460 301
45 U 6 26 70589 560.25 847.50 17224 5087 237.18 5062

5 195 B 5 24 1701 8341 15282 3086 1675 6053 1LI7

50 9 3 B 4038 BB 4214 18 06 312 064

45 B 16 4 70178 60993 81670 17502 11336 20702 3311

10 195 % U 3 1662 928 14072 3078 2816 5168 6%

50 1B 8 0 4039 3928 4150 18 092 274 04

45 5% 3 5 70013 61862 76235 17518 15046 20288 2314

2 195 50 3 66 11550 10242 12842 3975 2914 4839 511

50 3% 19 % 4039 N4 412 18 127 233 030
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Table 41 ‘True” and probe vehicle travel time comparison (continued)
e) Traffic volume entering the network is 12000 veh/h

Average for'True' Averae for Probe Vehicle
No of PV Travel Time () Standard Deviation ()

PV
Link V,\elﬂigre TT() SD() Percentage Link Avg Min Max Avg Min  Max Awg Mn Max SDTT
U
0569 M B 48

5 0 22 73891 0. 111650 1428 000 27111 10587

195 613 11299 40 25 195 5 1 2 11669 6838 201. 4283 424 10218 22
520 386 4020 206 520 3 0 9 3984 0. 4350 18 000 4% 42
! 3 19 73829 58506 87243 16796 4961 24399 56.46

5 195 1 3 I 149 7150 153% 435 243 7681 1342

520 6 1 L4020 370 4217 202 029 389 0%

R 9 2 T4L79 61690 85236 16949 9373 246.19 3859

10 195 2 0 3% 1417 830 U313 4359 2589 6228 934

50 D2 4 3 402 3850 418 203 068 338 060

45 4 % 59 TA070 67198 80494 17041 1325 21307 2508

2 195 3% 24 63 11340 8986 13651 435 3271 5763 652

520 24 4 3 4020 3013 44 205 13T 266 041

As indicated in Table 4.1, as the percentage of probe vehicle increases, the
number of probe vehicles also increases. By statistical point of view, as expected, the
more probe vehicles to generate the data, the closer the average travel time to the ‘true’
value will be. Besides, the range for the standard deviation decreases as the percentage of
probe vehicle increases. From Table 4.1 a) for the entrance link (link 4-5), with the total
of 403 vehicles passing the link, the travel time gathered is 47.77 seconds. The exit link
(link 19-5) has 257 vehicles with the average travel time of 67.15 seconds and the
internal link (link 5-20) has 253 vehicles with the average travel time of 40.52 seconds.
Comparing these ‘true’ travel times to the average travel times given by probe vehicles,
probe vehicles could yield similar travel times to the ‘true’ travel times of these three
links. The same trend could be observed at all traffic conditions in Table 4.1 8) toe). For
example, on link 4-5 the average link travel times (from 200 bootstrap samples) are
47.19, 4747, 4754, and 47.70 seconds for 25%, 5%, 10% and 20% of probe vehicles
respectively, compared with 47.77 seconds of true travel times. Another example is the
travel time on link 19-5 in the case of entering volume of 12000 veh/h. Compared to
112,99 seconds of ‘true’ travel time, the bootstrap travel times are 116.69, 114.99
114.17, and 11340 seconds for 25%, 5%, 10%and 20% respectively. However, it is
reminded that the average link travel times from probes are the “average” of 200
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hootstraps.  The closer averages from probes to the “true” link travel time as the

percentage of probes increases indicate the (maximum) ability of a percentage of probes
can give, in termof travel time accuracy.

To look at the accuracy of individual reported travel time from a set of probe
vehicles, each set of reported travel time from probe vehicles must be examined. The
factors affecting the accuracy of the travel times are 1) number of probe vehicles on the
links (number of reported travel times) and 2) average travel time values. From Table
4.1, the number of probe vehicles on each of three links varies, so does the average travel
time values from them. Examining the number of probe vehicles on the links, it is
eminent that the low percentage of probe vehicles creates the large variation of the
number of travel time data for a link. For example, on link 5-20 at 25% probe vehicle
and the entering volume of 4000 veh/h, the data indicate that one or more times the
situation experiences no probe vehicle on the link. On link 4-5 and link 19-5, one or more
times a single probe vehicle travels on the link(s). The fact that there is a variation in the
number of probe vehicles (and travel time data) on a link would create the variation in
average travel time. The discussion on the number of probes will be elaborated in the
subsequent section.

