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Executive Summary 

Traffic performance metrics such as delay and Level Of Service (LOS), which are well documented in the 

Highway Capacity Manual (HCM), have been widely used by most of the transportation consulting 

companies, public agencies, and etc. For arterial delay analysis, prevailing commercial tools like Synchro 

have adopted the method proposed by the HCM, which is rooted in the Webster’s delay calculation 

proposed more than 50 years ago. The LOS is obtained using a lookup table that assigns a certain grade 

(from A to F) to the estimated delay according to its value. Without knowing detailed vehicles trajectory 

profiles, this kind of delay calculation method relies on macroscopic queueing theory and assumes certain 

types of arrival patterns. As mentioned in the State Bill 743 (SB743) and the memo entitled Preliminary 

Evaluation of Alternative Methods of Transportation Analysis issued by Governor Brown’s Office of 

Planning and Research on December 30, 2013, current calculation of LOS is difficult and expensive. 

Particularly, as will be illustrated in Section 2, the state-of-the-practice calculation of delay and LOS for 

local intersections is very complicated and has the following limitations. 

i. Invalid assumptions. First, the delay calculation relies on macroscopic queueing theory and 

assumes certain types of vehicle arrival patterns. However, vehicle’s arrival patterns are very 

complicated, which are related to the demand patterns, signal phase settings, signal 

coordination, and etc. Second, the delay calculation for a certain lane group is independent 

from others’. However, lane group movements are interacted with each other. Phenomena such 

as queue spillbacks and left-/right-turn blockages can be observed frequently under heavy 

traffic conditions or with bad signal settings. Even though improvements and updates have 

been made to the latest version of HCM (i.e., HCM 2010), such problems mentioned above 

still have not been fully addressed.  

ii. Multi-step procedure. The method provided in the HCM is very complicated in calculating 

vehicle’s average delay.  There are specific procedures to account for the following aspects:  
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a) Geometric design. While calculating the saturation flow-rate for a given lane group, 11 

parameters are introduced to take into account the following factors: lane width, heavy 

vehicles, grade, parking activities, bus stops, area types, lane utilization, left-/right-turn 

movements, existence of pedestrians and bicycles. The adjustment of these factors is very 

engineering-oriented and difficult to validate. 

b) Signal control. In the HCM, for a given intersection, delay calculation varies among 

different types of control, e.g., four-way stops, fixed-time control, and actuated control.  

Furthermore, LOS is not a practical metric since it only provides a certain grade of the system performance 

and doesn’t have any physical meanings. Delay is also not a good metric for regional planning analysis 

since the total travel distance and total travel time may increase while minimizing the travel delay. 

Therefore, alternative performance metrics such as Vehicle Miles Traveled (VMT) and Vehicle Hours 

Traveled (VHT) are suggested.   

In practice, signal design varies from place to place. For a given intersection, if the signal timing plan is 

traffic responsive, loop detectors are usually installed to detect incoming flow-rates. Currently, loop 

detector data is the main data source for arterial traffic study. However, it is reported that as of July 2015, 

68% of American adults have a smartphone1. With advanced sensors equipped in the smartphones, now it 

is getting easier to collect additional data. Detailed vehicle trajectories can be collected from smartphones 

equipped with GPS. Vehicles can be re-identified and travel times can be obtained if Bluetooth connection 

is enabled. Compared to the loop detector data, this additional data source provides more detailed 

information of traffic. Therefore, it is possible to reconstruct real-world traffic conditions with this 

additional data source. In the literature, studies have shown that it is possible to reconstruct traffic on 

freeways with a low penetration rate of probe vehicles, e.g., 2-3%. However, it is still unknown how much 

data we need for local arterials since traffic patterns are more complicated than those on freeways.  

                                                           
1 http://www.pewinternet.org/data-trend/mobile/device-ownership/. Last visited: 4-20-2016 

http://www.pewinternet.org/data-trend/mobile/device-ownership/
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The motivation of this research is to explore the benefits of utilizing current available data sources, 

including loop detector data and probe data, in the following aspects: 

i. to improve the current calculation of delay and LOS performance metrics;  

ii. to provide estimates of alternative performance metrics such as VHT. 

To calculate delay and LOS, traditional methods such as the one proposed by the HCM are model-driven. 

However, in this research, we propose a data fusion approach that tries to use vehicle counts from loop 

detectors and travel times from probe vehicles for the estimation. At the meantime, more physically 

meaningful metrics such as VHT can be calculated. To perform our research, we have to first address the 

following issues: 

i. Ideally, if all vehicle travel times can be retrieved, the calculation of VHT, delay, and LOS 

would be rather simple. However, in reality, the penetration rate is not 100%, and not all probe 

vehicles can be re-identified. Therefore, the accuracy of VHT, delay, and LOS estimates highly 

relies on the percentage of observed probe vehicles. In this study, we use statistical models 

instead of physical ones while estimating these metrics, and we also investigate how much 

probe data is needed to guarantee the estimation accuracy.   

ii. It is very difficult to collect enough loop detector data from the field. First, not all intersections 

are equipped with loop detectors. Second, even for those intersections equipped with detectors, 

not all of them are connected to the central database. That means there exists a portion of 

detectors working locally and the detected vehicle volumes will be discarded as time elapses. 

In this study, we use microsimulations to generate a set of synthetic data for our study network. 

Compared with collecting data from the field, there are advantages of using microsimulations. 

a) The cost of running simulations is much cheaper than collecting data from the field.  

b) To assess the performance of the proposed method, it is possible to generate datasets that 

contain various traffic conditions since we can adjust the demands, signal timings, signal 
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coordination, and etc. in the study network. However, such datasets are hard to obtain from 

the field. 

For our proposed method, we assume the midblock loop detector data and the travel time data are given. 

Then VHT, delay and LOS can be estimated as follows: 

i. VHT estimation. VHT for a given lane group / approach / intersection, is estimated as the 

product of the mean of sampled travel times and the observed midblock traffic count. 

ii. Delay and LOS calculation. Delay for a given lane group / approach / intersection, is estimated 

as the difference between the mean of sampled travel times and the free-flow travel time. Then 

LOS is obtained using the delay-LOS lookup table provide by the HCM. 

