
ABSTRACT 

KWESIGA, DICKNESS KAKITAHI. Assessing the Feasibility of using CTM to Evaluate DDI 

Operations. (Under the direction of Dr. Nagui Rouphail and Dr. Ali Hajbabaie). 

 

As traffic congestion on arterials continues to grow and with expansion projects limited by costs 

and right of way, transportation departments are increasingly resorting to alternative intersections 

and interchanges. One of the most popular alternative interchanges is the Diverging Diamond 

Interchange (DDI) which is the focus of this study. The relative novelty and increasing popularity 

of non-conventional intersections and interchanges has meant that new operational analysis 

methodologies for these intersections must be developed.  

The 2016 version of the Highway Capacity Manual (HCM 6) extends the evaluation methodology 

for ramp interchange terminals developed in the 2010 version to include analysis for alternative 

intersections and interchanges. Despite this very significant provision of new analytical 

methodologies, a complete analysis of DDI performance still mostly relies on microsimulation. 

This is mainly because microsimulation can model the whole range of traffic conditions including 

oversaturation. The major drawback of microsimulation is that it requires extensive calibration of 

its many parameters. This study assesses the feasibility of cell Transmission Model (CTM) as an 

alternative to microsimulation in evaluating DDI operations. It is one of very few studies that have 

attempted to simulate interchange operations with CTM, and, to the author’s best knowledge, it is 

the first attempt at CTM modeling of alternative intersections and interchanges.  

An enhanced CTM is formulated to allow simulation of DDI traffic operations. The specific issues 

addressed by this enhanced model include differences in speed profiles through the interchange, 

reduced saturation flow rates through crossovers, lane use imbalances at external approaches and, 

impacts from adjacent intersections. Two DDI geometric configurations are considered; (1) left 

turn movement to the onramp has an exclusive lane and (2) the movement occurs from a shared 

lane with arterial through traffic.  

The formulated model is calibrated and validated at two sites, the DDI on Winton Road at I-590 

in Rochester, New York and the DDI on Dorsett Road at I-270 in Maryland Heights Missouri. 

Validation is done against both field data and microsimulation. At both interchanges, the travel 

time estimated by CTM falls within 20% of the field measured travel time except for a few 

movements. The estimated travel time falls within 95% confidence interval around the mean of 



field measured travel time for almost all movements. The performance of CTM in estimating travel 

time is very comparable to that of VISSIM.  

Queue length is rather a more challenging metric to validate because of its sensitivity to signal 

progression and arrival profiles. Nevertheless, CTM estimates of queue length closely match 

measured queue length. For both interchanges, the absolute difference between CTM estimated 

and field measured queue lengths is at most three (3) vehicles for both AM and PM peaks except 

for a few values at Dorsett DDI in the PM peak. At Winton DDI, CTM estimated queue length is 

compared with VISSIM estimated queue length. The performance of the two models is very 

comparable. Estimates from both models closely match and fall within the 95% confidence interval 

of field data for almost all movements. 

The results of this study show that CTM can closely replicate field operational performance of 

DDIs. The performance of the model is comparable to VISSIM in estimating field travel time and 

queue length at DDIs. CTM has fewer and easier parameters to calibrate compared to VISSIM. 

The only challenge with CTM is the lack of widely used, off the shelf packages to implement the 

model. This study produces templates for two lane configurations of the DDI and confirms that 

the modeling effort is reduced substantially when coding begins using an available geometric 

template. 
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1 INTRODUCTION  

1.1 BACKGROUND  

As traffic congestion on arterials continues to grow and with expansion projects limited by costs 

and right of way, transportation departments are increasingly resorting to unconventional 

intersection and interchange designs also referred to as alternative intersections and interchanges. 

Alternative intersections and interchanges reroute one or more left turn movements from the major 

intersection/s, which allows the major intersection/s to run on reduced signal phases (commonly 

two phases) greatly improving efficiency, reducing delay, and improving capacity. Equally 

important, rerouting reduces both the number and severity of conflict points, which improves 

safety.  

Throughout the US, several alternative intersections and interchanges have been constructed with 

many others planned. Some of the common alternative intersections include Restricted Crossing 

U-turn (RCUT), Continuous Flow Intersection (CFI), Median U-turn (MUT) and Quadrant 

Roadway (QR). While alternative interchanges include Diverging Diamond Interchange (DDI), 

Bowtie Interchange, Displaced Left-Turn (DLT) interchange, Single Point Urban Interchange 

(SPUI), and Contraflow. The increasing popularity of non-conventional intersections has meant 

that new operational analysis methodologies and design guidelines for these intersections must be 

developed. Compared to conventional intersections and interchanges, the design and operational 

analysis of alternative intersections and interchanges must consider two or more closely spaced 

and interacting intersections with rerouted movements. 

This study focuses on the Diverging Diamond Interchange (DDI) but keeps in sight the broad 

application of the methods to all alternative intersections and interchanges. The DDI is an 

innovative alternative to the Conventional Diamond Interchange (CDI) in which the two normally 

complex signalized intersections of the CDI are replaced by simpler, two-phase signal 

intersections. As shown in Figure 1-1, DDI configuration shifts the cross-street traffic to the left 

side of the street and keeps the left turn (LT) off ramp movement on the left side between the two 

intersections which allows free flow of Left Turning (LT) traffic onto the freeway and eliminates 

conflict of all interchange LT traffic with the opposing through traffic. 
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Figure 1-1: DDI Layout and Traffic Movements 

The first DDI in US was constructed as recently as 2009 but as of this writing there are 117 

operational DDIs, 41 under construction and 161 planned. This is according to the Map of 

alternative intersections and interchanges across US maintained by Institute of Transportation 

Research and Education (ITRE) at North Carolina State University. A snapshot of the map is 

shown in Figure 1-2. 

Source: Online map maintained by ITRE 

 

Figure 1-2: Map of Diverging Diamond Interchanges across US  
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1.2 PROBLEM STATEMENT AND MOTIVATION  

Amidst the increasing popularity of alternative intersections and interchanges, their performance 

evaluation methodologies and design guidelines have not yet completely metamorphosed. The 

Federal Highway Administration (FHWA) issued the first guidelines within this decade (Hughes 

et al., 2010; Schroeder et al., 2014). The 2018 version of the AASHTO Green Book came with 

more design guidance, and HCM 6 (Transportation Research Board, 2016) includes newly 

developed methodologies. 

In HCM6, a mix of analytical and empirical models are used in a stepwise determination of Level 

of Service (LOS) of the normally paired intersections including re-routed movements. Despite this 

very significant provision of new analytical methodologies, a complete analysis of DDI 

performance still mostly relies on microsimulation. The HCM recognizes the limitations of its 

proposed methodology especially under oversaturated conditions and recommends the use of 

microsimulation in several circumstances. The majority of the reviewed DDI studies in the 

literature have used microsimulation experiments, with a few using Critical Lane Volume (CLV) 

methods to evaluate the performance of the interchange under different combinations of geometry, 

traffic demand and signal schemes (Bared et al., 2005; Chlewicki, 2003, 2011; Day et al., 2015a; 

Hunter et al., 2019; Khan & Anderson, 2016; Molan et al., 2019; Schroeder, Salamati, et al., 2014; 

Warchol et al., 2017).  

The superiority of microsimulation in the analysis of DDI operations derives from the ability to 

allow customized geometry, the ability to model DDI as part of an arterial network capturing the 

effects of DDI on and from the adjacent intersections, the ability to model link and lane blockages 

from queue spillbacks and finally the ability to model dynamic time dependent traffic flow 

conditions. Additionally, microsimulation can incorporate different modes of travel. The 

animations that come with microsimulation are also helpful in visualizing the potential operational 

problems like queue spillbacks. The major drawback of microsimulation is that it takes much time 

and resources to set up and requires extensive calibration of its many parameters. Calibration of 

microsimulation models requires a lot of field collected data which again takes time and resources.  

Cell Transmission Model (CTM) originally formulated by Daganzo (1994, 1995) can be a potential 

substitute for microsimulation in evaluating operational performance of alternative intersections 

and interchanges. Previous studies that have applied CTM to model traffic operations of arterials 
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and urban networks demonstrate that CTM can realistically model traffic flow, signal control, and 

estimate queue lengths, delays, throughput, and the number of stops within the required tolerances 

(Li, 2011; Lo, 1999, 2001; Lo & Chow, 2004; Mehrabipour & Hajbabaie, 2017; Mohebifard & 

Hajbabaie, 2018, 2019b; Shirke et al., 2019; Srivastava et al., 2015; Tajalli & Hajbabaie, 2018a; 

P. Wang, Jones, Gurupackiam, et al., 2013; P. Wang, Jones, Yang, et al., 2013). 

However, no research effort has documented the application of CTM to evaluate the operational 

performance of alternative intersections and interchanges. Because of the normally paired 

intersections, re-routed movements and unique geometries, alternative intersections and 

interchanges come with new specificities for which arterial CTM formulations must be enhanced. 

No study has demonstrated how closely CTM can replicate field operations of alternative 

intersections and interchanges and how the different resultant measures of effectiveness could 

compare with those obtained from microsimulation models.  

Compared to microsimulation, CTM has fewer parameters to calibrate and thus less field data 

requirements which would translate into less time and resources to set up. However, unlike 

microsimulation, there are no widely used off-the- shelf packages to implement CTM. This makes 

the initial set up of the network model more demanding and prohibitively complex on the side of 

practitioners. The user begins from scratch to segment the network into cells and code the traffic 

status equations for each link and node (intersections). More effort is needed in working towards 

off shelf packages to implement CTM and increasing the versatility of the model. 

The main objective of this study is to assess the feasibility of CTM to evaluate the operations of 

DDI. Arterial CTM formulations are enhanced to model DDI’s non-conventional geometry, 

reduced speeds through the interchange, unbalanced lane utilization and the various forms of 

intersection control within the interchange. The model is calibrated and then validated against field 

data collected at two operational interchanges. 

The secondary objective is to compare the performance of CTM to microsimulation in modeling 

DDI traffic operations. For the two interchanges selected for case study, VISSIM models are 

developed and calibrated with field data. The enhanced CTM is then evaluated against the VISSIM 

models using queue length and travel time as MOEs.  
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1.3 RESEARCH OBJECTIVES AND TASKS  

The main goal of this research is to assess the feasibility of CTM to model DDI operations. This 

involved formulating an enhanced CTM for DDI operations, calibrating and validating the same 

with field data. A secondary goal is to compare the resultant measures of effectiveness (MOEs) 

and runtime efficiencies with those produced by a comparable microsimulation model. The 

following specific tasks were carried out: 

1. Enhancing CTM to simulate DDI traffic operations. This includes DDI network 

representation, defining flow and status equations for traffic on links and through 

intersections, and finally coding the model in MATLAB. 

2. Calibration of CTM with field data. This involved selecting the model inputs and assessing 

the sensitivity of the different parameters. 

3. Validating the model against field performance data. This involved comparing the model 

MOEs with field measured performance data collected at two operational interchanges. 

4. Setting up VISSIM models for selected DDI case studies  

5. Comparing MOEs produced by CTM against VISSIM results. Here the CTM model is 

evaluated against VISSIM using queue length and travel time.  

1.4 SCOPE AND CONTRIBUTION OF RESEARCH  

This study enhances CTM to model DDI traffic operations considering the DDI non-conventional 

geometry, reduced speeds through the interchange, unbalanced lane utilization and the various 

forms of intersection control within the interchange. The developed model is calibrated and 

validated against field data for two operational interchanges, Dorsett Road at I-270 in Maryland 

Heights Missouri and Winton Road at I-590 in Rochester, New York. Field data for these 

interchanges was available from an earlier Federal Highway Administration (FHWA) project 

(Cunningham et al., 2014). 

 A critical distinguishing factor in DDI geometric configurations is the treatment of left turn from 

the arterial to the onramp. In one case, the movement occurs from a shared lane with arterial 

through traffic while in another the movement has an exclusive lane beginning either before or 

after the upstream crossover. The model and the interchanges used for the case study cover both 

cases. Another variation in DDI configuration is the treatment of left turn movement from freeway 

to the arterial with some interchanges having this movement signalized while in others the 
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movement yield controlled. Still in others, the movement has a combination of protected and 

permitted signal phases. This study is limited to the case where all left turns off ramp movements 

occur from a protected signal phase. This is one of the simplifying assumptions in this first study 

that will need to be addressed in follow up studies. 

In addition to validation against field data, the study tested the enhanced CTM against VISSIM 

using queue length and travel time as MOEs. The Dorsett DDI had an existing calibrated VISSIM 

model while for the Winton DDI, VISSIM model was developed and calibrated.  

The contributions of this research include. 

1. As one of the first attempts to model alternative intersections and interchanges with CTM, 

the study identifies the key enhancements required to the current CTM formulations, 

establishes the modeling framework, and identifies the calibration parameters.  

2. The study gives an indication of how closely CTM can replicate field measured 

performance data and how the model compares with microsimulation in modeling DDI 

traffic operations.  

3. The study is a first step in establishing CTM templates for modeling traffic operations of 

DDI and other alternative interchanges and intersections.  

1.5 THESIS ORGANIZATION 

This thesis is organized as follows; Chapter 1 is an introduction to the research. It defines the 

problem, the objectives, scope, and the contributions of the study. Chapter 2 performs a critical 

review of the most recent literature regarding firstly the evaluation methodologies for operational 

performance of DDI and secondly regarding the application of CTM in modeling traffic operations 

of arterials and urban networks.  

Chapter 3 discusses the data and methods used in achieving the stated objectives. It presents the 

formulation of the enhanced CTM for DDI operations. Calibration and validation of the model is 

then presented with two case studies of operational DDIs. Chapter 4 evaluates the performance of 

the model and checks the sensitivity to various input parameters. In the same chapter, the model 

is validated against both field and VISSIM performance data. Chapter 5 closes the discussion by 

restating the major findings of the study and making recommendations for follow up studies. The 

bulk of the data used and generated during the study is included in the appendices.  
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2 LITERATURE REVIEW 

2.1 BACKGROUND 

This chapter presents a critical review of the literature on modeling traffic operations at a 

Diverging Diamond Interchange (DDI). After an overview of the DDI operational characteristics, 

the chapter reviews the methodologies and tools used to evaluate the operational performance of 

this interchange. The discussion then shifts to Cell Transmission Model (CTM) and presents the 

studies that have applied the model to simulate arterial traffic, urban networks, and alternative 

intersections. Reviewed studies are selected by their relevance to the proposed study. 

2.1 DDI OPERATIONAL CHARACTERISTICS  

2.1.1 Overview  

As was illustrated in Figure 1-1, the DDI handles the same O-D movements as the Conventional 

Diamond Interchange (CDI). The two normally complex intersections of the CDI are replaced with 

two simple two-phase crossover intersections. This innovative interchange configuration allows 

free flow of Left Turning (LT) traffic onto the freeway and eliminates conflict of all interchange 

LT traffic with the opposing through traffic. There is no need for storage of LT traffic between the 

crossovers while at the same time the LT phase at the crossover signal is eliminated. This improves 

the capacity of the LT movements, safety, and the overall performance of the interchange (HCM 

2016, Schroeder et al., 2014). 

Several studies have confirmed that DDIs perform better than CDIs, especially with heavy left-

turning movements. However, a few of these studies have also shown that DDIs do not perform 

well with heavy through cross street movement (Molan et al., 2019). The two arterial through 

movements cannot proceed concurrently through the DDI which limits two-way progression on 

the arterial. Additionally, due to two-phase signal operation, DDIs process large volumes of 

through traffic, which may exceed the capacity of the adjacent intersections, negatively impacting 

arterial or even corridor operations (Schroeder et al, 2016). In fact, several operational challenges 

at the DDI originate from the adjacent intersections and not the DDI itself.  

Through field studies, Schroeder, et al. (2014) presented the operational challenges and design 

considerations for DDIs. They include queue spillback from downstream adjacent intersections, 

demand starvation at the first crossover, unbalanced lane utilization, reduced saturation flow rate, 

reduced speeds, right turn considerations at exit ramp, entrance ramp capacity, ramp metering 



 

8 

 

impacts, weaving maneuvers, left turn at exit ramp and challenges to two-way arterial signal 

progression.  