The variation in average travel time value obtained from a set of probe vehicles
can be examined from the range of travel time estimates (200 times) and the standard
deviation of the travel time estimates. Table 4.1 summarizes the variation in terms of the
minimum (Min) and maximum (Max) values of travel times obtained from each of 200
replications. The standard deviation of the travel time estimates is also displayed in the
table as Standard deviation of the travel time estimates (SD TT). As expected, less
number of travel time data (probe vehicles) could create a larger deviation in travel time
estimates, compared to the ‘true’ travel time. To exemplify this, consider link 4-5 in
Table 4.1 a) if probe vehicles account for 25% of the entire fleet, then the variation of
travel time estimates obtained from these probes can be as large as +32 percent (-19
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percent), or the range of the values constitutes approximately 50% of the travel time
estimate. \When the number of probe vehicles increases (20% probe vehicles), the range
narrows down to approximately 6% of travel time estimates. A more simple
consicleration on the same point can be taken on the SD TT. The value of SD TT is
smaller when the percentage of probes is higher. With the same example, travel time
estimates on link 4-5 would vary considerable largely with 2.5% probe vehicles (4.46
seconds), and the variation becomes smaller to 1.56 with 20% probes.

It is good to know the reduction of standard deviation as the traffic volume
increases. Figure 4.5 depicts the overview of the standard deviation as a function of probe
vehicle percentage. As expected, the deviation of average travel time will be smaller
given that the percentage of probe vehicle is higher. However, compared among the
deviation of the average travel time for entrance, internal and exit link, as illustrated, it is
seen that the deviation of the average travel time becomes the highest in the entrance link
and the smallest in the exit link. For the entrance link, the travel time increases rapidly as
the traffic volume increases. One of the reasons is that, at the entrance link, after the
warming up period of 15 minutes, the network experiences waiting gueues to pass the
intersection. Some of the vehicles need to wait for a few cycle times in order to pass
through that intersection. Besicles, some vehicles start to queue back into the release
zones. Therefore, these situations have caused the travel time to increase which may lead
to the large dispersion of standard deviation. Conversely, in the intermal link, we can
consicler it as a “stable” link. Since it is in the middle of the network, it may only get
effects from the vehicles queuing at the intersection. Consequently, the deviation of the
travel time is not as much as in the entrance link. For the exit link, the deviation of the
travel time is varying not much even though the traffic volume increased. Free flow
traffic can be expected in the exit link because all vehicles pass through all the
intersections and the vehicle do not have any obstruction at the end of the network which
can delay them to reach to their destination.
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Figure 4.5 a) shows the stancard deviation of the travel time on an entrance link at
various traffic congestion levels. The standard deviation of the travel time is lower when
the congestion is lower. For example, the standard deviation of the travel time at low
congestion condition (4000 veh/h entering flow) is 5 seconds while the standard deviation
at high congestion is 105 seconds. Keep in mind that all congestion conditions have a
variety of travel time values.

Figure 4.5 ) also implies the benefits that could be gained when the number of
probe vehicles increases. Considering the low congestion condition, the increase in
percentage of probe vehicles from 2.5 to 5 percent could bring about a great reduction in
travel time variation (obtained from probes) by half (from 105 seconds to 58 seconds), at
12000 veh/h network volume. This trend in the reguction in standard deviation is
observed in all traffic congestion level. When the percentage of probe is high, the
percentage of reduction in travel time variation is less.
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Considering Figure 45 ), link 19-5, an internal link, has different standard
deviation from link 4-5, entrance link, in Figure 45 a). So does link 5-20, exit link, in
Figure 45 c). The main difference among three links is that the exit link does not have as
great an effect from higher congestion as the entrance and internal link. The exit link
normally does not have a big variation in travel time. The variation basically comes from
a variety of desired speed of individuals. Unlike the exit link, the entrance link travel
time relies heavily on delay at the signal at downstream intersection. Thus, the absolute
values of standard deviations of travel times should not be compared, rather the trend in

reduction in stancard deviation when the percentage of probes increases must be
consiclered.,

Figure 4.5 a)-c) yield the same conclusion that the reliability of travel time could
be gained if the percentage of probes is increased. This is eminent in the case of the
increase in number of probes at the low percentage of probe vehicles (e.g. 25 to 5%).
The benefits are minimal on the exit link where the travel time variation is normally low.
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42 ROUTE TRAVEL TIME

Route Travel Time is the travel time of a vehicle traversing from one end the
other end of corridor. Inthis hypothetical network, the route travel times were determined
from the travel from zone 1to zone 2 (Eastbound, EB) and from the travel from zone 2 to
zone 1 (Westbound, WB). Vehicles must proceed on six corridor links. Since some
vehicles were assumed to be probe vehicles (PV), some of the O-D flow between zone 1
and zone 2 were selected to be probe vehicles and then their probe vehicle travel times
were calculated. Note that the “true” route travel time is defined as the travel time
calculated from all vehicles traversing on the O-D route. This resembles the travel time
data obtained from vehicles when they complete the entire route. It is analogous to the
100% PV market penetration case. The data ignore travel times on links on the route.