As a comparison, we also estimate the delay and LOS using the HCM method. Our proposed method is 

simple, but has the following advantages over the HCM method: 

i) It is non-parametric which doesn’t rely on any particular models. This is a very important 

feature since it is very challenging to develop a single model that can work under various traffic 

conditions at signalized networks.  

ii) It doesn’t require inputs of geometric design and signal settings. Different from the HCM 

method, our proposed method is generic that can work under various types of traffic control, 

e.g., four-way stops, fixed-time control, and actuated control. For the estimation of VHT, the 

proposed method is valid as long as the midblock detector provides accurate estimates of traffic 

counts. For the estimation of delay, the proposed method turns out to be the unbiased estimator 

with minimum variance under a wide range of travel time distributions. 

iii) The estimation accuracy is in a direct relation with the availability of vehicle travel times, 

which will definitely increase in the near future. 

As it is difficult to collect traffic counts and travel times from the field, a set of synthetic trajectory data 

is collected using microsimulations in Aimsun. The study network is an arterial network of Huntington 

Dr. and Colorado Blvd, which run parallel to the I-210 freeway. Traffic demands as well as the signal 
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settings are tuned in order to generate various traffic congestion profiles. After collecting vehicle’s 

trajectory data, we apply the following method to collect the data required for this study.  

i. Demand data. In the delay calculation proposed by the HCM, the input of vehicle volume is 

actually the vehicle demand. In practice, vehicle demand is very difficult to obtain, especially 

during heavy traffic conditions. Therefore, in our study, we use the entering flow as a proxy 

for the demand of a given approach.  

ii. Traffic counts. To obtain the traffic counts, we virtually place midblock detectors on the 

approaches at each intersection. 

iii. Vehicle travel times. We assume the penetration rate of probe vehicles is relatively constant 

over time inside our study network. To obtain a set of sampled travel times, we use the 

following procedure: 

a) Probe vehicles are first sampled from the whole population in the synthetic dataset.  

b) Vehicle trajectories for these selected probe vehicles are extracted, and then, the set of 

sampled travel times is obtained. 

This step is conducted for 500 times in order to obtain statistically meaningful estimation 

results. 

For a given intersection, there are three different levels of analyses: lane group level, approach level, and 

intersection level. Correspondingly, we can obtain three different levels of estimates. For the estimation of 

approach VHT, delay, and LOS, there are two different ways. The first way is to calculate the estimates of 

lane group VHT, delay, and LOS, and then aggregate them into the approach level. The second way is to 

obtain the estimates of approach VHT, delay, and LOS directly using the proposed method. As a 

comparison, estimates of lane group delay and LOS are also calculated using the HCM method. Then 

estimates at the approach and intersection levels are obtained by aggregating the ones at the lane group 

level.  

According to our analysis, we have the following findings: 
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i. The proposed method provides better estimates at the approach level than at the lane group 

level for all the estimates of VHT, delay and LOS.  The reasons may be: 

a) The approach based volume is higher than the lane group based one. With a given 

penetration rate, the chance to observe a probe vehicle is higher at the approach level 

than at the lane group level. 

b) For a given approach, the distributions of travel times are similar among lane groups 

since they interact with each other. 

ii.  A penetration rate of 7% is enough to obtain reliable and accurate estimates of VHT, delay 

and LOS. This penetration rate probably can be reached in the near future. 

iii. For the estimation of delay and LOS, the proposed method generally outperforms the HCM 

method. Using the synthetic dataset, we show that the HCM method provides inaccurate 

estimates of LOS 40% of the time. However, if the penetration rate of probe vehicles is about 

7%, the proposed method can improve the accuracy up to 83% at the approach level. 

According to our findings, the required penetration rate (7%) for arterial networks is higher than that for 

freeway networks. In the future, it is necessary to validate the actual penetration rate on local arterials. We 

may expect such a requirement may not be satisfied given certain periods of time or for minor streets. 

Therefore, such an analysis can help us better understand what we should do if we want to apply our 

proposed method to the field.  

In this study, we haven’t involved the estimation of VMT. There are several reasons listed below: 

i) Ideally, if detectors are installed at all approaches of a given intersection and are healthy, the 

estimation of VMT is rather simple. The appropriate proxy would be the product of the 

midblock detector counts and the corresponding link length. 

ii) However, not all approaches at a given intersection are equipped with loop detectors, and not 

all loop detectors are healthy all the time. Therefore, there is no enough field data for the 

estimation of VMT.  
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iii) There are other data sources, such as Call Data Records (CDRs), available. It is possible to 

apply optimization schemes to reassign the cellular flows to local arterials to match the 

observed link counts. However, we need to have a better understanding on this new data type 

before calculating estimates of VMT for arterial networks. 
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Section 1: Introduction 

The evaluation of performance metrics for urban networks is an important task for both urban planners and 

traffic operators. In the planning context, metrics are used to estimate the impacts of proposed long-term 

projects at the neighborhood or city level. The criteria used in California for evaluating these projects have 

shifted recently with the passage of State Bill 743 in 2013. This bill seeks to upgrade the process for 

evaluating transportation projects under the California Environmental Quality Act (CEQA) such that it 

aligns with the broader goal of reducing environmental impacts, specifically by reducing greenhouse gas 

emissions. The guidelines that have emerged from this process [1] argue against the use of the Level Of 

Service (LOS) as a guiding metric, and for alternatives such as Vehicle Miles Traveled (VMT) and Vehicle 

Hours Traveled (VHT). Among the stated reasons for this is the fact that LOS forecasts tend to favor 

development in lightly populated areas over urban areas and city centers. Standard LOS evaluations fail to 

promote mode shifts away from cars and into cleaner alternatives such as bikes, buses, and walking. It is 

also argued that delay-based metrics in general are not adequate for evaluating projects that involve changes 

in trip lengths. It is possible, for example, to decrease average delay while increasing travel times, if trips 

are made longer. Hence, the trend in urban planning is currently towards aggregate metrics such as VHT 

and VMT, and away from delay-based metrics such as LOS.  