2.1.2 DDI Geometry  

As shown in Figure 2-1, DDI geometric configurations vary by treatment of left turn from arterial 

to the freeway. In (A), left turn movement from the arterial occurs from an exclusive lane while in 

(B), the movement shares a lane with through traffic. As will be discussed later, the treatment of 

this movement affects lane utilization at the upstream crossover and at adjacent upstream 

intersections (Schroeder et al., 2014; Yeom et al., 2014, 2017, HCM 2016).  

As regards intersection control, there are variations in the treatment of right and left turn off ramp 

movements with options of being signalized or yield controlled. Right turn on red (RTOR) is 

permitted in some interchanges but prohibited in others mainly because of limited sight distances. 

The capacity of right turn off ramp movement is greatly diminished if RTOR is not permitted (C. 

Cunningham et al., 2016). The separation/spacing of crossover intersections is another important 

geometric parameter as it determines the queue storage available and thus the choice of signal 

phasing (Cunningham et al., 2016) 

 

Figure 2-1: DDI lane configuration 

2.1.3 DDI unbalanced lane utilization  

Just like other closely spaced intersections, DDI approaches at the upstream intersections are 

susceptible to unbalanced lane utilization as drivers tend to pre-position for their destinations at 

the downstream intersection. Lane utilization at the upstream intersections depends on O-D 

demand patterns, lane configuration downstream, and the turning volume ratio at the downstream 
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intersection (Yeom et al., 2014, 2017, HCM 2010,2016). Yeom et al. ( 2014) developed models to 

predict lane use at the upstream DDI approach with two lanes while Yeom et al. ( 2017) extended 

the modeling to three- and four-lane approaches. With field data, the two studies started by 

showing that although the CDI and DDI have similar O-D patterns, the HCM 2010 lane use models 

developed for the CDI do not predict lane use at DDI with acceptable accuracy.  

The DDI lane use model for two-lane approaches developed by Yeom et al. ( 2014) is a two regime 

model in which left lane utilization ratio is determined by separate Equations when the left turn 

demand ratio (LTDR) at the downstream intersection is less or equal to 0.35 and when LTDR is 

greater than 0.35. Yeom et al. ( 2017) improved on the HCM 2010 three- and four-lane approach 

models by considering both cases of shared and exclusive left turn lane at the downstream 

intersection compared to the HCM 2010 models that only assume that the left most lane is always 

shared with through traffic. Additionally, the study developed lane use models both for one lane 

group in which only the lane utilization ratio is determined for the lane with the highest volume 

and for lane by lane in which utilization ratios for each lane are determined. Upon validation, the 

models developed by the two studies closely matched the field observed data.  

2.1.4 DDI signal timing  

The DDI design allows the free flow of LT movement from the cross street to the freeway which 

eliminates the LT phase at the crossover signals. This enables the crossover signals to run on two 

phases, greatly improving efficiency and throughput. The major drawback though is that the two 

mainline movements cannot proceed concurrently at the crossovers limiting two-way progression 

through the DDI and thus progression opportunities with other arterial intersections. The two-way 

bandwidth is limited to the travel time between the crossovers. Additionally, DDI intersections 

operating on two phases with high throughput may come with queue spill back from the 

downstream intersections or demand starvation at the first cross over if the adjacent intersections 

have heavy left turns (Day & Bullock, 2016; Schroeder et al., 2014).  

The signal timing of the two crossovers must address the challenges of long clearance intervals 

before the off-ramp movement phase and limited queue storage between crossovers. The common 

control system encountered is using a single controller for the two intersections with each 

intersection controlled independently by one of the two rings (Cunningham et al., 2016; Day et al., 

2016; Schroeder et al., 2014, HCM, 2006). The choice between the different phasing schemes 
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mainly depends on the volume patterns, and the crossover spacing. Phase overlaps are commonly 

used to reduce the total lost time due to long clearance intervals for off-ramp movements. Atypical 

DDI signal phase sequence is illustrated in Figure 2-2 adapted from Schroeder et al. (2014). The 

arrangement is a simple two-phase sequence at each crossover but provided with overlaps for 

mainline movements which require shorter clearance time compared to the off-ramp movements. 

At each crossover, the inbound arterial through movement can go with the off-ramp right turn 

while the outbound arterial through goes with the off-ramp left turn.  

Source: Adapted from Schroeder et al. (2014) 

 

Figure 2-2: Common Field DDI timing sequence. 

An increasing number of studies has been performed to evaluate the optimum DDI signal timing 

schemes under different conditions of volume patterns and crossover spacing (Cunningham et al., 

2016; Day et al., 2015, 2016; Day & Bullock, 2016; Hainen et al., 2015; Schroeder et al., 2014). 

A good takeaway from these studies is as remarked by Day et al. (2016) that “DDI signal timing 

is more nuanced than suggested by the simplicity of the crossover intersections.” 
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Cunningham et al (2016) presented the different signal timing options for DDI categorized by the 

number of critical movements (two, three, and four critical movements). The two critical 

movement options can be set for mainline or off ramp progression. In the first phase of ramp 

progression, both external movements enter and store between crossovers and then exit in the 

second phase in which also the off-ramp movement progresses behind the mainline movement. 

The timing of this phase can be set to the travel time between crossovers to avoid stopping. 

Mainline progression allows one-way progression of one mainline movement at a time with the 

opposing off-ramp movement storing between crossovers. The three critical movement option 

attempts to progress both the mainline and off ramp movements. The study highlights the scenarios 

of volume patterns and crossover spacing in which each of the arrangements is optimal. Following 

from DDI signal timing fundamentals presented by Cunningham et al (2016), a study by Warchol 

et al. (2017) that will be detailed later used microsimulation to evaluate the DDI signal schemes 

that produced minimum interchange delay and minimum number of stops given the different 

volume patterns and crossover spacing.  

Hainen et al. (2015) used high resolution controller data visualized with the Purdue coordination 

diagram (PCD) and flow profiles to evaluate the performance of the DDI signal timing schemes. 

The PCD and flow profiles show the arrivals in the cycle from which percent on green (POG) and 

Arrivals on green (AOG) are determined as the performance measures. With a DDI in Salt Lake, 

Utah as a case study, the study demonstrated that with the two-phase arrangement either only off 

ramp or only mainline movements can be prioritized at both crossovers. In other words, with the 

two-phase timing, it was not possible to progress ramp vehicles at one intersection and mainline 

vehicles at the other. This is the inherent drawback of the two-phase schemes and as shall be later 

presented, some researchers like Khan & Anderson (2016) have experimented with unbalanced 

volumes at the two crossovers. To remedy this challenge, Hainen et al. (2015) introduced a three-

phase configuration in which at each intersection, there is a holdback phase (no inflow) between 

the cross-street phase and the off ramp left phase. This configuration reduced the risk of internal 

and improved progression with the POG for the heaviest movement increasing from 53 to 92%.  

Day et al.(2016) focused on optimizing the offsets of DDI as part of an arterial system using SR 1 

and I-69 in Fort Wayne as a case study in which DDI crossovers formed 2nd and 3rd intersections 

of a system of five consecutive intersections. The DDI intersections were run on half cycle and the 

offsets were optimized with an objective of maximizing arrivals on green (AOG) using PCD from 
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high resolution controller data as the indicator. The performance was again verified independently 

by Bluetooth re-identification along the corridor. Most of the movements experienced improved 

performance with the offset optimization.  

2.2 DDI PERFORMANCE EVALUATION  

2.2.1 Overview  

Over the last few years, researchers and transportation agencies have worked to define evaluation 

methodologies and design guidelines for the increasingly popular alternative intersections. FWHA 

issued the DDI information guide to provide high level guidance in planning, designing, and 

performing safety and operational evaluation of the interchange (Hughes et al., 2010; Schroeder 

et al., 2014). The 2018 version of the AASHTO Greenbook came with more design guidance for 

alternative intersections and interchanges. HCM revised the chapter on ramp interchange terminals 

to include evaluation methodologies for alternative intersections and interchanges in HCM 6 

(Transportation Research Board, 2016). Analysis of alternative intersections and interchanges calls 

for new or at least an extension of the existing methodologies because of the need to consider the 

interactions of two or more closely spaced intersections normally with re-routed movements.  

The majority of the reviewed DDI studies in the literature have used microsimulation experiments 

to evaluate the performance of DDI and to compare the same with the performance of CDI and 

other interchanges (Bared et al., 2005; Chlewicki, 2011; Hunter et al., 2019; Khan & Anderson, 

2016; Schroeder et al., 2014; Salamati, et al., 2014; Yeom et al., 2017). These studies mainly first 

optimize the signal timing plans with tools like Synchro and/or Vistro which are then used in 

microsimulation models including VISSIM, CORSIM, SIMTRAFFIC, and AIMSUN. The 

measures of effectiveness (MOE) adopted include delay, throughput, number of stops, queue 

length, and travel time. Many studies start with the current interchange volumes and then move on 

to formulate hypothetical volume combinations to evaluate the interchange under different traffic 

loadings. 

FWHA’s DDI information guide (Schroeder et al., 2014) highlights the advantages of 

microsimulation approach including the ability to allow customized geometry, the ability to model 

DDI as part of an arterial network capturing the effects of DDI on and from the adjacent 

intersections, and the evaluation of the different modes of travel. Additionally, microsimulation 

can model link and lane blockages from queue spillbacks and dynamic traffic operations (including 
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time-dependent queues) which cannot be satisfactorily modeled by analytical methods. The 

animations that come with microsimulations are also helpful in visualizing the potential 

operational problems like queue spillbacks (HCM, 2016).  

Another evaluation method is the Critical Lane Volume (CLV). CLV is mainly employed for 

planning level analysis to give a quick and rough indication of DDI performance and some 

researchers like Chlewicki (2011); Hunter et al. (2019); Maji et al. ( 2012) have adopted the method 

to evaluate large number of scenarios where microsimulation require a lot of time to set up. CLV 

method is applied to individual intersections and thus the main drawback of the method is the 

inability to capture the interdependence of synchronized or interdependent intersections 

(Chlewicki, 2011). Nevertheless, several studies including Hunter et al (2019) have shown that 

when CLV is properly applied it can give informative trends of performance. 

Most of the newly constructed or planned DDIs in US involve retrofitting existing CDIs. Thus, the 

motivation of many DDI studies has been to either evaluate the potential benefits of converting an 

existing CDI to a DDI or to compare the performance of the newly constructed DDI to the original 

CDI. Several studies have confirmed that DDI outperforms CDI at high demand levels especially 

with heavy turning volumes. At low demand levels, the performance is comparable. (Bared et al., 

2005; Chilukuri et al., 2011; Chlewicki, 2003, 2011; Hunter et al., 2019; Khan & Anderson, 2016; 

Yeom et al., 2015). These studies have mainly used microsimulation (a few used CLV) to compare 

the two interchanges under different demand patterns and geometry. One of the factors that must 

be accounted for/experimented with in this comparison is the difference in lane configuration as 

DDIs do not need exclusive left turn (LT) lanes. Additionally as Chlewicki (2011) emphasizes 

signal timings for the two interchanges must be optimized so that the interchanges are compared 

at their full potential performance. 

2.2.2 Highway Capacity Manual (HCM) Analysis methodology for DDI  

Chapter 22 of the 2010 Highway Capacity Manual (Transportation Research Board, 2010) 

provides an evaluation methodology for ramp interchange terminals based on NCHRP research 

(Elefteriadou et al., 2005, 2009; Messer & Bonneson, 1997). The methodology is distinguished 

from that of signalized intersections by the need to consider the operation of paired intersections 

with the associated risks of queue spillbacks, link and lane blockages and demand starvation. The 

LOS for each O-D movement is based on the total average control delay encountered by the 
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movement as it goes through the interchange. The methodology provides empirically developed 

models to adjust for demand starvation at internal approaches, effect of downstream /internal 

queues and unbalanced lane utilization at external approaches. Effects to and from closely spaced 

adjacent intersections are also considered.  

HCM 6 (Transportation Research Board 2016) extends this methodology in its chapter 23 to 

include operational analyses for alternative intersections and interchanges. As compared to 

conventional interchanges, alternative interchanges involve re-routed movements which normally 

means added travel time referred to as Extra Distance Travel Time (EDTT). The Level of Service 

(LOS) is based on Experienced Travel Time (ETT) which is determined as the sum of control 

delay (di) at all intersections encountered and the EDTT as shown by Equation  (2.1) 

iETT d EDTT= +    (2.1) 

In the operational evaluation of the DDI, the HCM methodology considers and adjusts for the 

interchange’s special characteristics which includes reduced saturation flow rate at crossovers, 

long clearance interval (lost time) for the off-ramp movements, lane use imbalances at external 

crossovers and capacity of yield-controlled turns. The DDI lane utilization adjustments are based 

on studies by Yeom et al.(2014) that have already been discussed. A factor of 0.913 is included in 

the adjustment of base saturation flow rate at the DDI to cater reduced flow rates as confirmed by 

field studies.  

For the CDI, the methodology adjusts the available green time at internal approaches for demand 

starvation and at external approaches for internal/downstream queues. For the DDI, the adjustment 

for the internal queue is made for either the off ramp left turn or the arterial through movement but 

not both as one of these two movements is usually progressed through two intersections without 

stopping. No demand starvation adjustment is made for the DDI. Relatedly, Yeom & Cunningham 

(2017) developed and validated an analytical model for estimating lost time at the DDI upstream 

intersection due to internal queue between the crossovers. Both the HCM model and the Yeom & 

Cunningham (2017) use shockwave analysis to estimate the additional time lost as vehicles stop 

behind the downstream queue.  
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2.2.3 DDI microsimulation studies  

Key to gaining a good understanding of DDI performance is the proper setting up of the 

microsimulation experiments, exhausting the different possible traffic and geometry scenarios. If 

the potential capacity of the DDI is the target, signal plans (sequences, timing, offsets, and splits) 

must first be optimized. The state of practice has been to use optimization tools like Synchro and 

Vistro to optimize the signal plans. If the field performance is desired, then the experiments are 

performed with the field implemented signal timings. Most studies reviewed in the literature 

perform microsimulation experiments to evaluate the performance of DDI under large 

combinations of the factors listed below:  

1. Traffic volume combinations/O-D volumes/turning ratios.  

2. Crossover spacing 

3. Effects from adjacent intersection 

4. Lane configurations 

5. Signal phasing schemes 

Using Synchro 5 and Simtraffic, Chlewicki (2003) compared the operational performance of CDI 

with heavy turning movements with DDI. The results showed about three times more total delay, 

four times more stopped delay and twice more stops for CDI compared to the new DDI design. 

The results of this pioneering study were convincing enough to attract the attention of researchers 

and practitioners alike. Chlewicki (2011) followed up this study to consider a bigger sample of 

volume combinations (up to 15626 combinations) and lane configurations. Instead of 

microsimulation, the new study adopted CLV for quick evaluation of the large samples.  

Using microsimulation, Bared et al. (2005) compared the performance of four lane (two lane per 

direction) and six lane DDI to the conventional DDI with two through lanes and one dedicated left 

turn lane in each direction. The four lane DDI was modeled with five demand levels while the six 

lane DDI was modeled with six demand levels. CDI signal timings were optimized with PASSER 

III. At low and medium volume levels, both the four lane DDI and the conventional diamond had 

comparable performance. Whereas at high volumes, the four lane DDI showed lower delay, higher 

throughput, and shorter queues. Among other conclusions, the study stressed the benefit of the 

DDI needing no exclusive left turn lanes compared to the CDI.  
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For an existing CDI in Athens Alabama, (Khan & Anderson, 2016) carried out simulation studies 

with synchro/Simtraffic to establish whether the interchange would perform better if converted 

into a DDI. The existing interchange had heavy through cross street traffic at peak hours but low 

left turning traffic onto the freeway. For a total 83 different demand scenarios, in only four (4) did 

the DDI perform better than the CDI. The study was extended to include two adjacent intersections 

(upstream and downstream) both spaced at 500ft and 1000ft in two scenarios. After optimizing 

network signal timings with synchro and performing Simtraffic simulations, adjacent intersections 

performed better with CDI under almost all scenarios. The major contribution of this study is the 

demonstration that DDIs may not perform well with heavy cross street through movement in 

combination with closely spaced adjacent intersections and that DDI is not a suitable replacement 

for CDI in all conditions.  