At each market penetration case (% PV), some vehicles were assumed to be PV,
Then travel time determination was basically the average of travel times from all PVs. It
is noted that the number of PV is random, based on %PV. It was natural that travel times
from PVs varied due to their traffic and driving situations, thus variation in travel times
could he seen (as indicated by range and standard deviation of travel times). Since the
PV/s were resampling, the bootstrap of PVs resulted in various number of PV in the same
%PV case. In this study, the PVs were randomly selected for 200 times, producing also
various travel times and their variations. While the link travel time consideration focused
on the relationship between the travel time reported by probe vehicles and the ‘true’
travel time and the analysis showed the ability of each percentage of probes in giving
accurate results, this section examined the route travel time, which was the total time
traveling on several links. The closeness of the travel time by probe vehicles could be
seen from bootstrap results, while the accuracy of individual reported travel time could be
seen from standard deviations of the travel times,
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In theory, the route travel time can be determined from at least two methods; the
direct travel time measurement from (probe) vehicles that traverse on the entire route, or
the estimation by the summation of link travel times (of the links on the route). The link
travel times can be estimated from all vehicles on the links, or from selected vehicles that
proceed in the consiclered directions. In the hypothetical network, two routes are under
investigation. The East Bound route and the West Bound route are described previously
in Section 3.2 . However, only the East Bound route was selected for the investigation.

In this following section, the number of probe vehicles that could be obtained
from various percentages of probes was also examined. Route travel time was compared
for East Bound route. Table 4.2 shows the results for average ‘true’ travel time as

compared to the probe vehicle travel time while Table 4.3 shows the results for link by
link basis.
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Table 4.2 The average ‘true’ travel as compared to probe vehicle

"True" Travel Time PV Travel Time
Traffic  Avg Total PV _ sD SD of
Volume  TT Vehicle SD  Percentage Avg TT (min) No of PV (min) Travel
(Veh/h)  (min) (%) Time
Avg Min  Max Avg Min Max Avg Min Max
2.5 356  0.00 538 2 0 6 027 0.00 091 147
4000 117 100 0.40 5 411 0.00 497 4 0 9 035 0.00 105 056
10 418 378 455 7 1 4 038 013 078 015
20 417 394 446 U 5 23039 020 062 0.0
2.5 6.65 0.00 9.06 2 0 6 053 000 214 251
6000 754 4 073 5 743 0.00  8.94 4 0 12065 000 170 1.4
10 758 679 877 9 2 19 071 027 130 0.26
20 758 699 805 U7 8 30 072 046 106 017
2.5 1723 0.00 26,60 1 0 4122 000 481 917
8000 21.93 o 294 5 2087 0.00 2623 3 0 7 183 000 473 476
10 2195 19271 2534 6 1 3211 012 421 1.08
20 2192 2014 2434 1 4 20 218 093 374 077
2.5 468 000 3297 1 0 2 003 000 207 1119
10000 31.07 15 127 G 890 000 3297 1 0 2005 000 207 1415
10 1493 000 3297 1 0 3 027 0.00 236 1559
20 22,70 0.00 3297 2 0 5 064 000 236 1387
2.5 1096 000 3658 1 0 4 011 0.00 391 1535
12000 32.39 5 153 5 1625 000 3658 1 0 4 034 000 513 1618
10 2386 0.00 3658 2 0 6 107 000 6.02 1427
20 2930 0.00 3658 3 0 9 175 0.00 452 9.65



Table 4.3 The link by link average travel time and standard deviation

Traffic
N A
-3 X1 079 031

M ¥ 087 0A
45 403 08 0.20
a0 56 44 081 0A
6/ 349 078 0A4
8 223 034 003
Total 2117 438

L b BB
LB L R
Total 4414 880
-3 49 464 365
oM\ B4 219
& 8 1h 19

00 56 & ?_.27 176
e/ B2 12 03
B 42 035 003
Total 3966 321
-3 439 109 30
Moo B 361
45 66 17 29