The case is somewhat different in the short-term operations context. Here the objective is to use 

performance metrics to evaluate an intersection or group of intersections in order to improve their signal 

control settings. In this context, trip lengths are largely fixed - some portion of drivers may be coaxed into 

taking a different route, but only by increasing the delay on their nominal route. Thus, it can be argued that, 

at the operations level, the goals of greenhouse gas reduction and delay reduction are aligned.  

The aim of this research is to investigate the extent to which the estimation quality of both VHT and LOS 

can be improved by using travel time samples from onboard devices such as smartphones.  
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Several technologies now exist that enable the collection of travel times in urban settings. These include 

toll tag readers, Bluetooth devices, and smartphones. Additionally, travel times can be obtained through 

vehicle re-identification techniques, such as that of [2]. The availability of probe devices is growing rapidly. 

It was reported in [3] that as of July 2015, 68% of American adults own a smartphone. The potential for 

using probe data to infer traffic states has been established. Herrera et al. [4] found that a 2-3% penetration 

rate of cell phones is sufficient to provide accurate measurements of speeds on a freeway. Patire et al. [5] 

further confirmed that relatively low penetration rates for GPS-based probes are sufficient to significantly 

improve the estimation of traffic states on freeways. However few studies have been conducted on the 

potential uses of probe data on local streets. The existence of signalized intersections on these streets, along 

with the complexities of urban routing, makes it likely that a higher rate of probes will be needed. 

Important contributions to the problem of travel time estimation include those of Hofleitner [6] and Feng 

[7]. Both of these works are concerned with fitting the parameters of a candidate model -- a mixture 

Gaussian in the case of [7] and a model derived from traffic theory in [6]. While these serve useful purposes, 

for example for the route selection problem, the goals of the present effort require only the estimation of 

the mean of travel times, and thus a more simple non-parametric approach is sought. 

This report introduces a method for combining travel time samples with loop detector counts to estimate 

VHT, delay, and LOS. The method is contrasted with the formulas of the Highway Capacity Manual (HCM) 

[8], which take lane group volumes, queues, capacities, and signal parameters as inputs. These formulas are 

provided in Section 2. Section 3 presents the proposed method. The framework for studying the method 

and comparing it to the HCM formulas is described in Section 4. This framework consists of a micro-

simulation model built with the Aimsun software [9]. The model covers 11 intersections along streets 

running parallel to the eastbound I-210 freeway in Arcadia, California. The analysis of the simulation results 

is provided in Section 5. In Section 6, we draw our final conclusions with some recommendations. 
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Section 2: The HCM Method 

The method currently used by both urban planners and traffic engineers to calculate delay and LOS is that 

of the Highway Capacity Manual [8]. This method, illustrated in Figure 1, requires information about the 

geometric design, traffic demands (forecasts in the planning case), and signal settings. The details of the 

calculations are provided below. These are applied for comparison to our proposed method in Section 3. 

 

Figure 1. HCM procedure for calculating delay and LOS. 

Section 2.1: HCM delay calculations 

Conceptually, as illustrated in Figure 2, the delay experienced by a vehicle at a fixed-time traffic signal is 

measured between point A at which it first begins to decelerate as it approaches the queue, and point B 

where it has accelerated to its original speed after exiting the queue [10]. However, in the HCM, the control 

delay is measured slightly different which only takes into account the delay between point A and the stop 

line (point 𝐵′) (See Exhibit 31-5 in [8]).   

 

Figure 2. Distance-time diagram for a signalized intersection. 
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The HCM identifies three components of delay: uniform delay (𝑑1), incremental delay (𝑑2), and initial 

queue delay (𝑑3). The average delay for the lane group, 𝑑𝑔, is computed as a sum of these three parts: 

 𝑑𝑔 = 𝑑1 + 𝑑2 + 𝑑3. (1) 

The uniform delay represents the delay computed under an idealized assumption of uniform arrivals. It can 

be computed using the Incremental Queue Accumulation (IQA) method in [8], which is provided below. 

 𝑑1 = 0.5 ∑ (𝑄𝑖−1 + 𝑄𝑖)𝑡𝑡,𝑖𝑖=1
𝑞𝐶  (2) 

with 

 𝑡𝑡,𝑖 = min{𝑡𝑑,𝑖, 𝑄𝑖−1
𝑤𝑞

} (3) 

where 

𝑡𝑡,𝑖: duration of trapezoid or triangle in interval 𝑖 (s), 

𝑡𝑑,𝑖: duration of time interval 𝑖 during which the arrival flow-rate and saturation flow-rate are constant (s), 

𝑄𝑖: queue size at the end of interval 𝑖 (veh), 

𝑣: demand flow-rate (veh/h), 

𝑞: arrival flow-rate = 𝑣/3600 (veh/s), 

𝑤𝑞: queue change rate (veh/s), 

𝐶: the cycle length (s). 

The second component (𝑑2) accounts for delay caused by random arrivals or oversaturation during the 

analysis period. This component is calculated with, 
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𝑑2 = 900𝑇((𝑋 − 1) + √(𝑋 − 1)2 + 8𝑘𝐼𝑋

𝑐𝑇 ) 
(4) 

Here 𝑇 is the duration of the analysis period during which traffic conditions are assumed to remain steady. 

The selection of 𝑇 typically ranges from 15 minutes to 1 hour. 𝑋 is the volume-to-capacity ratio (𝑣
𝑐), where 

𝑐 is the capacity. 𝑘 is a factor that depends on controller settings and varies from 0.04 to 0.5. For pre-timed 

phases, coordinated phases, and phases set to “ recall-to-maximum", a value of 𝑘 = 0.5 is recommended. 𝐼 

is an adjustment factor that accounts for the effect of an upstream signal on vehicle arrivals. The selection 

of 𝐼 is typically within [0.09, 1]. A value of 𝐼 = 1 is used for isolated intersections, while smaller values 

are recommended for interacting intersections. 