Hunter et al (2019) carried out sensitivity studies for CDI and DDI to establish demand scenarios 

and lane configurations under which the DDI will likely provide superior performance. The study 

performed both Critical Lane volume (CLV) analysis and microsimulation. The CLV used volume 

to capacity ration (V/c) as the performance measure while microsimulation used interchange 

aggregate delay and interchange throughput as the MOE. Taking the current DDI at Jimmy Carter 

Boulevard and I-85 in Georgia as the case study, three lane configurations for both the DDI and 

CDI were examined. For each of the three lane configurations, three volume levels for the off ramp 

left turn and the cross street were considered. For the cross-street traffic, 20% was considered for 

right turning ratio (RT) and the LT ratio was varied from 0% to 100%. For each demand and lane 

configuration scenario, the input traffic signal parameters were optimized with Synchro. 

Simulations were run and resulting trends of overall interchange delay and throughput, number of 

stops and queue lengths were analyzed. Both methods agreed that for cross street traffic with up 

to 30% LT volume, CDI and DDI performance are comparable, but the DDI outperformed the CDI 

when LT volume reached 50%. 

While introducing the super DDI, Molan et al. (2019) set up various microsimulation experiments 

to compare the operational performance of the super DDI against other interchanges including the 

DDI. For the DDI experiments, entry volumes were selected with CLV method to give V/c =1. 

For both arterial and ramp traffic turning ratios of 100% (same volume of turning and through 

traffic), 66% (turning volume is 66% of through) and 25%. To study both balanced and unbalanced 

traffic through the interchange, six volume distributions were considered resulting from different 
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of combinations of Northbound/Southbound and Eastbound/ Westbound traffic levels. The 

different volume combinations gave a total of 502 demand scenarios. Synchro (version 8) was 

used to obtain the optimum signal timings.  

Warchol et al. (2017) set up microsimulation experiments to evaluate the signal phasing scheme 

that minimizes mean interchange delay and mean stops per vehicle given the crossover spacing 

and volume patterns. Crossover spacing of 300ft, 750ft, and 1200ft were considered. The lower 

and upper bounds of 300ft and 1200ft respectively were established from a survey of 45 DDIs 

across the US. Starting with v/c ratio of 0.35 to 0.41 for all movements, volumes of none, one or 

multiple movements were raised in turns in increments of 50 vehicles until queue spillback just 

started to occur. Two, three and four critical movement phase schemes as categorized by (C. 

Cunningham et al., 2016) were tested. Combinations of spacing, increased volume and phasing 

schemes led to a total of 72 scenarios. For each scenario, cycle length and splits were optimized 

with PTV Vistro while offsets were optimized with dynamic bandwidth assessment tool (DBAT). 

With the optimized signal schemes, VISSIM was used to model the 72 scenarios to estimate the 

mean interchange delay and mean stops per vehicle.  

2.2.4 DDI field studies  

Yeom et al (2015) used field data to perform before and after comparison of operational 

performance for two diamond interchanges retrofitted into DDIs in Kansas City and Rochester. 

The original diamond interchanges at both sites had heavy left turning volumes and experienced 

heavy delays and long queues. The Kansas City DDI showed improvement in the level of service 

by at least two letters for at least 10 movements. At this site, queue lengths were significantly 

reduced. Although results were not very conclusive for the Rochester DDI, there were clear 

benefits for the LT movements.  

2.2.5 DDI Model Calibration and Validation   

Microsimulation models need to be calibrated for site-specific conditions and validated before they 

can be used to simulate traffic operations. As already mentioned, the major drawback of 

microsimulation is that there are many parameters to calibrate for a single model. A few studies in 

the literature have reported their microsimulation model calibration for DDI operations. 

Schroeder et al.(2014) calibrated a VISSIM model for simulating the operational performance of 

DDI and validated the same with field data collected from four operational DDIs. The factors 
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calibrated include origin-destination (O-D) volumes, look back distance (for prepositioning/lane 

utilization), free flow speed, speeds at crossovers and field signal plans. The validation considered 

interchange travel time, route travel time (including adjacent intersections) and queue lengths. The 

best validation results (VISSIM model closely matching field observations) were obtained for 

route travel times. For through movements VISSIM route travel times were within 21% and out 

of 32 left turn scenarios, 20 were within 15%. 

In the performance evaluation of the first DDI in the country, Chilukuri et al. (2011) calibrated 

and validated VISSIM models for the original CDI and the newly constructed DDI. The calibration 

process took input from travel time, travel speeds and queue length. On validation against field 

data, VISSIM generated speeds fell within 10mph of the field observed speeds. Both Chilukuri et 

al. (2011) and Schroeder et al (2014) noted the sensitivity of short travel time to signal timing and 

thus recommended the validation to be based on route travel times that stretch to include the travel 

time through the adjacent intersections. Yeom et al (2015) made the same recommendation of 

including the impacts of the adjacent intersections while comparing the before and after 

performance of a diamond to DDI conversion in Rochester.  

Sangster & Rakha (2015) validated the delay estimates both by microsimulation (VISSIM and 

INTEGRATION) and by Synchro using field data for a DDI connecting I-15 and West Main Street 

in American Fork, Utah. The field data including driver behavior, signal timing, O-D volumes and 

travel time was collected with video cameras. Using the field implemented signal timings, VISSIM 

and INTEGRATION models were created and run to estimate each vehicle delay which was then 

aggregated to estimate movement and overall delay for the DDI. Comparing the results, field data 

for the DDI gave an overall delay of 24.6s, VISSIM estimated 28.3s (within 15%), Synchro 

estimated 22.0s (within 11%) and INTEGRATION estimated 31.0s (within 26%).  

2.3 CTM APPLICATIONS TO ARTERIAL TRAFFIC MODELING  

2.3.1 Overview  

The Cell Transmission Model (CTM) is a numerical approximation to the Lighthill Witham and 

Richards (LWR) model formulated by Carlos Daganzo (Daganzo, 1994, 1995). To represent traffic 

with CTM, the road is divided into cells of equal length with this length equal to the distance 

traveled by a vehicle at free flow speed in one-time step. CTM simplifies the flow density 

relationship into a triangular form shown in Figure 2-3. Free flow speed (v) and a constant 
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backward shock wave speed (w) are assumed for the entire uncongested and congested regimes, 

respectively. 

 

Figure 2-3: Newell’s simplified flow density diagram  

The model first establishes the flow (yij) from each cell (i) to the next cell (j) at time step (t) using 

Equation (2.2) and then updates the number of vehicles in each cell in the next time step, ni (t+1) 

using Equation (2.3). The main variable in CTM is the number of vehicles in each cell at every 

time step. CTM thus tracks the state of traffic in each cell at every time step from which travel 

time, delay, queue length and other parameters can be estimated. 

 ( ) min ( ), ( ), ,ij i j j i jy t n t N n t Q Q= −   (2.2) 

( 1) ( ) ( ) ( )i i hi ijn t n t y t y t+ = + −   (2.3) 

yij(t):  Number of vehicles flowing from cell (i) to cell (j) at time (t) 

yhi(t):  Number of vehicles flowing from cell (h) to cell (i) at time (t) 

ni(t):  Number of vehicles in cell (i) at time (t) 

ni(t+1): Number of vehicles in cell (i) at time (t+1) 

Ni: Maximum number of vehicles that can be in cell (i) 

Qi, Qj: Maximum number of vehicles that can flow into cell (i) and cell (j), respectively. 

 

2.3.2 Modeling Arterial and Urban Network traffic operations with CTM 

From its inception in 1994/1995 as a freeway simulation tool, CTM has been enhanced by several 

researchers to be able to model arterial traffic operations. The enhancements are needed to cater 

for discontinuities caused by signalized intersections, queue formation and dissipation, link and 

lane blockages and lane assignments.   
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Recent works including Beard & Ziliaskopoulos (2007); Islam et al. (2020a); Islam et al. (2020b); 

Mohebifard & Hajbabaie (2019b); Tajalli et al. (2020); Wang, Fang, & Zio (2019) are good 

references for the formulation of intersection, arterial, and network level CTM based problems 

including constraints for signal control, merging, and diverging at intersections, turning volumes 

and turning ratios and deduction of MOEs. With CTM formulated as a Mixed Integer Linear 

Program (MILP), common decision variables at each time step in the studies include binary 

variables for signal status, number of vehicles in each cell, number of vehicles flowing from one 

cell to the next and variable saturation flow rate.  

With increasing success, CTM based models have been developed to optimize signal parameters 

for intersections and networks (Li, 2011; Lo, 1999, 2001; Lo & Chow, 2004; Mohebifard et 

al.2019; Shirke, Bhaskar, & Chung, 2019; Srivastava, Jin, & Lebacque, 2015; Tajalli & Hajbabaie, 

2018b, 2018a; P. Wang, Jones, Yang, & Gurupackiam, 2013). The motivation for most of these 

CTM-based models has been to develop tools that can model oversaturated conditions in which 

traffic states are time-dependent requiring traffic responsive signal plans. Several of these models 

have performed well and even better when compared to popular optimization tools like 

TRANSYT-7F. The formulated problems are commonly solved by Genetic algorithms (GA) or 

MILPs. The success of these CTM-based optimization models relies on CTM’s ability to 

realistically track the evolution of queues, estimate delay, throughput, and number of stops as 

measures of effectiveness and fitness functions.  

Lo (1999, 2001) made one of the early attempts to develop CTM based signal optimization models. 

CTM state Equations were used to track delay for each cell which was then aggregated to obtain 

the overall network delay during the study period. The optimum offsets and green times that 

minimized overall network delay were arrived at by solving a mixed integer linear program 

(MILP). The model was tested on a hypothetical network of two intersections. At low demands, 

the network performed as well as PASSER and MAXBAND. At high demand, the program 

selected green times at the intersections to keep the inter-signal link operating at optimum density 

and capacity. At all levels of demand, the objective was to reduce overall system delay. In attempt 

to improve computational efficiency Lo et al.(2001) and Lo & Chow (2004) built from the work 

of Lo (1999, 2001) and used genetic algorithm (GA) to solve the CTM based dynamic optimization 

with total system delay as the fitness function  
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The model developed by Li (2011) with blockage analysis enhancements was formulated as an 

optimization problem and tested on field case of 4 intersections for different levels of demand. 

Using CORSIM as an independent evaluator, the results from the model were compared with 

results from TRANSYT-7F (Release 10). The model performed significantly better than 

TRANSYT-7F in terms of total system delay and throughput with better results for higher volume 

levels. Just like in the Liu & Chang ( 2011) study,Transyt-7F tended to select higher cycle lengths 

for the same volume levels.  

Li & Tao (2011) built on CTM formulations developed by Li (2011) to model operations of a 

signalized interchange with limited queuing space. The study attempted to capture the effects of 

off ramp spillback on the freeway mainline and spillbacks on the arterial. With the objective 

functions of minimizing delay and maximizing throughput, the model was solved with GA to yield 

cycle length, offsets, and green splits at each intersection. The model was tested on an operational 

interchange in Maryland with 5 signalized intersections. Using CORSIM as an independent 

evaluator, the developed model produced significantly better delay results for the freeway and 

arterial when compared with TRANSYT 7F (version 10). The delay results for the developed 

model were increasingly better at higher off ramp volumes. This is one of the very few studies that 

have applied CTM to model interchange operations. 

Mehrabipour & Hajbabaie (2017) formulated a CTM based model to optimize intersection signal 

timings within a network. This study demonstrates a full formulation of a CTM model for 

intersection signal control including constraints for signal status (green or red), avoiding assigning 

green to conflicting movements, modeling turning movements and turning percentages and start 

up lost time by reduced saturation flow. Mixed integer linear programs (MILP) are formulated for 

individual intersections which are later coordinated to obtain a network optimum solution to 

improve computational efficiency.  

Mohebifard & Hajbabaie ( 2018, 2019a) employ CTM based optimization programs for dynamic 

metering of traffic in urban networks. The problem is formulated as a MILP with the objective of 

maximizing the completed trips. The program is tested on urban networks of up to 20 signalized 

intersections and shows improved performance in terms of network throughput. Again, the success 

of CTM in modeling these urban networks lies in its ability to accurately track the state of traffic 

on all the network links.  
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Shirke et al. ( 2019) and Srivastava et al. ( 2015) enhanced the original CTM to account for reduced 

discharge rate at the onset of green time (during the startup lost time). Srivastava et al. ( 2015) 

introduces a modified demand function for the congested phase and used a continuous function 

starting from zero to saturation flow rate while Shirke et al. ( 2019) adopts a step function. Another 

discharge enhancement enabled the changing of density in each cell as the starting shockwaves 

moves through the cells to the back of the queue. Shirke et al. ( 2019) only allows entry into a cell 

after the starting shockwave has left that cell. Wang et al. (2013) adopted randomly distributed 

SFR instead of the average SFR used by the traditional CTM and with this enhancement, CTM 

was able to estimate travel time within 3% of the value estimated with Simtraffic.  

There are still several issues to be addressed if CTM is to satisfactorily simulate arterial traffic. 

For instance, there is very limited literature on using CTM to model shared lanes, lane changing 

and gap acceptance. Shirke et al. (2019) made attempts to model shared lanes with CTM. The 

researchers considered in one case a through movement sharing a lane with a turning movement 

with the turning movement permitted and thus risking blockages when there are no acceptable 

gaps in the opposing through traffic. The second case was a shared lane but the through and turning 

traffic running on different protected phases.  

Reynolds et al. (2011) and Shirke et al. (2019) have attempted to model lane prepositioning that 

occurs at intersections leading to unbalanced lane utilization. In modeling turn pocket operations 

with CTM, Reynolds et al. (2011), attempted to model prepositioning of left turning drivers in the 

left most through lane. The researchers incorporated a cell immediately upstream of the turning 

pocket referred to as queue storage region. The length of this cell was set to cover the length over 

which all left turning drivers are assumed to be in the left most through lane. Although this study 

focuses on modeling short turn lanes which are not used in DDI designs, it gives insights into 

modeling prepositioning with CTM which occurs at DDI upstream intersection approaches.  

2.3.3 Nonhomogeneous cell approaches  

In the conventional CTM all cells within the network must be of the same length. Challenges arise 

when the length of a link is not a multiple of cell length. Additionally, the requirement of 

homogeneous cell length means that all the links in the network must have the same free flow 

speed. This limits the application of the model in networks where the links have significantly 

different free flow speeds. To overcome the constant cell length requirement and  increase the 
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flexibility in diving the highway, Muñoz et al. (2004) re-wrote CTM using cell density instead of 

occupancy as the main variable. Equation (2.4) and Equation (2.5) show the new flow and 

conservation equations.  

1 1 1 1( ) min{ * ( ), , , *( )}k k k k k ky t V d t Q Q W Kj d+ + + += −   (2.4) 

1( 1) ( ) ( ( ) ( ))k k k k

Ts
d t d t y t y t

L
++ = + −   (2.5) 

V: Free flow speed in ft/s 

W:  Shockwave speed in ft/s 

Qk: Flow capacity of cell k in veh/s  

Kj: Jam density (veh/ft) 

L: Cell length (ft) 

dk: Density in cell k (veh/ft) 

Ts: Time step length in seconds 

 

The enhanced model was calibrated and tested on a section of I-210 in California, replicating field 

observed travel time with only a 6% or less error.  

2.3.4 CTM calibration and Validation  

Compared to microsimulation, CTM has fewer parameters to calibrate. Those are mainly free flow 

speed (FFS), the maximum flow rate (saturation flow rate) and the jam density. If these parameters 

are known, and assuming a triangular flow density diagram, critical density and shockwave speed 

can be readily estimated.  