10000 56 §4 35 091

e/ 1 117 04

4 34 03B 002
Total 3003 437

23 30 13 370

34 55 144 409
45 69 13 29
200 56 100 149 053
67 98 147 056
8 BT 0% 00

To-tal 3929 414
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Table 4.2 has very similar consideration as Table 4.1, but examining the route,
rather than link, travel time. The travel time data reported by probe vehicles for the entire
route yield similar conclusion as the link travel time reports shown in Table 4.1 The
bootstraps of route travel time show that on average the ability of probe vehicles in
giving accurate results. Again, as the sample of probe vehicle increases, the travel time is
also close to the ‘true’ one. As refer to Table 4.2, for the traffic volume 4000veh/h, there
were 100 vehicles traveling along the route which gave the ‘trug’ travel time of 4.17
minutes. For traffic volume 6000ve/h, the ‘true’ travel time was 7.54 minutes with 124
vehicles traveled along the route. The average travel times given by probe vehicle for the
traffic volume 4000veh/h are 3.56, 4.11, 4.18 and 4.17 minutes respectively for 25%,
5%, 10% and 20% of probes. As compared to the probe average travel time, still, when
having probe vehicle of 20% percent with the average number of probe vehicle 14, the
travel time gathered is almost the same as the ‘true’ travel time. Similar the case of link
travel time, it is remincded that the average route travel times from probes are the
“average” of 200 bootstraps. The closer averages from probes to the “true” link travel
time as the percentage of probes increases indicate the (maximum) ability of a percentage
of probes can give, in term of travel time accuracy.

When comparing this to the average travel time from the summation of link, as
indicate in Table 4.3, it is reasonable because the link summation gives travel time of
4.38 minutes with the total number of vehicle traveled is about 2117. However, taking
into consicleration of these two sources of average travel time, the probe vehicle based
gives a better result which is closer to the ‘true’ average travel time. Note that the traffic
volume along the link toward the end of the route is consistent but at the end of the link,
fewer vehicles completed the journgy to zone 2. Most of it turmed at the intersection
which consequently gave a low number of vehicles at the end of the link. Since the left
tum, right tum and through movement might experience a larger difference in their time
to traverse the intersection, it macke more sense to measure the travel time based on route
(a corridor consisting of multiple links) rather than link. The difference in the prediction
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performance can be attributed to the variance of the probe vehicle reports. Adding
average link travel time together certainly propagates the variance of the total travel time
of the route. As a result, with larger variance on travel time estimates, the link based

average travel times are more likely to produce less satisfactory results from the ‘true’
value.

The same pattern of average travel time could be observed with traffic volume of
6000veh/h as well as at 8000veh/h. However, as the traffic volume increased which also
lead to the diminishing of level of service, the performance of both, the probe vehicle
travel time and summation of the fink are completely poor. The results are not readily
apparent. Theoretically, it is expected that the prediction of the average travel times from
probe vehicle gets more and more close to the “true” valug with the increasing number
probes. It is also expected that in the case of having a high traffic volume, more probe
vehicle can be sample. However, the results based on the analysis do not display such a
trend, as observed from Table 4.2. Instead, it can be seen that the number of vehicles that
can be passed throughout the route are relatively decreasing as the traffic volume
increased which also depict the increasing of the congestion level. The reason is two
folds. First, for the purpose of analysis, average travel time was taken during 45 minutes
of simulation which means after consideration of the ‘warming up’ time. By taking into
account the cata that had been generated, when all vehicles were just entering the
network, the congestion was not built up yet. However, after the network was fully
loaded, the queue was assembled and continuously occurred until the end of the
simulation time. Therefore, vehicles were still in the network during the simulation stop.
The discrepancy in the travel times on this route was also s a result of the fact that the
intersections were simulated using pre-timed control with split phases, with the first
priority given to the vehicles traveling from zone 1to zone 2 (the analysis route). Since
this route was a major route with high traffic volume, the resulting of the signal setting
|eaced to the queue and the queue did not dissipate until the end of the simulation. Thus,
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vehicles spilled back into the release zones. Consequently, only few vehicles could
complete the travel to their destination.