A third component 𝑑3 is included whenever a queue exists at the beginning of the analysis period. This 

term is calculated with, 

 𝑑3 = 3600
𝑣𝑇 (𝑡𝐴

𝑄𝑏 + 𝑄𝑒 − 𝑄𝑒𝑜
2 + 𝑄𝑒2 − 𝑄𝑒𝑜2

2𝑐 − 𝑄𝑏
2

2𝑐) 
(5) 

with  

 𝑄𝑒   = 𝑄𝑏 + 𝑡𝐴(𝑣 − 𝑐) (6) 

 𝑄𝑒𝑜 = { 0, 𝑣 < 𝑐
𝑇(𝑣 − 𝑐),   𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒 (7) 

 
𝑡𝐴    = {min { 𝑄𝑏

𝑐 − 𝑣 , 𝑇} , 𝑣 < 𝑐
𝑇, 𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 (8) 

where 

𝑡𝐴: duration of unmet demand in the analysis period (h), 

𝑄𝑏: initial queue at the beginning of the analysis period (veh), 

𝑄𝑒: queue at the end of the analysis period (veh), 
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𝑄𝑒𝑜: queue at the end of the analysis period when 𝑣 ≥ 𝑐 and 𝑄𝑏 = 0 (veh). 

The average delays for approach 𝑎 (𝑑𝑎) and for intersection 𝑖 (𝑑𝑖) are calculated by aggregating the lane 

group delays, 

 𝑑𝑎 = ∑ 𝑑𝑔𝑣𝑔𝑔∈𝜒𝑎
𝑣𝑎

, 

𝑑𝑖 = ∑ 𝑑𝑎𝑣𝑎𝑎∈𝜒𝑖
∑ 𝑣𝑎𝑎∈𝜒𝑖

. 

(9) 

Here 𝜒𝑎  is the set of lane groups belonging to approach 𝑎 , 𝜒𝑖  is the set of approaches belonging to 

intersection 𝑖, and 𝑣𝑎 = ∑𝑔∈𝜒𝑎 𝑣𝑔 is the volume on approach 𝑎.  

Once the average delays for lane groups, approaches, and intersection have been calculated, the 

corresponding LOS's are found with the lookup table provided in Table 1. 

Table 1: LOS criteria for signalized intersections in the HCM. 
LOS Average delay (s/veh) 

A ≤ 10 

B (10, 20] 

C (20, 35] 

D (35, 55] 

E (55, 80] 

F ≥ 80 

 

Section 2.2: Commentary 

Although the HCM delay estimation methodology is widely used by traffic engineers and has been tested 

and validated in numerous field studies, there are several limitations that are worth noting.  First, the method 

requires a large amount of information regarding the geometric design, signal timing parameters, demand 

volumes, estimated capacities, and even estimated queues. This makes its application time consuming and 
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error prone. Second, the delay calculation for actuated traffic signals is very complicated since the cycle 

lengths and green times depend on arrival patterns and may vary during the analysis period. Third, the 

formulas assume that traffic conditions downstream of the intersection are clear. For this reason the results 

become less reliable as the levels of congestion increase, which is precisely when delay estimates are most 

important. Finally, the methodology assumes that lane groups exist independently of one another, such that 

their delays can be computed separately with simple equations. Hence, interaction between different lane 

group movements for the same approach is not considered.   

Section 3: The proposed method 

In this section we develop a method for computing link delays and VHTs that makes use of travel time 

measurements obtained from probe vehicles or by some re-identification techniques. As illustrated in Figure 

3, it is assumed that travel times are collected for some portion of the vehicle population from the entrance 

of an approach section (point A) to the exit of the intersection (points B). The goal is to combine this data 

with existing loop detector measurements so as to obtain estimates of delay and VHT.  

 

Figure 3. Measurement of link travel times. 

Figure 4 illustrates the proposed approach. The inputs are volumes obtained from mid-block loop detectors, 

the set of travel time samples, and the geometric characteristics of the intersection, specifically the segment 

lengths and free-flow speeds (or, equivalently, the free flow travel times). The mid-block volumes and the 

probe travel times are provided to the VHT estimation algorithm. This component does not require system 

parameters. Delay is calculated directly from the sampled travel times and the free flow travel time. Delay 

is then used in Table 1 to obtain LOS. Further details are provided below. 
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Figure 4. A data fusion method to calculate VHT, delay, and LOS. 

Section 3.1: Travel time measurements 

Travel time measurements are taken from the beginning of one road segment (point 𝐴) to the beginning of 

the next road segment (points 𝐵), as shown in Figure 3. Thus the measurements capture the free-flow travel 

time, plus the delays induced by the traffic signal and by congestion spilling back from downstream 

segments. As a result, neither the details of the signal controller nor the presence of downstream congestion 

need to be provided to the estimator, since both of these are recorded in the travel time measurements. 

We assume that travel times are recorded over a time period 𝑇 (15 minutes, for example). Use 𝑛 to denote 

the total number of arrivals to points 𝐵 during this period. The set of travel times is 𝑡𝑡 = {𝑡𝑡𝑖}𝑖=1,…,𝑛. We 

assume that only a small portion 𝑝 (the penetration rate) of these are observed.  The set of observed travel 

times  𝑡�̅� is a subset of the actual ones (𝑡�̅� ⊆ 𝑡𝑡). The number of collected samples, �̅�, is a binomial random 

variable with 𝑛 trials and probability 𝑝, i.e.,  �̅�~𝐵(𝑛, 𝑝). 

Section 3.2: VHT estimation 

VHT is typically defined as the time spent by vehicles in some portion of a transportation network during 

some given period of time, e.g., the horizontal length of trajectories within the box in Figure 5. This concept 

can be applied to any portion of the network: a lane group, a road segment, an intersection, etc. Here we 

will adopt a slightly different definition of VHT as the total time spent by vehicles who “exit” the study 

area during the given time interval, e.g., the horizontal lengths of solid trajectories, which cross point B 

during the observation period in Figure 5. These definitions are similar whenever vehicle trips do not start 
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or end within the study area, and the observation time period is sufficiently large. The VHT thus defined 

can be expressed as, 

 

Figure 5. Two different definitions of VHT. 

 
𝑉𝐻𝑇 = ∑ 𝑡𝑡𝑖

𝑛

𝑖=1
= 𝑛 × 𝑚𝑒𝑎𝑛(𝑡𝑡) (10) 

where 𝑡𝑡 is the set of trips that exit the study area during the sample period, and 𝑚𝑒𝑎𝑛(𝑡𝑡) is their average.  