 In calibrating CTM, Shirke et al. ( 2019) used sum of squared errors with the back of queue (BOQ) 

as the objective function. FFS was taken as the speed limit and only jam density and saturation 

flow rate were calibrated. A Genetic algorithm (GA) was used to find the solution to the formulated 

minimization problem. Srivastava et al. (2015) minimized errors in the throughput to calibrate 

saturation flow rate, jam density, critical density and an additional parameter, jam demand for the 

modified demand function. The model was calibrated with three independent data sets giving very 

good data fit in all cases with R2 of 0.99, 0.99 and 0.98. The predicted queues with the calibrated 

model matched very well with the field observed queues.  

For a freeway segment, Muñoz et al (2004) calibrated CTM for FFS, shock wave speed and jam 

density by using least squares data fitting. The calibrated model was validated for a segment on I-



 

24 

 

210 in southern California and was able to reproduce the bottleneck features observed in the field. 

The travel times predicted by the model were within 6% of the observed travel times.  

2.4 MODELING ALTERNATIVE INTERSECTIONS AND INTERCHANGES WITH 

CELL TRANSMISSION MODEL 

Not a single study was identified in the literature that had applied CTM to model operations of 

alternative intersections and interchanges. As already discussed, analysis of alternative 

intersections and interchanges involves studying the operation of two or more closely spaced 

intersections with re-routed movements. A few studies have used CTM to model closely spaced 

intersections on arterials. Li (2011) formulated a CTM-based optimization problem to select signal 

plans that would prevent link and lane blockages at closely spaced intersections. Wang et al. ( 

2013) formulated an enhanced CTM model to simulate blockages at the middle of an intersection. 

The model was tested on a network of three closely spaced intersections. Li & Tao (2011) used 

CTM to model operations of a signalized interchange. The objective of the study was to select 

optimal signal timing parameters (cycle length, offsets, and splits) that would minimize delay or 

maximize throughput without causing spillbacks to the freeway or back to the arterial.  

Although several enhancements have improved the performance of the original CTM and 

increased its applicability to arterial traffic, several modeling issues still need to be addressed. 

These include modeling shared lanes, lane changing, unbalanced lane utilizations, capacity of yield 

and stop controlled intersections and use of constant cell length (Adacher & Tiriolo, 2018; Shirke 

et al., 2019). Modeling alternative intersections involve almost all these unresolved issues. For 

instance, an enhanced CTM for DDI operations needs to consider various lane configurations 

including shared lanes, unbalanced lane utilizations, non-homogeneous cells due to different speed 

profiles within the interchange, capacity of yield-controlled off-ramp intersections and permitted 

movements.  

2.5 SUMMARY  

The increasing popularity of alternative intersections and interchanges has attracted the attention 

of researchers and transportation agencies to develop methodologies for assessing their operational 

and safety performance. The first DDI studies were motivated by the need to evaluate the potential 

benefits of converting existing CDIs into DDIs and to evaluate the operational and safety 

performance of the newly constructed DDIs. These studies have confirmed that DDI outperforms 
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CDI especially at high demand and for interchanges with heavy left turning traffic onto the 

freeway.  

HCM 6 (Transportation Research Board, 2016) expands on the Ramp interchange terminals 

chapter in its earlier version to include the evaluation methodology for alternative intersections 

and interchanges. The 2010 HCM methodology considers and adjusts for the interaction of two or 

more closely spaced intersections while the 2016 HCM builds on to include the performance of 

re-routed movements associated with alternative intersections and interchanges. For the DDI the 

new methodology adjusts for the internal queue storage, unbalanced lane utilization, yield 

controlled intersections, long clearance intervals for off-ramps movements and reduced saturation 

flow rate at crossover intersections.  

Whereas the HCM 6 methodology can closely predict the operation of DDI and other interchanges, 

a complete analysis is still only possible with microsimulation. The authors of the HCM6 

methodology recognized its limitations and recommended microsimulation analysis in the case of 

oversaturated conditions. Microsimulation can model time-dependent flow conditions, link and 

lane blockages and effects to and from adjacent intersections. If calibrated well, microsimulation 

has shown the ability to replicate field queue lengths, delays, throughput, travel time and the 

number of stops within required tolerances. Microsimulation experiments are set up to evaluate 

the performance of DDI under different combinations of O-D patterns, crossover spacing, lane 

configurations, signal phasing schemes and proximity of adjacent intersections. To evaluate DDI 

potential performance, optimum signal phase sequences, splits, offsets, and cycle length must be 

selected for the given volume patterns and crossover spacing. The major drawback of 

microsimulation is that it takes much time and resources to set up and requires extensive calibration 

of its many parameters. Calibration of microsimulation models requires a lot of field-collected data 

which again takes time and resources.  

CTM can be a potential attractive alternative to microsimulation. The model concepts were 

developed in 1994/1995 as a freeway simulation tool but have since been enhanced to model 

operations for arterials and urban networks. CTM discretizes the network in space and time and 

uses state equations to track the number of vehicles in each cell at each time step. Studies show 

that CTM can realistically model signal control, track queues, estimate delays, throughput, and 

number of stops from isolated intersections to sizable urban networks. However, no studies were 
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found in the literature that has applied CTM to model DDI operations and alternative intersections 

in general. No study has demonstrated how closely CTM can replicate field operations of 

alternative intersections and interchanges and how the different resultant measures of effectiveness 

could compare with those obtained from microsimulation models. 

Compared to microsimulation, CTM has fewer parameters to calibrate and thus less field data 

requirements which would translate into less time and resources to set up. However, unlike 

microsimulation, there are no widely used off-the-shelf packages to implement CTM. This makes 

the initial setup of the network model more demanding and prohibitively complex on the side of 

practitioners. The user must begin from scratch to segment the network into cells and code the 

traffic status equations for each link and node (intersections). More effort is needed in working 

towards off shelf templates to implement CTM and increase the versatility of the model. 
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3 METHODOLOGY  

3.1 OVERVIEW  

This chapter presents the methods and data used in the study. The discussion opens with an 

overview of CTM as is currently implemented for arterial traffic and then goes on to present the 

formulation of the enhanced CTM for DDI operations. Calibration and validation of the model is 

then presented with two case studies of operational DDIs.  

3.2 CELL TRANSMISSION MODEL FORMULATION OVERVIEW  

Researchers have made several enhancements to the original CTM formulations by Daganzo 

(1994, 1995) to be able to model traffic operations of arterials and urban networks. Recent works 

including Beard & Ziliaskopoulos (2007); Islam et al. (2020a); Islam et al. (2020b); Mohebifard 

& Hajbabaie (2019b); Tajalli et al. (2020); Wang, Fang, & Zio (2019) are good references for the 

formulation of intersection, arterial, and network level CTM based problems including constraints 

for signal control, merging, and diverging at intersections, turning volumes and turning ratios and 

deduction of MOEs. Here an overview of the Cell Transmission Model (CTM) formulation as is 

currently implemented for arterial traffic is presented, before discussing the enhancements made 

to model DDI operations.  

 

Figure 3-1: CTM Network Representation 
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Table 3-1: Defining decision variables and model parameters. 

yk  Flow into cell k 

nk(t) Number of vehicles in cell k at time step t 

Qk Flow capacity of cell k 

Nk Maximum holding capacity for cell k in vehicles 

dk Density in cell k 

L Cell length 

Ts Length of time step 

V Free flow speed  

W Backward shockwave speed 

Kj Jam density 

SE Sending capacity of cell E 

RE Receiving capacity of cell E 

Qsat Saturation flow rate 

 

CTM simplifies the flow density relationship to triangular or trapezoidal forms shown in Figure 

2-4. The model assumes free flow speed (V) for the entire uncongested regime (before reaching 

the critical density) and a constant backward shock wave speed (W) for the congested regime. 

Links are divided into homogeneous cells, the length of which is equal to the distance travelled in 

one time step at free flow speed (V). Therefore, at low densities (lower than critical density), all 

vehicles in each cell move to the next cell at each time step. Cell length (L) is determined as the 

product of modeling time step (Ts) and free flow speed (V) as shown in Equation.(3.1) 

*sL T V=   (3.1) 

Figure 3-1 illustrates the representation of a simple network in CTM and Table 3-1 presents the 

notation for decision variables and model parameters used throughout this chapter. Depending on 

the position in the network, links can be categorized as entry links (link 01, link03 and link 05), 

intermediate links (link 04) and exit links (link 06). The links can have a combination of source, 

sink, gate, ordinary and intersection cells depending on the link category. The source cell is the 

input cell with infinite number of vehicles (nk = ∞). The source cell is immediately followed by a 

gate cell with infinite holding capacity (Nk = ∞). Gate cells acts as a buffer. It releases traffic and 

the desired link inflow and keeps all the incoming traffic that proceeding cells cannot take. The 

sink cell is the output cell with infinite holding capacity (Nk = ∞) to take all exiting traffic. 

Intersection cells are associated with varying discharge rates to control flow at intersections. 
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Ordinary cells are the intermediate cells on the link and have finite flow capacity and holding 

capacity. 

3.2.1 Flow and conservation equations  

Figure 3-2 shows the basic building block of CTM. The model first establishes the flow, yk+1(t) 

from cell (k) to the next cell (k+1) at each time step (t) using Equation (3.2). At densities below 

the critical density, the flow from an upstream to a downstream cell is limited by the number of 

vehicles, nk(t) in the upstream cell. At the critical density, flow to the downstream cell is limited 

to the flow capacity across the cells, Qk and Qk+1. In the congested regime, the flow from the 

upstream cell becomes limited to the space remaining in the downstream cell which is determined 

as the difference in downstream cell holding capacity, Nk+1 and the current occupancy of the cell. 

After determining the flow from the upstream to the downstream cell, the number of vehicles in 

each cell in the next time step, nk(t+1) is updated using equation (3.3). The model thus tracks the 

number of vehicles in each cell at every time step as the main variable.  

 

Figure 3-2: Ordinary cells model 

 
1 1 1 1( ) min{ ( ), , , ( )}k k k k k k

W
y t n t Q Q N n

V
+ + + += −   (3.2) 

 1( 1) ( ) ( ) ( )k k k kn t n t y t y t++ = + −   (3.3) 

3.2.2 Signalized merging  

Figure 3-3 represents merging at a signalized intersection. With both movements from cells B and 

C operating in protected signal phases, cell E will receive traffic from either cell C or B depending 

on which cell is receiving its green time. When both B and C are displaying red, cell E will not 

receive any traffic. At any time step either of the outflows from cell B and C ( SB or SC) is zero or 

both are zero and therefore flow into cell E can be modeled as a sum of flows from cells B and C 

as shown in Equation (3.4). SB and SC are respectively the sending capacities of cells B and C. 
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Figure 3-3: Signalized merging representation in CTM 

( ) min{ ( ), , , ( ( ) ( ))}

( ) min{ ( ), , , ( ( ) ( ))}

( ) ( ) ( )
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W
S t n t Q Q N t n t

V

W
S t n t Q Q N t n t

V

y t y t y t

= −

= −

= +

  (3.4) 

3.2.3 Unsignalized merging  

 

Figure 3-4: Unsignalized merging representation in CTM. 

Consider Figure 3-4Figure 3-3 with two unsignalized cells B and C. As a starting point, the actual 

flow from cells B and C (yB and yC) is limited to the sending capacities of cells B and C defined 

earlier as SB and SC respectively. The receiving capacity of cell E (RE) is limited to the cell’s 

remaining space at the given time step and the cell’s maximum receiving flow rate QE. This is 

modeled by Equation (3.5) 

;

( ) min{ ( ), ( ( ))}

B B C C

E E E E

y S y S

w
R t Q t N n t

v

 

= −
  (3.5) 

As shown in Danganzo (1995) formulation the following three causality regimes are considered. 
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1. Both approaches are freely flowing, and cell E can take all the traffic from cells C and B. 

This is modeled as shown in Equation (3.6). 

; ( )

;

E B C

B B C C

E B C

If R t S S

y S y S

y S S

 +

= =

= +

  (3.6) 

2. Both approaches are congested. Flow into cell E constitutes a fraction from cell C and 

from cell B. The contribution from each cell is defined with factors (pB) and (pC) 

depending on the priority assigned to each movement.  

3. The priority approach is congested and thus contributes all the traffic to cell E. 

Cases 2 and 3 are modeled as shown in Equation (3.7). The flows yB and yC are determined 

geometrically as the middle point (mid) of three points. See Daganzo (1995) for details of the 

derivation. In case 2, contributions from each cell are specified by defining values of (pB) and (pC). 

In case 3 the priority approach is assigned a factor of 1 while the number priority approach is 

assigned zero.  

; ( )

( ) { , ( ), * }

( ) { , ( ), * }

1

E B C

B B E C B E

C C E B C E

B C

If R t S S

y t mid S R S p R

y t mid S R S p R

p p

 +

= −

= −

+ =

  (3.7) 

3.2.4 Diverging  

 

Figure 3-5: Diverging representation in CTM. 

Figure 3-5 depicts a diverging flow from cell B into cells E and C. Flow from cell B (yB) divides 

into (yBC) and (yBE) according to predefined ratios (βBE and βBC) determined from the Origin- 

Destination matrix. As represented by Equation (3.8), if either cell E or C is unable to receive its 

assigned flow, all flow from B is blocked.  
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3.2.5 Effect of signalization  

The original CTM was formulated for freeways with no discontinuities introduced by signalized 

intersections. Different enhancements have modeled the effect of signals by varying the saturation 

flow rate of the intersection/signalized cells between zero when signal is red and the saturation 

flow rate when the signal is green. The saturation flow model for a signalized cell is represented 

by Equation (3.9). With no flow constraints downstream, traffic discharges at saturation flow rate 

until the queue is cleared. If the signal is still green after queue clearance, flow from the 

intersection cell is limited the number of vehicles in the intersection cells according to Equation 

(3.2) which really models the random arrivals after queue discharge.  

 
( ) :

0 : Re
sat

Q k t green
Q

t d

 
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 
  (3.9) 

3.3 ENHANCING CTM FOR DDI OPERATIONS  

Issues arise when modeling DDI because (1) the network is an interchange with at least two closely 

spaced intersections and numerous diverging and merging activities, (2) the interchange has a non-

conventional geometry and (3) the interchange has re-routed movements. The critical part of this 

study was thus to formulate an enhanced CTM to allow for a faithful simulation of DDI traffic 

operations. The specific issues addressed by this enhanced model include the following. 

1) Differences in speed profiles at crossover intersections and on the bridge compared to 

external approaches.  

2) Reduced speeds at on and offramps due to tight geometry. 

3) Reduced saturation flow rates through crossover intersections. 

4) Lane use imbalances at external approaches and  
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5) Impacts from adjacent intersections. 

This is one of very few studies that have attempted to simulate interchange operations with CTM, 

and, to the author’s best knowledge, it is the first attempt at CTM modeling of alternative 

intersections and interchanges. It expectedly must come with several simplifying assumptions, 

while other enhancements must be addressed in follow up studies. This section discusses in detail 

the model formulation. 

3.3.1 DDI Network Representation  

a) Segmentation 

The first step in network representation is breaking down the network links into cells. As already 

mentioned, the cell length is controlled by the chosen time step length and free flow speed on the 

link. A smaller time step (1 or 2 seconds) is preferred to provide more flexibility in representing 

shorter links in the DDI network.  

Free flow speed can vary significantly for different segments of the DDI network. Compared to 

the external approaches, the speed through the crossovers and over the bridge is significantly 

lower. free flow speed is also lower at the on and off-ramps due to tight geometry. This gives rise 

to at least three free flow speed regimes within the network. At this stage in the process free flow 

speed regimes in the network are identified. Cell lengths for each segment are determined as the 

product of time step and the appropriate free flow speed.  

To accommodate uneven cell lengths, CTM status equations are re-written to make cell density as 

the main decision variable instead of cell occupancy or number of vehicles. Cell length is 

introduced into the equations. Equations (3.10) and (3.11) show the flow and conservation 

relations formulated in terms of cell density. As the cell occupancy is more intuitive to use, cells 

densities are multiplied by cell length to output cell occupancy after completing the computations.  