The accuracy of these probe travel times with respect to the “true” average travel
time plays a very important role here. As mentioned earlier, probe vehicles were sampled
from the vehicle population in the simulation output. Particularly, for the heavy flow
condition more probe vehicles are needed to ensure accurate estimates. However, due to
circumstances mentioned above, the resulting average travel time from probe vehicles
would result in large variation from the “true” value. In the analysis, the standard
deviation of the ‘bootstrap’ was consistent for traffic volume 4000, 6000 and 8000veh/h
where it was decreased as the sample of probes increased. Nevertheless, an unpredictable
change was ohserved in traffic volume 10000 and 12000 veh/h. The number of probes to
gather the data decreased as the volume increased and there was a huge range of average
on travel time on each link compared to ‘true’ value as in indicates Table 4.3. It was
generally assumed that route was the addition of the travel times on its consisting links,
However, for a probe based data collection system in which the number of reports was
rather limited, this link based estimation might not be reliable. Again, the same reason is
raised where at the intersection where the probe needed to make a tum, it might
experience serious backup and consequently it might report a much longer travel time
than the “true” average travel time on the links.

As seen in the results on average, tests on all traffic networks with different
congestion levels show similar results where travel time averages by probe vehicle give
rather close to the ‘trug’ values. Therefore, it can be concluded that route travel time
prediction would produce a better result than the link by link method. While the
increasing of probe vehicle percentage could somewhat improve the prediction accuracy
for route travel time, this improvement is not significant where we could not expect the
increasing of number probe vehicle in the increasing of traffic volume (high congested
network). Therefore, by having link by link average travel times, the observation could
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provide similar estimates of travel time and might shed some light on the implementation
of travel time information system without a high market penetration of such devices.

To elaborate in the chance of having a number of probe vehicles at a percentage
of probe vehicles (market penetration), the detailed analysis was carried out from
hootstrap data. At each percentage of probes available, it was a probability that a number
of probes would travel on the route. The implications from the analysis of 200 times of
bootstraps reveal that the number of probes that could give the travel time information
varies. The amount of the probe vehicles not only depends on the percentage of probes,
but also the amount of traffic (volumes) on the links. Figure 4.6 illustrates the probability
of having probes on the route at various traffic and percentage of probes conditions.



85

Frequency

Frequency

70 5. 100
Qo
c
]
60 =4
o
& 80
50
40 o
30
404
20
20
10 Std. Dev = 1.34 / Std. Dev = 1.81
Mean = 2 Mean=4
0 <1 N =200.00 0 N =200.00
0 1 2 3 4 5 6 2 4 6 7 9
Number of Probe Vehicle Number of Probe Vehicle
2.5% of Probe Vehicle 5% of Probe Vehicle
70 - 70
Qo
c
S
60 /-\ T 60
o
w
50 50
40 40
30 30
20 7 20
10 / Std. Dev=2.53 10 - ; Std. Dev =336
L Mean=7 Mean = 14
0 \ N =200.00 0 | ~—{ N = 200.00
8

2 4 6 8 10 12 14

Number of Probe Vehicle

10% of Probe Vehicle

5

Number of Probe Vehicle

20% of Probe Vehicle

a) Traffic volume entering the network is 4000 veh/h




86

2 4 6 8 10 12 14 16 18 20

Number of Probe Vehicle

10% of Probe Vehicle

b)

> 70 > 80
Q Q
[ 4 c
[ Qo
& 604 = b
& &
601
50 1 /\
401
40
30
20
20
10 4 Std. Dev = 1.42 Std. Dev=2.18
\ Mean = 2 Mean =4
° N = 200.00 ° : l N = 200.00
0 1 2 3 4 5 6 0 2 4 6 8 10 12
Number of Probe Vehicle Number of Probe Vehicle
2.5% of Probe Vehicle 5% of Probe Vehicle
> 60 > 50
o o
c ' —4
Q o
& 3
50 @
£ 7] £ w
40
30 .
30
20 [—]
20
10
L Std. Dev = 3.15 Std. Dev = 4.09
Mean=9 / Mean = 17
° N =200.00 ) A N = 200.00

10 13 15 18 20 23 25 28 30

Number of Probe Vehicle

20% of Probe Vehicle

Traffic volume entering the network is 6000 veh/h



87

Number of Probe Vehicle

10% of Probe Vehicle

80
3 g
c c
3 2
£ £ w
60
30
40
204
\
10
\ Std. Dev = 1.10 Std. Dev =163
Mean = 1 Mean=3
0 \ N =200.00 0 N = 200.00
1 2 3 4 2 B & 3, 8 7
Number of Probe Vehicle Number of Probe Vehicle
2.5% of Probe Vehicle 5% of Probe Vehicle
ol 5 7
[ =3 c
o )
& =S —
e ©
w w
60
50 /‘
40
40
30
20
20 {
Std. Dev =220 104 Std. Dev = 3.14
Mean =6 Mean = 11
° b N =200,00 0 N =200.00