The proposed strategy for estimating VHT is to approximate the two terms in Eq. (10) using the available 

measurements. Specifically we use the vehicle count of the mid-block loop detectors as a proxy for 𝑛, and 

the mean of the reported travel times as an estimate of the average travel time. Thus we obtain the following 

estimator for VHT, 

 𝑉𝐻�̂� = 𝑛𝑑 × 𝑚𝑒𝑎𝑛(𝑡�̅�) (11) 

where 𝑛𝑑 is the total number of vehicles observed by the mid-block detectors (shown in Figure 5) during 

time interval 𝑇. 

Despite its simplicity, this estimator has some useful properties. First, the fact that it is non-parametric 

implies that it does not rely on the assumptions of any particular model. This is in contrast to the HCM 

methodology which has assumptions on vehicle's arrival patterns, traffic conditions, etc. This property 
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allows the estimator to adapt to changing conditions with little or no additional tuning. Given the required 

measurements of travel time, Eq. (11) is valid for any signal control algorithm (fixed-time or actuated). It 

is also valid over a range of demands and queueing states, as long as the mid-block loop detector provides 

a good estimate of the number of trips completed during the time interval 𝑇. Second, the precision of the 

estimator is in a direct relation with the availability of probe data, which is likely to increase in the coming 

years. In Section 5 we investigate the dependency between estimation error and penetration rate. Finally, if 

we assume 𝑛𝑑 to provide a good estimate of the total number of completed trips, then the estimator will be 

consistent, meaning that it will converge to the true VHT as the penetration rate reaches 1. One can observe 

in Figure 5 that 𝑛𝑑 becomes a better representation of the number of trips as the length of the observation 

time increases.  

Section 3.3: Delay estimation 

Delay for a vehicle is defined as the difference between its actual travel time and its free flow travel time, 

 𝑑𝑣 = 𝑡𝑡𝑣 − 𝑡𝑡𝑓 (12) 

Here the sub-index 𝑣 represents the vehicle. The free flow travel time 𝑡𝑡𝑓 assumes that the vehicle is not 

delayed by traffic or the signal. It is typically calculated as the ratio of the length of the segment to the free 

flow speed. Here we assume that it is given and equal for all vehicles in the segment. In this case the lane 

group and approach delays can be expressed as, 

 𝑑𝑔 = 𝑚𝑒𝑎𝑛(𝑡𝑡𝑔) − 𝑡𝑡𝑓 (13) 

 𝑑𝑎 = 𝑚𝑒𝑎𝑛(𝑡𝑡𝑎) − 𝑡𝑡𝑓 (14) 

where 𝑡𝑡𝑔 and 𝑡𝑡𝑎 are the collection of travel times for vehicles in the lane group and the approach segment 

respectively. These definitions imply the following relationship between the lane group delays and the 

approach level delay, 

 𝑛𝑎𝑑𝑎 = ∑ 𝑛𝑔𝑑𝑔
𝑔∈𝜒𝑎

 (15) 
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where 𝑛𝑔 is the number of trips completed for lane group 𝑔, and 𝑛𝑎 = ∑ 𝑛𝑔𝑔∈𝜒𝑎  is the number of completed 

trips for the approach. 

Delays are estimated similarly to VHT, by taking the sample mean of travel times recorded for either the 

lane group or the approach, 

 �̂�𝑔 = 𝑚𝑒𝑎𝑛(𝑡�̂�𝑔) − 𝑡𝑡𝑓 (16) 

 �̂�𝑎 = 𝑚𝑒𝑎𝑛(𝑡�̂�𝑎) − 𝑡𝑡𝑓 (17) 

These are both consistent and unbiased estimators of delay, as they are sample means taken from the 

underlying delay distribution. Also, the sample mean has the property of being the minimum variance 

estimator amongst all linear estimators of the mean, regardless of the underlying distribution (assuming 

i.i.d. samples). This fact provides important support for the use of non-parametric estimators for this 

purpose.  

The estimated LOS is obtained by evaluating Table 1 using estimated delay values.  

Section 4: Study framework 

The goals of the experiments are i) to test the various assumptions that have been made in constructing the 

VHT and delay estimators, ii) to assess the performance of the estimators under various traffic scenarios, 

iii) to compare that performance with the HCM methodology, and iv) to study the dependency of the 

estimation error on the penetration rate of probes.  

To do this it is necessary to collect a “ground truth'' set of travel times. For this we used a micro-simulation 

model, as described next. 

Section 4.1: Study site 

The experiments were done using an Aimsun model of Huntington Dr. and Colorado Blvd. in Arcadia, 

California. These two streets run parallel to the I-210 freeway and have been extensively studied as possible 
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detour routes for corridor management [11]. The model includes eleven signalized intersections, of which 

six were chosen for detailed study: @San Clara St., @Santa Anita Ave., @1st Ave., @2nd Ave., @Gateway 

Dr., and @5th Ave. (see Figure 6). Table 2 provides additional parameters used in the calculations: link 

lengths and free-flow speeds per intersection approach. 

 

Figure 6. Six selected signalized intersections along the Huntington Dr. in the City of Acadia, CA. 

The lane groups were defined as the set of traffic movements sharing the same lanes. Thus, an approach in 

which all movements share all lanes is considered to have only one lane group. An approach in which left-

turns, through movements, and right-turns are segregated into different lanes is considered to have three 

lane groups. The lane group information is also provided in Table 2. 

The simulation model includes fixed-time signal controllers with protected left turns for all intersections. 

The specific settings (green times, offsets, etc.) were modified from the original values in order to produce 

a more varied array of queueing scenarios. A common cycle length of 120 seconds was applied to all 

intersections. Yellow and all-red times were set to 3 seconds and 2 seconds respectively. Detailed signal 

settings are provided in Table 2. 