1 1 1 1( ) min{ * ( ), , , *( )}k k k k k ky t V d t Q Q W Kj d+ + + += −   (3.10) 

1( 1) ( ) ( ( ) ( ))k k k k

Ts
d t d t y t y t

L
++ = + −   (3.11) 

V: Free flow speed in ft/s 

W:  Shockwave speed in ft/s 

Qk: Flow capacity of cell k in veh/s  

Kj: Jam density (veh/ft) 



 

34 

 

L: Cell length (ft) 

dk: Density in cell k (veh/ft) 

Ts: Time step length in seconds 

 

b) Lane configurations 

One of the distinguishing geometric features of DDI configuration is the treatment of the left turn 

movement from the arterial to the onramp. In some cases, this movement occurs from a shared 

lane with through traffic while in other configurations it occurs from an exclusive lane. This work 

considered both cases of lane configuration which allowed examination of. 

1) Effect on lane utilization at the upstream crossover and upstream intersections 

2) Queuing at the downstream crossover for the through traffic and possible blockage of 

the entry to the onramp. 

c) Intersection control  

DDIs universally include two signalized crossover intersections with variations in the treatment of 

offramp entries onto the arterial. Offramp left and right turn movements onto the arterials may be 

signalized or yield controlled. This work is limited to the case where all offramp movements are 

signalized. As discussed in Section 3.1, CTM uses signalized and unsignalized merging and 

diverge models to assign right of way in space and time. Figure 3-6 shows the modeling of DDI 

intersections with CTM’s diverging and merging models. As the figure illustrates, interchanges 

have more diverge and merging activities which can make coding CTM very complex. 

 

Figure 3-6: DDI Intersection Control 
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d) Lane utilization 

To incorporate the impacts of unbalanced lane utilization at the external crossover, the cells on the 

arterial approaches are defined on lane-by-lane basis. Lane utilization ratios are then used to 

distribute the incoming traffic into the different lanes. Lane utilization can be directly 

observed/measured in the field. If field data are not available, good starting points are the HCM 6 

Chapter 23 and Yeom et al. ( 2017) lane use models. Those two sources provide estimates of the 

LU ratios as a function of O-D patterns, number and configuration of lanes and turning percentage 

for the left turning traffic. Equation (3.12) gives the HCM 6 model for LU factors. HCM 6 only 

estimates the percentage of traffic in the lane with the highest volume but Yeom et al. ( 2017) 

propose models to estimate traffic in every lane.   

1 2% *LiDDIV a LTDR a= +   (3.12) 

%VLiDDI: percent of traffic present in lane Li 

ai: coefficient for i = 1 and i = 2 

LTDR: left turn demand ratio which is the ratio of left turn volume to the total approach 

volume at the external crossover 

  Values for parameters a1 and a2 are given in Exhibit 23-26 of HCM6.  

After establishing the proportions of traffic in each lane at the given intersection, there is need to 

define the point at which all the assigned volume has entered the respective lane. This is defined 

as a point and not a segment, since CTM can only model lane changes at a point. At times it can 

be reasonable to assume this point to be immediately downstream of the adjacent upstream 

intersection to the DDI. However, there are cases in the literature where the DDI queues extend 

past the upstream intersections or where drivers preparing for maneuvers in the DDI pre-position 

from locations upstream of the adjacent intersections. When this is anticipated, the lane changing 

point needs to be defined further upstream of the adjacent intersection. This lane change point 

upstream of the DDI crossover intersections becomes a calibration factor in this enhanced model. 

e) Effect of adjacent intersections  

Realistic modeling of DDI quite often requires the inclusion of adjacent intersections in the model. 

The need to extend the model to adjacent intersection is judged on the following. 

1. Proximity which comes with limited queuing space 

2. Better modeling of coordinated arrivals and heavy turning movements from adjacent 

intersections 
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3. Capturing pre-positioning at adjacent intersections in anticipation of downstream 

maneuvers. 

4. Minimizing the sensitivity of performance measures to signal timing by measuring over 

the routes instead of only within the interchange. 

3.3.2 Coding CTM 

a) Algorithm structure  

CTM is coded in MATLAB R2020a. The first step is to define all links by position in the network 

as entry, intermediate or exit links. Depending on the position, the links may have a combination 

of source, gate, ordinary, intersections or sink cells defined earlier. The cell properties including 

length, discharge capacity, holding capacity and initial density are then defined. The algorithm 

structure is a “nested for loop”. The inner loop moves across cells implementing Equation (3.10) 

to determine the flow in and out of each cell. The outer loop moves across time steps implementing 

Equation (3.11) to update the status of each cell given the entry and exit flows computed in the 

previous time step.  

b) Demand input  

Demand is input at the gate cells for external links as arrivals per time step. For example, if the 

time step is chosen as one (1) second, arrival volume is input every 1 second. An appropriate 

arrival distribution is selected depending on the upstream conditions.  

c) Signal timing input  

As shown in Equation (3.9), signal timing is input by varying the outflow rate of intersection cells 

between zero if the movement is facing a red indication, and saturation flow rate if the movement 

is experiencing green time. With no flow constraints downstream, traffic discharges at saturation 

flow rate until the queue is cleared. If the signal is still green after queue clearance, flow from the 

intersection cell is limited the number of vehicles in the intersection cells according to Equation 

(3.2) which really models the random arrivals after queue discharge. At each time step in the 

simulation, an indication is given that a given intersection cell is facing a red or green indication. 

d) Model output  

The main output from CTM is the density in each cell at every time step, which when multiplied 

by the cell length gives number of vehicles in the cell. That number at each time step can be used 
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to deduce travel time and delay. Another output from the model is the vehicle speed in each cell 

which as shown in the next section is the key indicator of queuing.  

3.4 MODEL CALIBRATION AND VALIDATION 

3.4.1 calibration 

For easy of calibration the triangular form of the flow density diagram as shown in Figure 3-7 is 

chosen ahead of the trapezoidal form. CTM’s calibration parameters include the free flow speed 

(V), the shockwave speed (w), the jam density (Kj) and either capacity (Qmax) or critical density at 

capacity (Kc)  

 

Figure 3-7: CTM Calibration parameters 

At this stage, free flow speed (V) is known. free flow speed (V) on links can obtained from field 

measurements or taken as the speed limit if field data are not available. If flow capacity and jam 

density are known, shockwave speed can be calculated from Equation(3.13). In the case study 

presented in the next section, sensitivity analysis shall be performed to establish the importance 

and range of values for the shockwave speed. 
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 

  (3.13) 

As already mentioned regarding the enhanced model, lane changing points upstream of the 

crossovers also needs calibration. Another important factor in model calibration is the saturation 

flow rate at the crossover intersections. Reduced speed through the crossovers means reduced 

saturation flow rate. As was mentioned in the literature chapter, HCM 6 methodology applies a 

factor of 0.913 to the base saturation flow rate to adjust for this reduced flow rate. Thus, if 

saturation flow rate field measurements are not available, HCM 6 estimated values may be used. 
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3.4.2 Measures of effectiveness  

The chosen measures of effectiveness (MOEs) for this model include queue length, travel time and 

delay. A given cell is taken to be fully queued if the speed of vehicles flowing into that cell falls 

below an established threshold. In this model the speed threshold is set at 5ft/s, informed by 

literature (Colyar & Rouphail, 2003; Ko et al., 2008). This formulation does not establish the 

position of vehicles within a cell and thus a given cell is taken to be either fully queued or not 

queued. Queue length in vehicles is therefore determined as a multiple of cell holding capacity, in 

vehicle units.  

Total travel time (TTT) on a given link is determined by summing up the cell occupancies across 

cells and across time as shown in Equation(3.14). TTT is divided by the number of processed 

vehicles to determine the average travel time per vehicle on the link. Delay in this work is defined 

as the experienced travel time minus the free flow travel time across the link. 

1 1

* * ( , )
T K

i

T i

TTT Ts L d i t
= =

=    (3.14) 

Ts Time step length (sec) 

t: Time step index 

Li: Cell length for cell (i), i=1,2, ... K  

d (i,t) Cell (i) density in time step (t), t= 1, 2, ...T 

3.4.3 Validation against field data and microsimulation  

In the case study presented in the next section, the formulated model is validated against field 

collected data at operational DDI sites. Queue length and travel time, as described above, are used 

as performance measures for validation purposes. The model is also compared against the 

microsimulation model VISSIM. The objective is to assess how closely the formulated model can 

replicate DDI field operations and how the performance compares with that of a microsimulation 

model applied at the same site.  

VISSIM is well suited partly because of the flexibility of its link connector module which allows 

coding of the non-conventional DDI network.  

3.5 CASE STUDIES  

Following the description of the methodology for formulation of CTM for DDI operations, this 

section presents two case studies in which the model is calibrated and validated against both field 
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data and VISSIM microsimulation at operational DDIs. The section describes the study sites, 

required input data and network representation by both CTM and VISSIM. 

3.5.1 Study sites  

The formulated model was calibrated and validated at two sites, the DDI on Winton Road at I-590 

in Rochester, New York and the DDI on Dorsett Road at I-270 in Maryland Heights Missouri. The 

two interchanges were among the seven (7) sites studied in the 2011 to 2014 FHWA project in 

which a field operational and safety performance evaluation was undertaken for these then recently 

retrofitted DDIs. Details of this study can be found in the FHWA project interim report 2 (C. M. 

Cunningham et al., 2014). Field data available in that report included traffic volumes, signal 

timings, saturation flow rates, spot speed profiles, queuing data, travel time and delay. The field 

data at Dorsett DDI was collected from August 8th -10th, 2011 while that for the Winton DDI from 

May 13th-16th, 2013. 

From the seven sites with data available, the Rochester and Dorsett DDIs were chosen for this 

study since all the conflicting movements were signalized except for the free-flowing movements 

from the arterial onto the on ramp. This greatly simplified the DDI modeling with CTM. 

Additionally, the two DDIs allowed for exploration of different DDI lane configurations. As shown 

in Figure 3-8, the Winton DDI is an underpass, oriented in the N_S direction. The arterial has two 

lanes on the bridge section in the northbound direction with the left turn on ramp traffic sharing a 

lane with the arterial through traffic. In the southbound direction, a short lane starting in the middle 

of the bridge section is provided for the left turning traffic. French road intersection which is about 

250 ft to the south of the interchange is the only critical adjacent intersection to the DDI operations. 

The intersection is included in the model as is later discussed further. 
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Figure 3-8: Winton Road at I-590 DDI 

Figure 3-9 shows the Dorsett DDI. The interchange is an underpass oriented in the E-W direction. 

Left turning traffic in both directions is provided with an exclusive lane starting from before the 

upstream crossover intersection. The through traffic has two lanes on the bridge section in both 

directions. The operations of the interchange are affected by two adjacent intersections to the East, 

Old Dorsett Road and Weldon Parkway intersections. Old Dorsett Road intersection is about 600ft 

from the East crossover and Weldon Parkway Intersection is about 600ft from Old Dorsett Road 

intersection. The inclusion of these two intersections in the model is further discussed in the next 

section.  

 

Figure 3-9: Dorsett Road at I-270 

3.5.2 DDI network representation:  

The DDI network representation involved defining the extents of the model and segmenting the 

network into cells. 
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Figure 3-10: Network Representation for the DDI on Dorsett Road at I– 270 

 

 

Figure 3-11: Network Representation for the DDI on Winton Road at I–590 

a) Model geometric extents 

Figure 3-10 and Figure 3-11 illustrate the network representation for Dorsett and Winton DDIs, 

respectively. As a minimum, models for the interchanges include two crossover intersections, on 
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ramps and offramps and external links long enough to accommodate the anticipated queues. At 

the Dorsett DDI, two adjacent intersections to the East of the interchange were included in the 

model. Old Dorsett Road and Weldon Parkway Road intersections were included because they 

contribute heavy turning movements onto the arterial towards the interchange during the PM peak. 

At Winton Road, field data had revealed queue spillback issues from the south crossover onto the 

French road intersection during the PM peak and thus the model was extended to include this 

critical adjacent intersection. At both interchanges, including the critical adjacent intersections 

allowed for better modeling of both coordinated arterial through movements and heavy 

uncoordinated turning movements.  

b) Modeling time step and cell length  

Table 3-2 summarizes the spot speed data retrieved from the FWHA report as measured with a 

laser speed gun at the locations indicated in Figure 3-12. As seen in the table, field measurements 

revealed marked differences in the spot speeds at crossovers, ramps, and the bridge sections 

especially for the DDI at Winton Road  

Source: Adapted from Cunningham et al.( 2014) 

 

Figure 3-12: Speed Measurement locations.  
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Table 3-2: Field Measured Spot Speeds in mph  

DDI Side 

(Fig. 3-11) 

 Through movements Left turn 

movements 

Right turn 

movements 

DORSETT 

ROAD @ 

I-270 

 Location  1 2 3 6 4 5 

A  32.0 25.7 29.4 23.5 26.6 23.1 

Average (mph) 28.8 26.5 24.9 

B  30.5 27.1 24.7 23.9 25.3 23.7 

Average (mph) 28.8 24.3 24.5 

Bridge  31.1mph (EB) 31.1mph (WB) 

Arterial Speed Limit 35mph 

WINTON 

DDI @       

I-590 

A  28.3 29.7 17.4 15.2 16.3 20.2 

Average (mph) 29.0 16.3 18.3 

B  27.8 29.9 18.2 17.2 18.8 25.2 

Average (mph) 28.9 17.7 22.0 

Bridge  30.8mph (NB) 31.4mph (SB) 

Arterial Speed limit 45mph 

Source: Adapted from Field Evaluations at DCD Project interim Report 2, (Cunningham et al., 

2014). 

The modeling time step chosen in this study was one (1) second. Table 3-3 shows the speed 

regimes adapted from the field data to model the two interchanges. Because of the appreciable 

differences in speed, a common cell length could not be used for the entire network. For example, 

at the Winton DDI, selecting a cell length based on a free flow speed of 45mph means that the 

vehicles with a free flow speed of 30mph or 20mph will not exit the cells in one time step in the 

uncongested conditions. Three (3) different cell lengths were set at each interchange based on the 

three speed regimes as shown in the last column of the table. 

Table 3-3 : Cell Lengths selected for Dorsett and Winton Road DDIs 

DDI LINKS Speed in mph/fps Cell Length (ft) 

DORSETT 

ROAD at I-270 

External Approaches 35/51 51 

On-Ramps and Off-Ramps 25/37 37 

Crossovers and Bridge 30/44 44 

WINTON 

DDI at I-590 

External Approaches 45/66 66 

On-Ramps and Off-Ramps 20/29 29 

Crossovers and Bridge 30/44 44 
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3.5.3 Demand input 

a) Volume Data  

Figure 3-13 and Figure 3-14 show the AM and PM (in parentheses) peak hour volumes counted 

over 15-minute intervals at the Dorsett Road and Winton Road DDIs, respectively. The volumes 

indicated in each direction are for all lanes in that direction.  

 At Dorsett Road Interchange there was a strong directional trend with heavy traffic coming from 

the southbound freeway direction traveling eastbound on the arterial in the AM peak and heavy 

traffic heading westbound on the arterial and northbound onto the freeway in the PM peak. Turning 

Movement Counts (TMC) at old Dorsett Road and Weldon Parkway intersections are shown in 

Figure 3-13. At both intersections, there were relatively heavy volumes turning onto the arterial 

towards the interchange especially in the PM peak which needed to be incorporated in the 

modeling. 

Source: Adapted from Field Evaluations at DCD Project interim Report 2, (C. M. Cunningham et 

al., 2014). 

 

Figure 3-13: Dorsett Peak hour Demand  

At Winton Road interchange, the primary movement at the interchange was south to west onto the 

freeway during the PM peak but since this movement is not signalized, the next heavy movement 

which was south to east onto the freeway during the PM peak became more important. Of the 

adjacent intersections, French road intersection was the only critical intersection that needed to be 
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included in the CTM model. This was mainly because of the heavy WB right turning traffic onto 

the arterial and the proximity of this intersection to the interchange. Figure 3-14 includes TMCs at 

this intersection. 

Source: Adapted from Field Evaluations at DCD Project interim Report 2,(C. M. Cunningham et 

al., 2014). 