Number of Probe Vehicle

20% of Probe Vehicle

¢) Traffic volume entering the network is 8000 veh/h



Frequency

g

160

140

Frequency

120

\ Mean =0
————{N=200.00 0

40
Std. Dev = 43
ev 204

s P

1 1 2 2 0 1 1

Number of Probe Vehicle
2.5% of Probe Vehicle

2

2

Number of Probe Vehicle
5% of Probe Vehicle

88

Std. Dev = .52
Mean =0
N =200.00

Frequency

120

80

40

204

Frequency
3

Std. Dev = .80
Mean = 1
N = 200.00 0

N

Std. Dev = 1.06
Mean = 1

N =200.00

1 2 3 o 1 2

Number of Probe Vehicle

10% of Probe Vehicle

d) Traffic volume entering the network is 10000 veh/h

3

4

5

Number of Probe Vehicle

20% of Probe Vehicle



89

Frequency

Frequency

=
S

>
Q
c
3
120 8 100
w
1001
80
801
60
60
40
40
20 Std. Dev = 62 20 Std. Dev = .77
Mean = 0 Mean = 1
0 N =200.00 0 P “ N =200.00
[ 1 2 3 4 0 1 2 3 "
Number of Probe Vehicle Number of Probe Vehicle
2.5% of Probe Vehicle 5% of Probe Vehicle
80 120
oy
[~
o
&
@ 100
w
60
80
40 60
404
20
Std. Dev = 1,12 2 Std, Dev = 1.53
\ Mean = 1 / Mean =2
0 N =200.00 0 N =200.00
0 1 2 3 4 s 6 0 2 4 6 8 10

Number of Probe Vehicle

10% of Probe Vehicle

Number of Probe Vehicle

20% of Probe Vehicle

e) Traffic volume entering the network is 12000 veh/h
Figure 4.6 The distribution of number of probe vehicle on the route




90

Figure 4.6 a)-e) depict the distribution of number of probes on the route. These
figures were constructed from the 200 times of bootstraps, representing various
probabilities of having an amount of probe vehicles in a given percentage of probes
(market penetration) available. The bar plot in each graph represents the frequency
distribution from the data, while the curve plot represents the best-fitted known curve.
The curve also represents the statistical trend of the distribution. By interpreting the
curves, Figure 4.6 a) through ) yield similar conclusion: as the percentage of probes
increases, the chance of having more number of vehicles increases. This can also be seen
from the average (mean) number of probes in each case. However, this interpretation is
just valid in the case of low traffic levels.

Perhaps the crucial consiceration is on the percentage of times that there is no
travel time data (probe vehicles) in the selected route. This can be observed from the first
bar (of the raw data) reading of the curve data in each graph. For example, the probability
of having no travel time data for the case of entering volume of 4000 veh/h (Figure 4.6 a)
and 2.5% probe is approximately 20 percent. The probability decreases to 10, 8, and 2
percent at 5% 10% and 20% probe condition, respectively. When the traffic volume
increased such as in I000Qvehn or 12000veh/h, where level of service F could be found,
a different trend is observed. The data cannot be retrieved in the sections of the route
network which perform particularly poorly given that the level of congestion is high. The
problem is that the probe vehicle gets trapped in the queue and may not be able to
complete the trip which may lead to the situation where no data will be produced.

From these figures, an indication can be macle where a higher variation of probe
vehicle travel time occurs when there is no probe vehicle to provide the travel time data
for each probe vehicle sample. Besides, as expected, the higher percentage of probe
vehicle gives quantitative point of view of the accuracy of average travel time where the
travel time provided is almost similar to the ‘true’ value. However, the same trend of
average travel time and variation could be observed, although there are few samples of
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probe vehicles. These interpretations can be made in low traffic levels where no
congestion is built until the end of the simulation. As shown in Figure 4.6 &) to ), a high
difference could be observed when comparing the probability of having no probes in
traffic volume 4000veh/h and 12000 veh/h. These differences are dramatic and speak
clearly to the variation in the probe vehicle average travel time where indirectly lead to
the level of quality in the travel time estimation.