Demands applied to the sources of the network were updated every five minutes. Aimsun generates a 

uniform stream of vehicles at the sources as long as the first road segment has sufficient space to 

accommodate them. 
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Table 2: Intersection geometric design and signal settings for the six signalized intersections. 
Intersection Approach 𝐿𝑙 (ft) 𝑣𝑓 (mph) Lane Group ID No. of Lanes Phase ID g (sec) 

5th Ave. 

Eastbound 624 30 1: L 1 1 25 
2: T & R 2 2 35 

Southbound 589 30 1: L 1 3 10 
2: T & R 1 4 30 

Westbound 477 30 
1: L 1 1 25 
2: T 2 2 35 
3: R 1 2 35 

Northbound 565 30 1: L 1 3 10 
2: T & R 1 4 30 

Gateway Dr. 

Eastbound 578 30 1: L 1 1 15 
2: T 2 2 60 

Southbound 473 30 1: L 1 3 30 
2: R 1 3 30 

Westbound 623 30 1: T & R 2 2 60 

2nd Ave. 

Eastbound 964 30 
1: L 1 1 20 
2: T 2 2 30 
3: R 1 2 30 

Southbound 717 30 1: L 1 3 25 
2: T & R 2 4 25 

Westbound 578 30 
1: L 1 1 20 
2: T 2 2 30 
3: R 1 2 30 

Northbound 495 30 1: L 1 3 25 
2: T & R 2 4 25 

1st Ave. 

Eastbound 848 30 1: L 1 1 15 
2: T & R 2 2 45 

Southbound 195 30 1: L 1 3 15 
2: T & R 1 4 25 

Westbound 964 30 1: L 1 1 15 
2: T & R 2 2 45 

Northbound 346 30 1: L 1 3 15 
2: T & R 1 4 25 

Santa Anita Ave. 

Eastbound 1048 30 
1: L 1 1 15 
2: T 2 2 35 
3: R 1 2 35 

Southbound 734 30 
1: L 2 3 20 
2: T 2 4 30 
3: R 1 4 30 

Westbound 849 30 
1: L 1 1 15 
2: T 2 2 35 
3: R 1 2 35 

Northbound 1506 30 
1: L 2 3 20 
2: T 2 4 30 
3: R 1 4 30 

Santa Clara St. 

Eastbound 380 30 1: L 1 1 43 
2: T 2 1 80 

Southbound 717 30 1: R 2 3 30 

Westbound 1046 30 1: T 2 2 32 
2: R 1 2 32 

Northbound 1953 30 
1: L 1 3 30 
2: T 2 3 30 
3: R 2 3 30 

Note: L: left-turn movement; T: through movement; and R: right-turn movement. “1: L” means the left-turn movement is defined 
as lane group 1. 
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Section 4.2: Experimental design 

The steps of the experiments are as follows, 

1) Model calibration. The model was calibrated by a previous effort of the Connected Corridors 

group at U.C. Berkeley [11].  

2) Vehicle trajectories. The model was run over the four-hour afternoon peak period, between 4:00 

PM and 8:00 PM. The simulation was observed to produce a variety of queueing conditions at 

different intersections. Data was gathered from six of these including demands, link counts, signal 

settings, and geometric designs. Detailed trajectories were gathered for all vehicles in the system. 

From these it is possible to calculate the travel time between any two points for a given vehicle. 

3) Loop detector data. The midblock loop detectors were placed in the middle of the links. Synthetic 

measurements were gathered for each lane group in every approach segment. These were 

aggregated into 𝑇 = 15 minute observation periods.  

4) HCM estimates. The signal settings, geometric designs, and demand volumes were used in Eqs. 

(1) through (8) and Table 1 to calculate HCM estimates of delay and LOS for all lane groups and 

for each 15-minute period. These were aggregated using Eq. (9) to the approach and intersection 

levels. Here the demand volume is computed as the arrival rate at the entrance of each approach 

segment. Such a measurement is a good proxy for the actual demand when no queue spills back to 

the entrance point and the analysis time period is long enough. For real-world applications, the 

midblock detector counts can be used as the demand volumes. 

5) Travel times. For each period 𝑘  and approach link 𝑖 , the number of vehicles that exited the 

intersection during 𝑘 after transiting through 𝑖 was determined. These were organized into travel 

time sets indexed by 𝑘 and 𝑖: {𝑡𝑡}𝑘,𝑖.  
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6) Ground truth calculations. True values of VHT and delay were computed from the synthetic data 

for all lane groups, approaches, and intersections that were considered. The delays were used to 

find ground truth LOS values from Table 1.  

7) Sampled travel times. Vehicles that report travel times are sampled from the whole population in 

the network at a penetration rate 𝑝. The sampling follows a Binomial distribution, i.e.,  �̅�~ 𝐵(𝑛, 𝑝), 

where 𝑛 is number of unique vehicles in the network, and �̅� is the number of sampled vehicles. 

Then the set of sampled travel times {𝑡�̅�}𝑘,𝑖 is formed using these sampled vehicles.  

8) Estimates of VHT, delay, and LOS. Lane group VHT and delay estimates were computed with 

Eqs. (11) and (16) for all lane groups and time intervals. There are two possible methods for 

estimating VHT and delay for an approach. The first is to aggregate the lane-group VHTs to the 

approach level and apply Eq. (9) to get the approach delay. The other is to directly take the mean 

of the collected travel times for the approach and apply Eqs. (11) and (17) to get the approach VHT 

and delay. The former is only possible if lane-by-lane counts are available, which is not always the 

case. Here we consider both of these possibilities. Estimated LOS values were found using Table 

1. 

9) Errors calculations. Steps 7) and 8) were repeated 500 times for each penetration rate, and for 18 

different penetrations rates in [0, 1]. The selected penetration ratios are listed in Figure 7. 

Deviations of the various estimates from the ground truth values were computed using the MAPE 

(mean absolute percentage error) metric. 

Section 5: Results 

In this section we compare the errors obtained with the proposed method to those of the HCM.  
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Section 5.1: VHT estimation errors 

Section 5.1.1: Lane group based 

Figure 7 provides box plots of lane group based VHT estimation errors for the eastbound direction of the 

intersection at Santa Anita Ave. from 4:15PM to 4:30PM. Analogous plots for other approaches, 

intersections, and time intervals exhibit similar patterns. 