 

Figure 3-14: Winton Road DDI Peak hour Demand  

b) Modeling arrivals at the entry cells  

Arrivals on external links were modeled using a Poisson distribution, capturing cycle to cycle 

variations. The distribution was only appropriate after including the critical adjacent intersections 

in the model. As there is no complete O-D matrix for volumes from adjacent intersections, the 

volumes entering the interchanges from adjacent intersections are distributed proportionally (by 

volume) to downstream destinations. This same assumption is made in the VISSIM models. The 

heavy turning volumes from adjacent intersections are quite often uncoordinated and thus may 

control interchange queuing and delays. This is further discussed in the results section. 

c) Lane utilization Ratios  

The lane-by-lane queue lengths observed in the field confirm the anticipated lane use imbalances 

at external approaches. Table 3-4 shows the lane utilization ratios at external approaches computed 

using HCM 6 and Yeom et al. ( 2017) lane use models for DDIs. HCM 6 lane use models only 

determine the volume ratio in the lane with the highest volume. If there are only two lanes like for 

Winton DDI, the proportion in the other lane is determined as the remaining difference. If there 
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are more than two lanes like at Dorsett, HCM 6 models cannot be used to determine volume 

proportions in each lane. Thus in Table 3-4, lane use factors at Winton DDI are determined with 

HCM 6 while for Dorsett DDI, the factors are determine using Yeom et al. ( 2017) lane use models 

which provide lane by lane estimations.  

Table 3-4: Lane utilization factors at Dorsett and Winton DDIs 

DDI Direction Peak Left Turn Demand Ratio 
Lane use ratio 

left lane  middle lane Right Lane 

WINTON 

ROAD AT 

I-590 

S-N 

AM 0.420 0.637  0.363 

PM 0.526 0.694  0.306 

N-S 

AM 0.076 0.541  0.459 

PM 0.239 0.576  0.424 

DORSETT 

ROAD AT 

I-270 

W-E AM 0.596 0.596 0.167 0.237 

 PM 0.384 0.384 0.294 0.322 

E-W AM 0.683 0.683 0.115 0.202 

 PM 0.314 0.314 0.336 0.350 

 

3.5.4 Signal timing  

a) Dorsett Road DDI Field Implemented Signal Timing.  

The Dorsett Road interchange ran on a single controller and on an actuated signal timing plan with 

fixed force offs. Time-Based Coordination (TBC) with the adjacent intersections is implemented. 

In the AM peak, the DDI runs on half cycle length of 55 seconds with the adjacent intersections 

running on a cycle length of 110 seconds. In the PM peak the DDI runs at full cycle length of 120 

seconds with the coordinated adjacent intersections.  

 

Figure 3-15: DDI signalized Movements 
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Figure 3-16 shows the peak hour signal sequence at the Dorsett DDI for the signalized movements 

shown in Figure 3-15.  

Source: Adapted from Field Evaluations at DCD Project interim Report 2, (C. M. Cunningham et 

al., 2014). 

 

Figure 3-16: Dorsett DDI Signal phase sequence  

Green splits at the interchange are summarized in Table 3-5. Field implemented offsets are also 

available for the coordination with adjacent intersections.  

Table 3-5: Dorsett Road DDI signal timing parameters  

Peak  Side Direction SPLIT C Y+AR l g g/C 

AM West Inbound 27 55 5.2 4 23 0.42 

AM West Outbound 28 55 7 5 23 0.42 

AM East Inbound 22 55 5.2 4 18 0.33 

AM East Outbound 33 55 7 5 28 0.51 

PM West Inbound 35 120 5.2 4 31 0.26 

PM West Outbound 85 120 7 5 80 0.67 

PM East Inbound 66 120 5.2 4 62 0.52 

PM East Outbound 54 120 7 5 49 0.41 

Source: Adapted from Field Evaluations at DCD Project interim Report 2, (C. M. Cunningham et 

al., 2014). 

b) Winton Road DDI Field Implemented Signal Timing  

Similarly, the Winton Road interchange ran on a single controller and on an actuated signal timing 

plan with fixed force offs. Time-Based Coordination (TBC) with the adjacent intersections is 

implemented. Both AM and PM peak hours operate on a sequence of 3 phases as shown in Figure 

3-17. The cycle length was 100 seconds and 120 seconds for AM and PM peaks, respectively.  
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Source: Adapted from Field Evaluations at DCD Project interim Report 2, (C. M. Cunningham et 

al., 2014). 

 

Figure 3-17: Winton Road DDI Signal phase sequence  

Splits and field implemented offsets were not available for this interchange. Optimal splits given 

the volumes, phasing, cycle length and lost time were approximated using SIDRA Intersection 

(Release 9.0; Akcelik and Associates Pty Ltd, 2020). An LP emulating the MAXBAND 

coordination scheme was then used to approximate the implemented offsets.  

c) Saturation flow rate  

Table 3-6 shows the average saturation flow rate measured at the crossover intersections for both 

interchanges. As anticipated, these values are lower than the HCM ideal saturation flow rate. These 

values are used directly in the model as the maximum flow rate for intersection cells at crossovers.  

Table 3-6: Observed Average Saturation Flow Rate at the Crossovers  

Site Inbound 

direction(veh/hr/ln)  

Outbound direction 

(veh/hr/ln)  

Dorsett Road at I-270 1,834 1,766 

Winton Road at I-590 1,816 1,833 

Source: Adapted from Field Evaluations at DCD Project interim Report 2, (C. M. Cunningham et 

al., 2014). 

3.5.5 VISSIM Models for the Study Sites  

Calibrated VISSIM models were available for Dorsett DDI from FHWA project files. The 

available network model for the interchange is shown in Figure 3-18. At the Winton DDI, VISSIM 

models were coded and calibrated in this research. Formulating the model involved network 

coding, volume input, vehicle routing decisions, speed control and intersection control. Figure 

3-19 illustrates Winton Road DDI network coded in VISSIM.  
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Source: Adapted from Field Evaluations at DCD Project interim Report 2, (C. M. Cunningham et 

al., 2014). 

 

Figure 3-18: Dorsett Road at I-270 Network Coding in VISSIM  

As already mentioned, VISSIM offers the flexibility required in coding the unconventional DDI 

geometry. Traffic volumes are input as defined in Figure 3-14. O-D based vehicle routing is used 

where all the vehicle routes are defined from the network entry points. This provides sufficient 

opportunities for lane changing according to the downstream destinations. A related parameter that 

needs calibration is the lane changing distance (LCD). VISSIM defines LCD as the distance 

upstream of a diverge point at which all the vehicles initiate the necessary lane changes in 

anticipation of the downstream maneuver. 
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Source: Adapted from Field Evaluations at DCD Project interim Report 2, (C. M. Cunningham et 

al., 2014). 

 

Figure 3-19: Winton Road at I-590 Network Coding in VISSIM 

Speed control is achieved by defining desired speed decisions as indicated in Table 3-2. As stressed 

in the CTM section, modeling DDIs requires attention to the differences in speed profiles for 

external approaches, crossover intersections, bridges, and ramps. Reduced speed areas are used to 

define locally reduced speeds due to geometric constraints. Signalized intersections controls are 

achieved by defining controller settings and inputting signal programs of Figure 3-17. A key 

calibration parameter for signalized intersections is the saturation flow rate. Field measured 

saturation rates at this interchange were shown in Table 3-6. Saturation flow rate is not a direct 

input in VISSIM but rather calibrated by adjusting speeds and car following parameters. For 

unsignalized intersections at the onramp merging (from the two arterial directions), control is 

achieved by defining priority rules. 
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4 RESULTS AND DISCUSSION 

This chapter presents and discusses the results of the study. The discussion starts with the selection 

of the simulation model settings and evaluating the importance/sensitivity of the different input 

parameters before proceeding to model validation against field data and VISSIM. This is in line 

with the study objectives of defining the modeling framework and then assessing the performance 

of the model. Figure 4-1and Figure 4-2 provide the labeling/notation that is used in identifying the 

different movements at Winton and Dorsett DDIs, respectively. 

 

Figure 4-1: Winton DDI Movement Notation 

 

Figure 4-2: Dorsett DDI movement Notation 
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4.1 SIMULATION SETTINGS AND MODEL PARAMETERS 

All the model input parameters have been specified in the methodology chapter. Here the focus is 

on selecting simulation settings for data collection and presenting results of sensitivity analysis on 

some of the specified model parameters.  

4.1.1 Warm-up duration 

The model is run for one (1) hour. At the start of the simulation, all cells are empty and thus the 

system is allowed to reach equilibrium before data collection. For both Dorsett and Winton DDIs, 

the longest travel time in the network is less than 150s. Travel time measurements need to be taken 

after this period. Queues stabilize after the first few cycles as demonstrated in Appendix B-1, 

which shows queue length evolution at some Winton DDI links from the start of the simulation. 

In all the modeled scenarios, travel time and queue length data are collected after at least the first 

300 seconds of the simulation. 

4.1.1 Number of Simulation Runs 

The stochastic nature of traffic arrivals and occasional cycle failures cause queue lengths to vary 

from cycle to cycle. Additionally, random variations across simulation runs can also cause 

variations in travel time and queue lengths across simulation runs. The magnitude of variations 

across different runs is checked to define the number of required runs. Table 4-1and Figure 4-3 

show the travel time results from five runs for the Dorsett interchange during the PM peak. Travel 

time per vehicle (TT) taken over the entire simulation period is stable across simulation runs. TT 

stability is likely because the measurement is taken for all vehicles on the route over the entire 

duration of the simulation. 

Table 4-1: PM peak Travel time for five simulation runs at Dorsett DDI. 

Direction Run 1 TT (s) Run 2 TT (s) Run 3 TT (s) Run 4 TT (s) Run 5 TT (s) 

W-E 63.7 63.6 64.0 63.2 64.0 

W-N 59.3 59.0 60.0 58.7 59.7 

E-W 49.3 49.4 49.6 49.6 49.3 

E-S 37.6 37.8 38.2 38.1 37.6 

N-E 65.9 65.8 65.7 65.8 65.8 

S-W 63.6 64.0 63.9 63.8 63.8 
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Figure 4-3: Dorsett PM Travel Time across multiple simulation runs. 

As queue length varies significantly from cycle to cycle, the measured maximum queue length per 

cycle values are averaged across at least twenty (20) cycles in this study. A further check is to see 

how the average queue length varies across simulation runs. Figure 4-4 shows the queue length 

average values from two simulation runs for Winton Interchange AM peak. The labels on the x-

axis indicate movement and lane number. For example, NB-1 at the south crossover stands for 

Northbound lane one (1). Lanes are numbered from right to left through this document.  
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(a) South crossover queues 

 

(b) North crossover queues 

Figure 4-4: Winton AM queues across simulation runs. 

Whereas the figure shows some slight variations in average queue length for some routes, the two-

sample t-test for means in Table 4-2 shows that the differences are not significant. This shows that 

averaging across at least 20 cycles is enough to stabilize the queue measurements. 

Table 4-2: Two sample t-test for mean AM queue length at Winton DDI 

South crossover; T-critical two-tail = 2.1 

NB-1 NB-2 SB-1 SB-2 OFR-R-1 OFR-R-2 OFR-L 

0.718 -0.282 0.590 0.301 0.439 0.439 0.236 

South crossover: T-critical two-tail = 2.1 

NB-1 NB-2 SB-1 SB-2 OFR-R OFR-L-1 OFR-L-2 

0.000 -1.000 1.437 1.157 -0.738 0.038 0.038 
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Thus, both travel time and queue length are stable across simulation runs if a large enough sample 

is taken in each run. Nevertheless, going forward the travel time and queue length measurements 

are averaged across at least two simulation runs. 

4.1.2 Sensitivity of calibration parameters 

Calibration parameters include the free-flow speed (FFS), maximum flow capacity, jam density 

and shockwave speed. FFS is known from field measurements and capacity is taken as 1900 

pcu/h/ln which is the base saturation flow rate from HCM (Transportation Research board, 2010). 

With selected values of jam density, shockwave speed is calculated for each free-flow speed as 

shown in Table 4-3. The selected values of jam density include HCM’s default value of 190 

veh/mi/ln, 211 veh/mi/ln corresponding to the commonly assumed bumper to bumper stationary 

vehicle spacing of 25 ft and a rather high value of 240 veh/mi/ln to check the sensitivity of the 

parameter on the shockwave speed.  

Table 4-3: Shockwave speed for selected values of free flow speed and jam density 

Capacity(

veh/h/ln) 

Jam density 

(veh/mi/ln) 

Queued Vehicle 

spacing (ft) 

Shockwave Speed (mph/ft/s) 

FFS = 45 

mph 

FFS = 30 

mph 

FFS = 20 

mph 

1900 190 27.8 13/19 15/22 20/29 

1900 211 25 11/17 13/19 16/24 

1900 240 22 10/14 11/16 13/19 

 

The model is run with the selected values of jam density and corresponding values of shockwave 

speed to check the sensitivity/importance of these parameters as indicated by queue length and 

travel time.  

a) Effect on queue length  

Figure 4-5 shows snapshots of CTM’s speed output on the NB external approach at Winton DDI. 

Snapshot (A) is the speed output considering a jam density of 190 veh/mi/ln with the corresponding 

shockwave speed of 19ft/s while (B) is speed output considering a jam density of 240 veh/mi/ln 

and the corresponding shockwave speed of 14ft/s. The figure shows how the back of the queue 

propagates faster for higher shockwave speed. The same figure is next used to discuss the selection 

of speed threshold to define queuing.  
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Figure 4-5: Extracted link speeds (ft/s) for different jam densities. 

The averaged AM queue lengths at Winton DDI considering different jam density and shockwave 

speed is shown in Figure 4-6. As expected, the queue length seems to decrease with increasing jam 

density and decreasing shockwave speed with the effect more pronounced at the South crossover 

with longer queues. Results of a paired two sample t-test for the mean of queue lengths are shown 

in Table 4-4. The test compares the mean queue length estimated with jam density of 190 veh/mi/ln 

with the corresponding shockwave speed against the jam density of 211 veh/mi/ln and then 190 

veh/mi/ln against 211 veh/mi/ln. The results show no significant difference in the queue length 
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estimated taking a jam density of 190 versus 211. For most of the movements especially with 

longer queue length, considering a jam density of 240 veh/mi/ln and the corresponding shockwave 

speed estimates a significantly higher queue length compared to considering 190 veh/h/ln and the 

corresponding shockwave speed.  

 

(a) Winton South crossover queues 

 

(b) Winton North crossover queues 

Figure 4-6: Winton AM queue length sensitivity to Jam density and shockwave speed. 

In this model, therefore, well-justified jam densities of 190 veh/mi/ln (from HCM) and 240 

veh/mi/ln (corresponding to the stationary spacing of 25ft) give statistically similar queue length 

results. For validation against field data and VISSIM, a jam density of 190 veh/mi/ln is used.  
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Table 4-4: Two sample t-test for mean AM queue length at Winton DDI  

SOUTH CROSSOVER  

Jam density  

T-Sat, t Critical two-tail = 2.093 

NB-1 NB-2 SB-1 SB-2 OFR-R-1 OFR-R-2 OFR-L 

Kj = 190 vs Kj = 211 0.938 1.967 1.943 1.428 1.825 1.825 -0.428 

Kj = 190 vs Kj = 240 3.056 11.133 1.964 2.248 2.549 2.549 1.210 

NORTH CROSSOVER  

Jam density  

T-Sat, t Critical two-tail = 2.093 

NB-1 NB-2 SB-1 SB-2 OFR-R OFR-L-1 OFR-L-2 

Kj = 190 vs Kj = 211 -1.760 -3.422 1.245 -0.177 0.972 -0.032 -0.032 

Kj = 190 vs Kj = 240 0.484 0.202 0.883 1.123 1.094 0.910 0.910 

 

b) Stopped vehicle speed threshold.   

From the literature, a speed threshold of 5ft/s  is chosen to define if a vehicle is in queue or moving 

(Colyar & Rouphail, 2003; Ko et al., 2008). Taking the case of Winton DDI, a sensitivity analysis 

is performed to assess the importance of this parameter. From Figure 4-7 considering 5ft/s and 

10ft/s speed thresholds will give different queue lengths at this point in the cycle. This is further 

explored by assessing the averaged maximum queue length per cycle across twenty cycles for two 

simulation runs. Figure 4-7 shows the results for the different movements during the AM peak at 

Winton DDI. The error bars represent one standard error about the mean. At the south crossover, 

the queue estimated with a speed threshold of 10ft/s for the northbound movement is significantly 

higher than that estimated considering the 5ft/s threshold.  