Further analysis was dong to explore the impacts of having bootstrap to get the
variation of travel time from probe vehicle. In this part, the impacts of travel time
generated by probe vehicle from ong large sample to the route were analyzed. As in the
case of link travel time, a simple, straightforward bootstrap method was applied to
develop approximate confidence intervals for average travel time from a probe vehicle
for different percentage of probe vehicles in different traffic situations. Confidence
intervals generated by this method were based on the same source of variation as travel
time estimates currently generated from Paramics V5 Microsimulation Software.
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Table 4.4 The %% confidence interval for the average route probe vehicle travel time

for traffic volume 4000 veh/h, 6000 veh/h, 8000 veh/h, 10000 veh/h,

12000 veh/h (interval bounds are in minutes)

25%

of PV

oof
PV

10% of
PV

20% of
PV

4000 6000
vehh  veh/h

LWL 33539 62958

Upper
Soiy 37633 6,998

LOURL 40359 72714
B

Upper
DN 41921 75885

LWL 41504 75474
SBPEL 42006 76210
LR - 41503 7538
SRPEL 41063 76012

8000
veh/h

15,9481
18.5067
202101
215312
217961
220992
218122
220211

10000
veh/h

3.1236
6.2436
6.9268
108723
12,7512
17.1002
20.7646
24.6321

12000
veh/h

6.8203
13.1006
139959
18,5094
218721
25.8510
21.9543
30.6453

Table 4.5 The average bootstrap travel time and standard deviation

Traffic

\olume

(vefh)
4000
6000
8000
10000
12000

2.5%

of PV

AvgTT (min) 356
D 147
AvgTT (min) 6,65
SD 251

)
Avg TT (min) ~ 17.23
D 9.17

AvgTT (min) 468
SO 1119
Avg TT (min)  10.96
D 15.35

PV

411
0.56
143
114
20.87
4.76
8.90
1415
16.25
16.18

418
0.15
1.98
0.26
21.%
108
1493
1559
23.86
1421

Yoof 10%o0f 20% of
PV PV

417
0.10
1.8
0.1/
2192
0.77
22.10
1367
29.30
9.65
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As shown in Table 4.4, by including conficence intervals in reports of probe
vehicle results, analysts can have comparable information for both, the probe vehicle
average travel time to the ‘true” one, which later on can provide understanding what
conficlence on the travel time value can be gained from probe vehicle data for travel time
information. Table 4.5 shows the average travel time of 200 bootstrapped results.The
‘true’ average travel time for the route are 4.17 minute, 7.54, 21.93 , 31.07 and 32.39
minutes respectively for traffic volume 4000, 6000, 8000, 10000 and 12000veh/h. In
general, the bootstrap distribution s centered somewhat below the ‘true’ value
estimation. For example, for traffic volume 4000veh/h, the ‘trug’ average travel time is
4.17 minutes. The 200 bootstrapped yield the average travel times of 4.17 minutes with
the standard deviation of 0.10 minute. The 95% confidence intervals cover the range of
4.16 and 4.19 minutes or about plus or minus 0.24 percent from the ‘true’ average travel
time at the 20% percentage of probe vehicle. The confidence interval for 10% of probe
vehicles using the same traffic volume range between 4.04 and 4.19 minutes or about
plus or minus 3.24 percent from the ‘true’ average travel time. The range is wider while
decreasing the probe vehicle percentage.

For traffic volume of 12000veh/h, the confidence interval yields a span range
between 27.95 and 30.65 minutes. In this example, the lower bound for the 9%
Conficence intervals is roughly 1590 percent below the ‘true’ average travel time
estimation, respectively. The upper bounds for the same intervals are about 5.68 percent
higher. These results were obtained froma sample of 20% of probe vehicles.

Adding approximate confidence intervals to the average travel time from the
bootstrap is worthwhile in addition to the standard analysis from previous sections.
Showing a likely range of impact estimates provides a great deal more information than
the typical available. In general, the 95% confidence interval ranges about plus or minus
20% from the ‘true’ value for percentage of probe vehicle 20%. However, the confidence
intervals range is very huge for the network with high congestion.
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43  CASE STUDY (ORIGIN DESTINATION (O-D) TRAVEL TIME)

In order to illustrate a simulation analysis of the potential of vehicle probes to
provide O-D information, an example network was required. However, in order to
provide meaningful results, the network characteristics were developed to be as realistic
and objective as possible. Therefore, to illustrate the potential improvement in travel time
estimates, a real network configuration consisting of some part of the Chulalongkom
University surrounding area was selected.  The main focus was not replicating the real
world in terms of the exact traffic volume and signal configuration, rather the replication
the traffic conditions and also the road network configuration to see whether the data
generated were valuable or not to be apply in real world. This application could be
extensions of the link and route travel time approach application described in the
previous sections but in this time, the proportion of vehicles traveling between each
Origin-Destination (OD) pair was defined using real network configuration. The
distribution of vehicles was then depenclent on the proportion of vehicles on each OD
path where the turning movements of these vehicles needed to be taken into consideration
each time when the vehicles make to access the link.