The following observations can be made. First, the estimation error as well as its variance reduces as the 

penetration rate increases. This is true for all lane groups and population sizes. Second, for a fixed 

penetration rate, the estimation error reduces as the population size grows. Thus we can identify two 

important factors for VHT inference: penetration rate and population size. Either a high penetration rate or 

a large population size is needed for a good estimation of VHT and delay from sampled travel times.  

 

        (a) 45 vehicles for LG 1 (left-turn movement)           (b) 88 vehicles for LG 2 (through movement) 
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(c) 7 vehicles for LG 3 (right-turn movement) 

Figure 7. Lane group based VHT estimation errors in the eastbound direction of the intersection at 
Santa Anita Ave. from 4:15 PM to 4:30 PM. 

 

Section 5.1.2: Approach based 

Figure 8 provides the box plots of approach based VHT estimation errors for the same intersection and time 

period. Similar patterns as those in the lane group case are apparent. In addition, compared with the lane 

group based case, VHT estimates at the approach level turn out to be more reliable with smaller variance. 

This can be explained by the fact that a larger number of samples is taken for the approach than for the 

individual lane-groups, while the travel time patterns are similar across lane groups in the same approach 

segment. 
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       (a) 140 vehicles for the EB direction                            (b) 77 vehicles for the WB direction 

 

        (c) 170 vehicles for the SB direction                            (d) 124 vehicles for the NB direction 

Figure 8. Approach based VHT estimation errors at the intersection of Santa Anita Ave. from 4:15 
PM to 4:30 PM. 

 

Section 5.1.3: Impact of penetration rates 

Based on the above analysis, we further analyze the impact of penetration rates on the estimation errors. 

For both lane group and approach based methods, we first group the population size (P.S.) into different 

bins. Then in each bin, we obtain the average VHT estimation error for each given penetration rate. Figure 
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9 illustrates the relation between the average VHT estimation error and the penetration rate under different 

bins of population sizes. Regardless of lane groups, approaches, and population sizes, it is clear to find a 

monotonic decreasing trend for the estimation error as the penetration rate increases. The improvement is 

significant especially when the penetration rate is less than 10%. When the penetration rate is about 5-7%, 

it generally requires more than 90 vehicles (per 15 minutes) for one lane group to guarantee the average 

estimation error less than 10%. For the approach based method, more than 110 vehicles (per 15 minutes) 

are needed to guarantee the same estimation error. Since it is relatively easier for one approach to satisfy 

such a requirement, it is better to estimate the performance metrics at the approach level. Note that when 

the penetration rate reaches one, the VHT estimation error is very small but not zero. That is because the 

vehicle counts from midblock detectors ( �̅�) generally have small deviations from the actual demands (𝑛).   

 

(a) Lane group based 
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(b) Approach based 

Figure 9. The impact of penetration rates on the estimation errors. 

 

Section 5.2: Delay and LOS calculation errors 

The ground-truth delay is calculated using Eqs. (16) and (17) by replacing the sets of observed travel 

times  𝑡�̅�𝑔 and  𝑡�̅�𝑎 with the ground truth ones 𝑡𝑡𝑔  and 𝑡𝑡𝑎. The HCM delay is calculated using Eqs. (1) to 

(9). The delay for the proposed method is calculated using Eqs. (16) and (17). The same LOS lookup table 

(Table 1) is used to map the delays to the corresponding LOS's. 

Section 5.2.1: Delay 

Figure 10 provides the lane group based delay estimation errors using the proposed method for the 

eastbound approach of the intersection at Santa Anita Ave. From the figure, it is not surprising to find that 

the trends are similar to those in Figure 7 since the delays are calculated from the estimates of average travel 

times, which are also used in the VHT estimation. As a comparison, we provide the corresponding errors 

using the HCM delay calculation. We find that the proposed method performs better than the HCM if the 
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population size is large, even with low penetration rates. However, it requires a higher penetration rate if 

the population size is small. For example, the right-turn movement has only 7 vehicles, and it requires a 

penetration rate of more than 30% in order to outperform the HCM method. Figure 11 provides the approach 

based delay estimation errors for the same intersection and time period.  We can find that in order to perform 

better than the HCM, a penetration rate of 7-10% is required. 

 

(a) Left-Turn (HCM Delay Err:  49.5%)          (b) Through (HCM Delay Err:  14.9%)    

 

(c) Right-turn (HCM Delay Err:  28.5%)    

Figure 10. Lane group based delay estimation errors in the eastbound direction of the intersection 
at Santa Anita Ave. from 4:15 PM to 4:30 PM. 
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       (a) EB direction: (HCM Delay Err:  36.1%)                (b) WB direction: (HCM Delay Err:  90.9%) 

 

       (c) SB direction: (HCM Delay Err:  15.4%)               (d) NB direction: (HCM Delay Err:  7.5%) 

Figure 11. Approach based delay estimation errors at the intersection of Santa Anita Ave. from 
4:15 PM to 4:30 PM. 

 

Section 5.2.2: LOS 

Table 3 provides the estimated approach LOS's for all intersections from 4:00PM to 4:30PM. The 

estimation accuracy for all approaches, intersections, and time intervals (Totaling 368 samples) is also 

provided under different penetration rates. From the table, we can find that about 40% of the LOS estimates 
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using the HCM method are incorrect. When the penetration rate is low, e.g. 2%, the estimation accuracy 

using the proposed method is very low, even lower than that of the HCM method. However, as the 

penetration rate increases, the estimation gets more accurate. For example, if the penetration rate reaches 

7%, the accuracy is 73.6% for the lane group based case, and 82.6% for the approach based one. 

Furthermore, we find that the proposed method always performs better at the approach level than the lane 

group level for any given penetration rate. Note that, for some approaches, the proposed method provides 

incorrect estimates even when the penetration rate reaches 10%, which is a result of a low population size. 
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Table 3: Approach LOS estimation results for all intersections. 

Intersection Approach Time 

LOS 

Ground 
Truth HCM 

VHT Inference 
pr=2% pr=5% pr=7% pr=10% 

LG 
Based 

App. 
Based 

LG 
Based 

App. 
Based 

LG 
Based 

App. 
Based 

LG 
Based 

App. 
Based 

5t
h 

A
ve

. 