 

Figure 4-7: Estimated Winton DDI AM Queue length for different speed thresholds. 
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c) Effect of jam density value on travel time  

As shown in Figure 4-8, travel time does not vary much within the tested range of jam density and 

resulting shockwave speed. This is likely because of low volumes with queues able to clear every 

cycle. This is likely to change at high volumes.  

 

Figure 4-8: Winton DDI AM travel time for selected Jam density and shockwave speed. 

4.2 VALIDATION AGAINST FIELD DATA AND VISSIM  

4.2.1 Travel time analysis  

In this analysis, CTM estimated travel time for each route is compared with field collected travel 

time summarized in Table 4-5 and Table 4-6 for Winton and Dorsett DDIs, respectively. Field 

travel times were measured over slightly longer distances upstream of the interchange compared 

to CTM. The extra distance upstream of the interchange is traveled at free flow speed (confirmed 

with field vehicle trajectories). To compare across the same length, field travel time equivalent to 

the CTM length is determined as shown in the last columns of the tables. Detailed field travel time 

data is included in Appendix A-2.  

The performance of CTM in estimating travel time is also compared to the performance of VISSIM 

using field measured travel time as the ground truth. 
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Table 4-5: Field Measured Travel time at Winton DDI 

Peak Direction Total 

TT (s) 

Free 

Flow 

TT(s) 

Average 

Dist. (mi) 

FFS 

(mph) 

CTM 

distance 

(mi) 

Field 

Equivalent TT 

(s) 

AM 

S-N 55.1 27 0.2458 32.767 0.275 58.314 

N-S 62.8 24 0.2463 36.943 0.225 60.726 

E-S 70.7 31 0.2486 28.866 0.216 66.625 

W-N 75.6 34.8 0.2582 26.714 0.255 75.151 

S-W 62.2 30.2 0.2584 30.805 0.167 51.481 

N-E 66.9 34 0.2786 29.496 0.142 50.195 

PM 

S-N 52.1 27 0.2441 32.543 0.275 55.521 

N-S 79.1 24 0.2488 37.313 0.225 76.809 

E-S 85.7 31 0.2489 28.903 0.216 81.591 

W-N 107.6 34.8 0.2667 27.586 0.255 106.064 

S-W 39.3 30.2 0.2588 30.844 0.167 28.556 

N-E 74.1 34 0.2770 29.329 0.142 57.493 

 

Table 4-6: Field Measured Travel time at Dorsett DDI 

Peak Direction Total 

TT (s) 

Free 

Flow 

TT(s) 

Average 

Dist. (mi) 

FFS 

(mph) 

CTM 

distance 

(mi) 

Field 

Equivalent TT 

(s) 

AM 

W-E 92 46.2 0.4288 33.409 0.193 66.554 

W-N 64.7 47.4 0.3660 27.797 0.143 35.768 

E-W 84.3 50.4 0.4324 30.886 0.260 64.229 

E-S 81.4 44.4 0.3650 29.595 0.219 63.591 

N-E 119.6 57 0.3410 21.537 0.271 107.899 

S-W 78.3 51 0.4200 29.647 0.236 56.006 

PM 

W-E 90.8 46.2 0.4257 33.171 0.193 65.502 

W-N 89.3 47.4 0.3675 27.911 0.143 60.292 

E-W 69.4 50.4 0.4324 30.886 0.260 49.329 

E-S 83.1 44.4 0.3650 29.595 0.219 65.291 

N-E 120.9 57 0.3410 21.537 0.271 109.199 

S-W 96.2 51 0.4200 29.647 0.236 73.906 

 

a) Travel times at Winton DDI 

Table 4-7 and Table 4-8 show field, CTM and VISSIM estimated travel times at Winton DDI 

during the AM and PM peaks, respectively. Figure 4-9 and Figure 4-10 present the same data 

graphically and include 95% confidence intervals around the mean for field measured travel time. 
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In the AM peak, all travel time values estimated by CTM are within 21% of the field measured 

travel time except for South to West (S-W) movement. All CTM estimates fall within the margin 

of error of the field measured travel time except for this S-W movement. The South to North (S-

N) movement slightly falls out of the error margin. The S-N and S-W underestimation is due to 

the underestimation of delay at the south crossover. Queuing and delay at the south crossover 

emerge from the heavy uncoordinated left turn movement from Westbound French Road. Because 

there is no complete O-D demand matrix, it was assumed that the upstream volumes distribute 

proportionally according to the destination demands. It is most likely that volume originating from 

WB French Road and free flowing to the on-ramp at the south crossover is overestimated, which 

means that the portion stopping at the signal to continue the arterial is underestimated.  

In the AM peak, just like CTM, VISSIM underestimates the travel time for S-W movement. 

VISSIM overestimates West to North (W-N) movement by a bigger margin. The overestimation 

of W-N most likely comes from under estimation of progression opportunities for this movement. 

All the major deviations of estimated travel time from field measurements trend in the same 

direction for both models.  

Table 4-7: CTM and VISSIM estimated AM travel time at Winton DDI. 

Directio

n 

CTM Vs Field  VISSIM vs Field 

Field TT 

(s) 

CTM 

TT(s) 

% 

Difference  

Field 

TT(s) 

VISSIM 

(s) 

% 

Difference*  

S-N 58.3 47.4 -18.7 55.1 40.1 -27.2 

N-S 60.7 64.8 6.6 60.7 60.4 -0.5 

E-S 66.6 80.5 20.8 66.6 75.8 13.8 

W-N 75.2 80.3 6.8 75.2 98.7 31.4 

S-W 51.5 36.6 -28.8 51.5 30.6 -40.5 

N-E 50.2 43.9 -12.6 50.2 42.6 -15.1 
* Highlighted cells when % difference exceeds 20% 
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Figure 4-9: CTM and VISSIM estimated AM travel time at Winton DDI. 

As shown in Table 4-8, the PM travel time estimated by CTM for all movement is within 15% of 

the field measured travel time except for south to North (S-N) which goes to 21%. Travel time 

estimated for all movements falls within the margin of error for the field measurement. In the PM 

Peak, VISSIM estimates are within 12% of the field measured travel time except for the S-N 

movement which gets to 32%. All the movements are estimated within the margin of error of the 

field data as shown in Figure 4-10. From Figure 4-9 and Figure 4-10, CTM and VISSIM exhibit 

very comparable performance in estimation of travel time. Estimates from both models closely 

match field data. The major deviations from field data trend in the same direction.  

Table 4-8: CTM and VISSIM estimated PM travel time at Winton DDI. 

Directio

n 

CTM Vs Field  VISSIM vs Field 

Field TT 

(s) 

CTM TT 

(s) 

% Difference 

(s)  

Field TT 

(s) 

VISSIM 

(s) 

% 

Difference  

S-N 55.5 43.6 -21.4 55.5 42.1 -32.0 

N-S 76.8 77.8 1.3 76.8 72.1 -6.5 

E-S 81.6 85.7 5.0 81.6 82.1 0.6 

W-N 106.1 91.7 -13.6 106.1 97.8 -8.4 

S-W 28.6 32.7 14.7 28.6 32.4 11.9 

N-E 57.5 54.4 -5.4 57.5 59.5 3.4 
* Highlighted cells when % difference exceeds 20% 
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Figure 4-10: CTM and VISSIM estimated AM travel time at Winton DDI. 

b) Comparison of travel times at Dorsett DDI  

Table 4-9 and Table 4-10 show CTM and VISSIM estimated travel time at Dorsett DDI during the 

AM and PM peaks, respectively. Figure 4-11 and Figure 4-12 present the same data graphically 

and include 95% confidence intervals around the mean for field measured travel time. 

Table 4-9: CTM and VISSIM estimated AM travel time at Dorsett DDI. 

Directio

n 

CTM Vs Field  VISSIM vs CTM 

Field TT 

(s) 

CTM 

TT (s) % Difference 

Field TT 

(s) 

VISSIM TT 

(s) 

% Difference 

(s) 

W-E 66.6 48.6 -27.0 66.6 67.7 1.7 

W-N 35.8 35.6 -0.5 35.8 31.3 -12.5 

E-W 64.2 57.5 -10.5 64.2 64.6 0.6 

E-S 63.6 61.5 -3.3 63.6 56.8 -10.6 

N-E 107.9 116.9 8.4 107.9 156.3 44.9 

S-W 56.0 47.2 -15.8 56.0 51.4 -8.3 
* Highlighted cells when % difference exceeds 20% 
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Figure 4-11: Comparison of AM travel time estimates by CTM and VISSIM at Dorsett DDI 

In the AM peak, all values estimated by CTM are within 16% of the field collected travel time 

except for West to East (W-E) movement which is within 30%. Except for W-E movement, CTM 

estimates the field travel time within the defined margins of error. The error in the W-E movement 

comes from under estimation of delay for this movement at the East crossover which in turn is 

likely due to overestimation of progression opportunities.  

In the AM Peak, VISSIM estimated travel time is within 13% of the field measured travel time for 

all movements except for North to East (N-E) off-ramp left turn which is overestimated. VISSIM 

estimated travel time falls within the 95% confidence limits of field travel time except for N-E as 

shown in Figure 4-11. As mentioned already, VISSIM models and results for the interchange were 

obtained from the existing files from the FWHA project so it is not confirmed what is causing the 

large discrepancy for this movement. However, the movement is oversaturated with large overflow 

queues which, causes extra modeling challenges.  
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Table 4-10: CTM and VISSIM estimated PM travel time at Dorsett DDI. 

Directio

n 

CTM Vs Field  VISSIM vs CTM 

Field 

TT(s) 

CTM 

TT(s) % Difference 

Field 

TT(s) 

VISSIM 

TT(s) % Difference 

W-E 65.5 63.7 -2.8 65.5 90.9 38.8 

W-N 60.3 59.4 -1.6 60.3 59.6 -1.1 

E-W 49.3 49.4 0.2 49.3 47.9 -2.9 

E-S 65.3 37.9 -42.0 65.3 35.5 -45.6 

N-E 109.2 65.8 -39.7 109.2 88.1 -19.3 

S-W 73.9 63.8 -13.7 73.9 77.7 5.1 
* Highlighted cells when % difference exceeds 20% 

 

 

Figure 4-12: Comparison of PM travel time estimates by CTM and VISSIM at Dorsett DDI 

In the PM peak, CTM estimated travel time for all movements is within 14% of the field measured 

travel time except for East to South (E-S) and North to East (N-E) in the PM peak. As shown in 

Figure 4-12, there is a high level of uncertainty in the field data for East to South (E-S) and North 

to East (N-E) as the travel time is estimated with only sample sizes of eight (8) and seven (7) 

respectively. Therefore, the N-E estimate falling out of the error bound may be due to the 

uncertainty in the field measurement itself. 

For VISSIM, the percentage differences for some movements may appear large but the degree of 

uncertainty in the field measurements is also bigger mainly because of the small sample sizes used. 

Only the West to East (W-E) movement travel time estimated by VISSIM falls out of the 95% 
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confidence interval of field measured travel time. As illustrated by Figure 4-11 and Figure 4-12, 

Travel time estimates from both models are very comparable. For almost all the movements, the 

estimated travel time by both models falls within the 95% confidence interval around the mean of 

field measured travel time.  

4.2.2 Queue Length Analysis  

In this analysis, CTM estimated queue length for each route is compared with field measured queue 

length as documented in Appendix A-1. At the Winton DDI, CTM queue length is also compared 

with queue length estimated with VISSIM. From CTM output, the maximum queue length per 

cycle is averaged over multiple cycles and over at least two simulation runs. Appendix B shows 

the maximum cycle by cycle queue length from some of the CTM runs. As discussed in the 

methodology, a cell is considered in queue when the speed within the cell falls below 5ft/s. A cell 

is considered either fully queued or not queued, and thus queue length in vehicles is always a 

multiple of a cell’s holding capacity. Compared to travel time, queue length proved very 

challenging to validate. This is mainly because of the following. 

1. Queue length is highly sensitive to arrival patterns and signal coordination.  

2. Because CTM assumes that cells are either fully queued or not queued at all, a systematic 

error is introduced. Short queue lengths cannot be estimated reasonably.  

a) Comparison with field data at Winton DDI  

Table 4-11 and Table 4-12 show a comparison of CTM estimated and field measured queue length 

at Winton DDI. Queue length is estimated on a lane-by-lane basis for each movement/direction. 

Lane labels indicate movement direction and lane number with numbering starting with (1) in the 

rightmost lane. For instance, NB-1 at the south crossover refers to the right lane for the northbound 

movement. Off-ramp right and left turn movements are labeled as OFR-R and OFR-L respectively.  
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Table 4-11: CTM and field measured queue length at the south crossover of Winton DDI.  

Pea

k 
Parameter 

Northbound 

(NB) 

Southbound 

(SB) OFF RAMP_ RT 

OFF RAMP 

LT 

NB-1 NB-2 SB-1 SB-2 

OFR-

R-1 

OFR-

R-2 OFR-L 

AM 

CTM Mean (veh) 3.2 8.3 7.1 7.7 4.4 4.4 2.8 

Field Mean (veh) 5.0 7.5 9.7 8.7 5.0 4.0 3.7 

Abs Difference 

(veh) 1.8 0.8 2.6 1.0 0.6 0.4 0.9 

PM 

CTM Mean (veh) 5.1 19.5 3.6 4.8 2.3 2.3 5.5 

Field Mean (veh) 6.8 16.7 5.3 7.1 3.0 5.1 8.7 

Abs Difference 

(veh) 1.7 2.8 1.7 2.3 0.7 2.8 3.2 
Highlighted cells when difference exceeds 3 vehicles. 

Table 4-12: CTM and field measured queue length at the North crossover of Winton DDI 

Pea

k 
Parameter 

Northbound 

(NB) 

Southbound 

(SB) 

OFF RAMP 

RT OFF RAMP LT 

NB-1 NB-2 SB-1 SB-2 OFR-R 

OFR-

L-1 

OFR-

L-2 

AM 

CTM Mean (veh) 1.7 1.6 3.3 4.1 3.0 3.9 3.9 

Field Mean (veh) 2.6 2.8 3.0 3.1 2.7 5.3 5.1 

Abs Difference 

(veh) 0.9 1.2 0.3 1.0 0.3 1.4 1.2 

PM 

CTM Mean (veh) 3.2 2.7 3.3 6.4 0.3 1.1 1.1 

Field Mean (veh) 3.9 3.0 4.7 8.5 1.0 1.9 3.7 

Abs Difference 

(veh) 0.7 0.3 1.4 2.1 0.7 0.8 2.6 
Highlighted cells when difference exceeds 3 vehicles. 

The absolute difference between CTM’s estimated and field measured queue length shows that 

CTM closely estimates the field measured queues. For the entire interchange, the absolute 

difference is within three (3) vehicles. For most of the lanes, queue length is estimated within two 

(2) vehicles.  

Figure 4-13 and Figure 4-14 present the comparison graphically and include 95% confidence 

intervals for both field measured and CTM estimated queue lengths. For almost all lanes CTM 

estimated queue lengths closely match field data as shown by the overlap of the confidence 

intervals. It is not concerning at all for small magnitude queues to be out of range because CTM 
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only considers fully queued cells. This error is minimized in this model because of the finer time 

step (1 second) and thus smaller cell sizes.  

 

(a) Winton DDI south crossover AM Queue length  

 

(b) Winton DDI north crossover AM Queue length  

Figure 4-13: CTM and field measured AM queue length at Winton DDI 
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(a) Winton DDI south crossover PM Queue length  

 

(b) Winton DDI north crossover PM Queue length  

Figure 4-14: CTM and field measured PM queue length at Winton DDI 

b) Comparison with VISSIM Queue length at Winton DDI  

To compare with VISSIM, CTM’s lane-by-lane queue length estimates are averaged across lanes 

to generate the approach queue length. VISSIM also reports queue length as a distance which is 

converted into number of vehicles for comparison with CTM. The conversion is done using the 

calibrated stationary vehicle spacing. Queue length from the two models is compared using field 

measured queue length as the ground truth/independent evaluator.  
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Table 4-13 shows a comparison of AM peak queue lengths in vehicles estimated by CTM and 

VISSIM at Winton DDI. The second row shows movement labels which consist of the DDI side 

and the movement direction. Side A is the south crossover while side B is the North crossover. For 

example, A-NB refers to northbound movement at the South crossover. OFR-R and OFR-L refer 

to off-ramp right and off-ramp left, respectively.  