The first definition of average OD travel time was the summation of average
travel time from all vehicles that entered the network and travel on the link without
knowing where the vehicles were heading to. Therefore, in this case, the effects of
turming movement at the intersection were disregarded. Within the simulation analysis,
the truth was defined when data for 100% vehicles existed in the link. Thus, in this case,
the entire finite population of vehicles was measured. However, for the other definition,
the OD travel time was defines as the travel time from vehicles that travel from and to
OD. This was consistent as the case of route travel time where the probe vehicles traveled
from one zone to another zone.
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Table 4.6 The average travel time, standard deviation and number of vehicles traveling
from and to each OD pair

o . 75 & 96 &l

Average Travel Time (min) 1807 148 378 1262
Standard Deviation ~ 498 935 124 768
No of Vehicle 18 143 % 1602

Table 4.7 The average travel time, stancard deviation and number of vehicles travel on
link by link basis

. . 75 & 9% &l

Average Travel Time (min) 1561 2283 433 1184
Stancard Deviation 137 1% 015 074
No of Vehicles 588 584 508 1817

Table 4.6 and Table 4.7 contain the results of average travel time, standard
deviation and number of vehicles for OD and link by link basis. In Table 4.6, OD 7-5
gives the highest travel time because most of the vehicles was stuck in the queue which
lead them pf having longest travel time. However, referring to Table 4.7, OD 85 gives
the highest travel rimes because this is the longest route in network. For this OD, there is
a probability for the vehicle to get into the destination using a different route. However,
in this analysis, in case of link by link analysis (population), the travel times was gathered
when assuming the vehicles took a non-congested route. Therefore, the consideration of
the level of congestion should take into account and this would affect the amount and
accuracy of travel time information. In general, from these results, it is evident that the
OD pair analysis consistently underestimated the population travel time (link by link
basis). In particular, when considering travel time from all those vehicles traveling from
ong zone to another zong (OD travel time), the resulting mean travel times are much
smaller than the population mean travel times. This is expected as the population of
vehicles required to make left or right tum and consequently experience much greater
delay than the sample of vehicles traversing the link to get to the destination.
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However, generally, two observations can be made from these tables. First, the
average travel times given by these two sources differ within a small range. Second, it is
Clear that when having a lot of vehicles, the standard deviation become smaller. The
standard deviations (or variahility), in all OD sets, clearly do not vary that much given as
the number of vehicles to get the travel time data is higher. The standard deviation is thus
a good measure of the performance of the estimates. Again, as in the previous cases, the
mainline is matched best.

It is important here to remind that these calculations are dealing not with sampled
dataset, as it would be the case for a probe vehicle based-estimation. The connotation that
can be made about these results is regarding whether the accuracy of the combination of
route travel time and the link by link travel time to be applied in the real world. It is good
to know that if only link travel times could be obtained in the entire network, one could
consicer this as a good indicator of OD travel time or not. This information is better than
no other information (Such as route travel time) is available. From the results, if
consideration is made from the entire population to et travel time link by link, it
represents the real travel time that are experienced by all vehicles that exactly travel from
and to the OD. In other words, it is clear when having all vehicles in the link, the O-D
estimates are rather reliable. While the above results seem to paint a rather bleak picture,
it is noteworthy that all population average travel times are inside the range of 20% off
from the OD travel time basis. This is a good start as in the real world, it is very difficult
to reliably estimate the travel time due to the high variability in the traffic stream that
results from the flow conditions coupled with the interrupted flow nature of signalized
links. The presence of non-interrupted flow makes the estimation of link travel times
intrinsically much more reliable. Thus, the analysis has shown that even though in some
circumstances the population travel time can appear to provide unreliable results, one can
always obtain some indication on the quality of the data by providing even some vehicles
in the network to track the travel time data. Some variation of the deviation may be
caused by variations in traffic volume, although not so large.



Therefore, in general context, the use of probe vehicle travel time for measuring
link by link data depends upon the context. For example, in congested routes where the
location or congestion areas are known, the retrieval of travel times on link by link basis
would be of higher value (a good estimation of average travel time on a particular
location). In the case of random impacts and wide variations in congestion, the probe
vehicle would be of higher value taking the appropriate sample size in account.
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