EB 
4:00-4:15PM B D A A A A A A A A 
4:15-4:30PM B D A A A A A A A A 

WB 
4:00-4:15PM F D F F F F F F F F 
4:15-4:30PM F F E F F F F F F F 

SB 
4:00-4:15PM D D B C C D C D D D 
4:15-4:30PM D D B C C D D D D D 

NB 
4:00-4:15PM D D B C C D C D D D 
4:15-4:30PM D E B C C D C D D D 

G
at

ew
ay

 D
r. EB 

4:00-4:15PM D D B B C C C C D D 
4:15-4:30PM E D B C C C D D D D 

WB 
4:00-4:15PM C B B B B B B B C C 
4:15-4:30PM C B B B C C C C C C 

SB 
4:00-4:15PM C D B A B B C C C C 
4:15-4:30PM C D B B C C C C C C 

2n
d 

A
ve

. 

EB 
4:00-4:15PM E E E E E E E E E E 
4:15-4:30PM E F D E E E E E E E 

WB 
4:00-4:15PM C D A A A B A B B B 
4:15-4:30PM B D A A A A A A A A 

SB 
4:00-4:15PM D D C C D D D D D D 
4:15-4:30PM D D C C C D D D D D 

NB 
4:00-4:15PM D E D D D D D D D D 
4:15-4:30PM E E D D E E E E E E 

1s
t A

ve
. 

EB 
4:00-4:15PM C C C C C C C C C C 
4:15-4:30PM C C C C C C C C C C 

WB 
4:00-4:15PM D C D D D D D D D D 
4:15-4:30PM D C D D D D D D D D 

SB 
4:00-4:15PM D D B C C D D D D D 
4:15-4:30PM D D B C C D D D D D 

NB 
4:00-4:15PM D F C C D D D D D D 
4:15-4:30PM D F C C D D D D D D 

Sa
nt

a 
A

ni
ta

 A
ve

. EB 
4:00-4:15PM D D C D D D D D D D 
4:15-4:30PM E D D E E E E E E E 

WB 
4:00-4:15PM C D B B B C B C B C 
4:15-4:30PM C D A B B C B C B C 

SB 
4:00-4:15PM F F F F F F F F F F 
4:15-4:30PM F F F F F F F F F F 

NB 
4:00-4:15PM D D C D D D D D D D 
4:15-4:30PM D D C D D D D D D D 

Sa
nt

a 
C

la
ra

 S
t. 

EB 
4:00-4:15PM F E F F F F F F F F 
4:15-4:30PM F F F F F F F F F F 

WB 
4:00-4:15PM F F F F F F F F F F 
4:15-4:30PM F F F F F F F F F F 

SB 
4:00-4:15PM D D C C D D D D D D 
4:15-4:30PM D D D D D D D D D D 

NB 
4:00-4:15PM E E E E E E E E E E 
4:15-4:30PM F F F F F F F F F F 

Accuracy (for all approaches, intersections, and time 
intervals; 368 samples) 59.0% 35.3% 46.7% 60.1% 76.4% 73.6% 82.6% 86.1% 87.0% 
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Section 6: Conclusions and recommendations 

Section 6.1: Conclusions 

This study has proposed a data-fusion based method for computing performance metrics for intersections. 

Under the assumption that travel time data can be obtained from a sub-population of vehicles, we proposed 

to combine the sample mean of travel times with the vehicle count obtained from mid-block loop detectors 

to obtain an estimate of VHT. This estimator has several advantages as compared to the current state-of-

practice. First, it is data-driven rather than model-driven and therefore, it does not rely on any modeling 

assumptions. For this reason it can be applied in a variety of scenarios, including congestion and spillback. 

It is also very simple to compute as compared to the delay formulas of the HCM. The method also does not 

require signal timing parameters to be known. Although the travel time distributions were assumed to be 

stationary, it remains to be tested whether the method works well under actuated or adaptive signal control. 

The simple structure of the estimator make it, in our opinion, a good candidate for deployment, provided 

the travel times can be obtained.  

A microsimulation-based traffic model was used to evaluate the performance of the estimator and compare 

it to the methodology of the HCM currently used by most traffic analysts in the United States. The 

simulation model provided a set of ground truth data, on which both methods were applied.  

The complexity of the travel time distribution produced by the simulator strengthened the case for a data-

driven approach. Two possibilities for data collection were considered: lane-group level and approach level, 

and the results showed that better results were obtained in the latter case. The study also identified the 

penetration rate and the population size as the two main factors influencing the estimation error. During 

peak hours, when the population size is large, only about 7% of probe vehicles are needed in order to obtain 

VHT, delay, and LOS estimated that improve upon the HCM. However a larger percentage is needed during 

off-peak hours. 
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The study also showed that the HCM formulas often failed to produce the correct value of LOS (40% of 

the time in Table 3. The approach based VHT inference formula performed best at LOS estimation, 

producing the correct value 82.6% of the time at a penetration rate of 7%. These numbers hold promise for 

the use of probe data for estimating performance metrics for signalized intersections. 

Section 6.2: Recommendations 

 According to our research findings, we have the following recommendations: 

i. Our proposed method is very generic which doesn’t rely on any particular models and can work 

under any distribution of travel times. Therefore, the research findings obtained from 

microsimulations can be applied to the field directly. For next steps, it would be better to 

validate what the current penetration rate of probe vehicles is on local arterials. We can expect 

that the requirement of 7% may not be met given certain time periods or for some minor streets. 

A better understanding on this would help us decide whether to switch from the HCM 

calculation method to the proposed one or not. 

ii. From our analysis, we need two different types of data sources: traffic counts from loop 

detectors, and travel times from probe vehicles. It is very important to make sure: a) the local 

intersections are fully covered with loop detectors, and b) all these loop detectors are connected 

to a central database so that we are able to obtain real-time or historical traffic counts. That 

means we need to update the current infrastructure where it is needed. It is also beneficial of 

doing so since another performance metric, VMT, can be easily obtained if traffic count data 

is available for all approaches at a given intersection.   
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