Table 4-13: CTM and VISSIM estimated AM peak queue length at Winton DDI. 

Parameter 
South Crossover (side A) North Crossover (side B) 

A-NB A-SB 

A-OFR-

R 

A-

OFR-L 

B-

OFR-L B-SB 

B-

OFR-R 

B-NB 

Field Mean (veh) 6.3 9.2 4.5 3.7 5.2 3.1 2.7 2.7 

CTM Mean (veh) 5.7 7.4 4.4 2.8 3.9 3.7 3.0 1.6 

Abs Difference in 

veh (CTM &Field) 0.5 1.8 0.1 0.9 1.3 0.6 0.3 1.1 

VISSIM Mean 

(veh) 5.5 6.3 4.6 2.8 3.4 5.1 3.2 2.2 

Abs Difference in 

veh (VISSIM & 

Field 0.8 2.9 0.1 0.9 1.8 2.1 0.5 0.5 
Highlighted cells when difference exceeds 3 vehicles. 

CTM and field queue lengths compared earlier on lane-by-lane basis are now compared on an 

approach basis. For the AM peak, the absolute difference between CTM estimated and field queue 

length is less than two (2) vehicles for all approaches. The absolute difference between field 

measured queue length and VISSIM estimated queue length is also at most 2 vehicles except for 

the southbound movement at the south crossover which gets to 3 vehicles.  

Figure 4-15 presents the same results graphically including the 95% confidence limits around the 

mean for both model estimates and field data. The overlapping of error margins for most 

movements confirms that both CTM and VISSIM queue length estimates closely match field data. 

The performance of both models is very comparable. 

Table 4-13 shows a comparison of PM peak queue lengths in vehicles estimated by CTM and 

VISSIM at Winton DDI. Like the AM peak, the absolute difference between field and CTM 

estimates is at most 2 vehicles for all approaches except for the off-ramp left turn at the South 

crossover which gets to 3 vehicles. The absolute difference for VISSIM is at most one (1) vehicle 

for most movements except for the Northbound and off-ramp left turn at the South crossover which 

get to almost 4 vehicles.  
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Figure 4-15: CTM and VISSIM estimated AM peak queue length at Winton DDI. 

Table 4-14: CTM and VISSIM estimated PM peak queue length at Winton DDI. 

Parameter 

South Crossover (side A) North Crossover (side B) 

A-

NB 

A-

SB 

A-

OFR-R 

A-

OFR-L 

B-

OFR-

L 

B-

SB 

B-

OFR-

R 

B-

NB 

Field Mean (veh) 11.8 6.2 4.1 8.7 2.8 6.6 1.0 3.5 

CTM Mean (veh) 12.3 4.2 5.3 5.5 1.1 4.9 0.3 3.0 

Abs Difference in veh (CTM 

&Field) 0.5 2.0 1.3 3.2 1.7 1.7 0.7 0.5 

VISSIM Mean (veh) 15.3 5.4 3.0 5.3 2.2 6.2 1.5 2.3 

Abs Difference in veh 

(VISSIM & Field) 3.6 0.8 1.1 3.4 0.6 0.4 0.5 1.1 
Highlighted cells when difference exceeds 3 vehicles. 

The graphical presentation of the same results in Figure 4-16 shows overlapping of 95% 

confidence limits for CTM and VISSIM for almost all almost all movements. The performance of 

the two models is very comparable. Estimates from both models closely match and fit field 

measured queue length except for off-ramp left turns at the south crossover. This most likely comes 

from overestimation of progression opportunities for this right turn movement by both models. 
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Figure 4-16: CTM and VISSIM estimated PM queue length at Winton DDI. 

c) Comparison with field queue length at Dorsett DDI  

Table 4-15 and Table 4-16 show a comparison of CTM estimated and field measured AM and PM 

queue length at Dorsett DDI. In the AM peak, the absolute difference between CTM estimates and 

field measured queue lengths is less than three (3) vehicles except for the off-ramp left turn at the 

west crossover. The difference is less than two (2) vehicles for most of the lanes. 

Table 4-15: CTM estimated and field measured AM queue length at Dorsett DDI. 

WEST CROSSOVER 

Parameter 

Eastbound 

(EB) Westbound (WB) 

SB 

OFFRAMP 

LT 

NB 

OFFRAMP 

LT 

EB-

1 

EB-

2 

EB-

3 

WB-

1 

WB-

2 

WB-

3 

SB-

L-1 

SB-L-

2     

CTM Mean (veh) 1.5 0.6 5.4 1.3 1.3   16.2 16.2     

Field Mean (veh) 2.5 2.7 7.9 1.4 1.1   15.7 12.7     

Abs Difference 

(veh) 1.0 2.1 2.5 0.1 0.2   0.5 3.5     

EASTCROSSOVER 

CTM Mean (veh) 4.5 4.7   0.8 0.0 5.3     0 0 

Field Mean (veh) 6.8 4.4   2.0 1.1 5.5     0.8 0.7 

Abs Difference 

(veh) 2.3 0.3   1.2 1.1 0.2     0.8 0.7 
Highlighted cells when difference exceeds 3 vehicles. 
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Figure 4-17 presents the AM queue length results graphically adding the 95% confidence interval 

limits for both CTM estimates and field measured queue length. For the higher queue lengths, 

there is a good overlap of confidence intervals except for Eastbound left most lane (EB3) at west 

crossover and Eastbound Lane one (EB1) at the North crossover which are slightly underestimated.  

 

(a) Dorsett West crossover AM queues 

 

(b) Dorsett East crossover AM queues 

Figure 4-17: CTM estimated and field measured AM queue length at Dorsett DDI. 
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Table 4-16: CTM estimated and field measured PM queue length at Dorsett DDI. 

WEST CROSSOVER 

Parameter 
Eastbound (EB) Westbound (WB) 

EB-1 EB-2 EB-3 WB-1 WB-2 WB-3 

CTM Mean (veh) 5.1 5.1 9.0 5.1 5.1   

Field Mean (veh) 3.5 4.6 9.2 10.3 7.0   

Abs Difference (veh) 1.6 0.5 0.2 5.2 1.9   

EASTCROSSOVER 

CTM Mean (veh) 5.1 5.4   6.1 5.1 5.1 

Field Mean (veh) 5.8 6.2   5.3 2.5 9.9 

Abs Difference (veh) 0.7 0.8   0.8 2.6 4.8 
Highlighted cells when difference exceeds 3 vehicles. 

      

(a) Dorsett West crossover PM queues 

 

(b) Dorsett East crossover PM queues 

Figure 4-18: CTM estimated and field measured PM queue length at Winton DDI. 
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For the PM peak there is a sizable underestimation of queue length for the outbound movement on 

the west crossover (WB1 and WB2). The underestimation most likely comes from overestimated 

progression opportunities for this movement through the west crossover. At the East crossover, 

the queue length for the left most lane (WB3) is underestimated while queue length in the middle 

lane (WB2) is over estimated. 

There are two issues on the East crossover. First, the lane use factors determined from HCM 6 and 

Yeom et al. ( 2017) are 0.314, 0.336 and 0.350 for the leftmost, middle and right most lane while 

field observed queues are in the ratio of 0.3, 0.14 and 0.56 in the same order. So, overestimation 

of queue length in the middle lane most likely comes from the lane use factors used. The second 

issue is about the destination of heavy turning volumes from the two upstream intersections (640 

veh/h at Old Dorsett Road and 533 veh/h at Weldon Parkway). These volumes are not coordinated 

and so they control the level of queuing at the East crossover west bound. It is assumed that 

incoming volumes distribute in ratios of the downstream demand. If for example the uncoordinated 

volume is heavily biased towards the left turn offramp destination, then the queue length in the 

leftmost lane (WB3) lane will be underestimated.  

4.3 COMPARISON OF MODELING EFFORT  

Compared to microsimulation models, CTM has no widely used, off the shelf packages to 

implement the model. This makes the initial set up of the network model more effort and time 

demanding. Interchanges and more so alternative interchanges have numerous merging and 

diverging activities which makes coding CTM for the network very complex. In the Winton DDI 

case study, a VISSIM model and a CTM were coded, calibrated, and validated. This provides a 

chance to comment on the effort required to formulate and implement the two models. 

4.3.1 VISSIM modeling effort  

In VISSIM, the DDI network was easily coded, thanks to the model’s link connector structure that 

provided the required flexibility in coding the unconventional network. In addition to inputs of      

O-D volumes and signal timing plans, VISSIM requires calibration of lane changing parameters, 

car following parameters, speed control, saturation flow rate and gap acceptance parameters. 

Calibration of that many parameters requires significant field data which takes time and resources 

to acquire. Travel time and queue length are the main MOEs used in the study. Travel time is easily 
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extracted from VISSIM and is readily comparable to the field measured travel time as determined 

by GPS mounted vehicles following the floating car method.  

Queue length in VISSIM is reported in linear units (e.g., feet) which requires conversion to 

vehicles for comparison with field measured queues in vehicles. This requires calibration of the 

stationary bumper to bumper vehicle spacing. Queue length estimates can be very sensitive to this 

parameter (Salamati et al., 2014).  

4.3.2 CTM Modeling Effort 

Unlike microsimulation where the network model is readily coded in VISSIM, a CTM network 

model is coded from scratch. The network is segmented into cells and the status equations coded 

to track the density in each cell at every time step. Coding the model is complex and time 

demanding because of the numerous diverging and merging activities within the interchange and 

at adjacent intersections. However, after coding Winton DDI, the model was cloned and easily 

modified to produce the Dorsett model. It could have been even easier and faster if the two sites 

had similar lane configurations.  

The two models coded for the case study DDIs cover two lane configurations at the DDI. Winton 

model covers the case of two lanes on the bridge section with the left lane shared between arterial 

traffic through and left turn onramp traffic. Dorsett DDI covers the case of three lanes at the bridge 

with the leftmost dedicated to the left turn offramp traffic. Both DDIs have the left turn offramp 

movement signalized with protected signal phasing. These models can be easily adopted as 

templates for similar lane configurations and intersection control. This greatly reduces the required 

modeling effort.  

CTM is easily calibrated. Free flow speed (FFS) is required at the start to segment the network 

into cells. With FFS known, two main parameters need calibration, jam density and backward 

shockwave speed. Additionally, CTM calibration parameters are direct inputs compared to 

VISSIM for example where parameters like saturation flow rate are calibrated indirectly by 

adjusting speed and car following parameters. Table 4-17 shows a comparison of key calibration 

parameters for CTM and VISSIM. So CTM has fewer and easier parameters to calibrate and thus 

requires less field data compared to microsimulation. Travel time is easily deduced from CTM. 

Queue length is determined on lane-by-lane which allows the model to capture differences in queue 

length across lanes of the same approach, a phenomenon that is associated with DDIs.  
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Table 4-17: Comparison of key calibration parameters for CTM and VISSIM 

Calibration 

Parameter 

CTM  VISSIM 

Speed control ▪ Unique free flow speed value 

used to segment the network 

▪ Speed distribution needs to be 

defined.  

▪ May include reduced speed areas 

Saturation flow 

rate 

▪ Direct input for signalized 

intersection cells 

▪ Calibrated indirectly by adjusting 

speeds and car following 

parameters 

Jam density  ▪ Direct input. Defined for all 

cells 

▪ Define car following parameters 

Shockwave 

speed 

▪ Calibrated indirectly by 

adjusting jam density and free 

flow speed 

▪ N/A 

Lane changing  ▪ Need no calibration. Only 

defined at a point by diverge 

model 

▪ Define lane changing distance  

Car following, 

Driver behavior, 

Gap acceptance, 

▪ N/A ▪ Parameters and rules need to be 

defined 
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5 CONCLUSIONS AND RECOMMENDATIONS  

The first part of this section presents a summary of the major findings of this research. The second 

part presents recommendations for further studies to (1) expand the scope of the study, (2) relax 

some of the assumptions made in this study, (3) follow up/explore further some of the findings of 

this study.  

5.1 CONCLUSIONS  

This study formulates an enhanced cell transmission model (CTM) to allow for evaluation of DDI 

traffic operations, and to enable further application of this platform to other alternative 

intersections and interchanges. The specific issues addressed by this enhanced model include 

differences in speed profiles at crossover intersections and on the bridge compared to external 

approaches, reduced speeds at on- and off-ramps due to tight geometry, reduced saturation flow 

rates through crossover intersections, lane use imbalances at external approaches, and impacts 

from adjacent intersections. Two DDI geometric configurations are considered; (1) left turn 

movement to the onramp has an exclusive lane and (2) the movement occurs from a shared lane 

with arterial through traffic. This research generates the first two of the planned CTM templates 

for modeling DDI operations.  

Considering the significant differences in FFS for different segments of the DDI network, the 

formulated model allows for use of non-homogeneous cell length for links in the network. A finer 

time step is chosen to provide the required flexibility in modeling shorter links in the DDI network. 

Arterial links are represented on a lane-by lane basis to allow modeling of lane use imbalances at 

the external crossovers and adjacent intersections. Inclusion of critical adjacent intersections in the 

model allows better modeling of (1) coordinated arrivals and heavy turning movements, (2) queue 

interaction effects, and (3) pre-positioning and lane use imbalances.  
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The formulated model is calibrated and validated against both field data and VISSIM simulation 

for two operational sites, the DDI on Winton Road at I-590 in Rochester, New York and the DDI 

on Dorsett Road at I-270 in Maryland Heights Missouri. Travel time and queue length are selected 

as MOEs. The key results of calibration and validation are highlighted below. 

Starting with lessons from the calibration exercise, queue length was more sensitive than travel 

time to the model calibration parameters. From sensitivity analysis, travel time is stable across jam 

densities of 190, 211 and 240 veh/mi/ln and their corresponding shockwave speeds. There was a 

significant difference between the queue lengths determined with jam densities of 190 and 240 

veh/mi/ln and the corresponding shockwave speeds. Queue length was though stable across jam 

densities of 190 and 211veh/mi/ln and their corresponding shockwave speeds. A related parameter 

is the speed threshold for defining queuing which has been taken as 5ft/s. Queue length results are 

sensitive to this parameter as confirmed by significantly higher queues on some links when 10ft/s 

is considered. Therefore, to estimate queue length with CTM, there should be careful selection of 

jam density, shockwave speed and the speed threshold for defining queuing.  

Travel time estimated by CTM closely matched field measured travel time. The performance of 

CTM in estimating travel time was very comparable to that of VISSIM. The major deviations from 

field measured travel time trended in the same direction for both models. Travel time estimated by 

both CTM and VISSIM at both interchanges falls within 95% confidence interval of the mean for 

most movements.  

Queue length was a more challenging metric to validate because of the sensitivity to signal 

progression and arrival profiles. Nevertheless, CTM estimated lane-by-lane queue length closely 

matched field measured queue length. At both interchanges, the absolute difference between queue 

length estimated by CTM and field measured queue length was at most 3 vehicles except for a few 
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lanes. To compare with VISSIM, field measured, and queue length estimated by CTM are averaged 

across lanes to determine approach queue length. The performance of CTM in estimating queue 

length is very comparable to that of VISSIM. The absolute difference between queue length 

estimates by both models and field measured queue length is at most 3 vehicles for most 

approaches. Queue length estimated by both CTM and VISSIM at Winton DDI falls within 95% 

confidence interval of the mean for most movements.  

The specific results of the validation are highlighted below. 

• At Winton DDI, CTM estimated travel time is within 21% of the field measured for all 

movements in both AM and PM peaks except for South to West (S-W) movement in the 

AM peak which is within 30%. Both CTM and VISSIM underestimate S-W and S-N travel 

time in the AM peak. In the PM peak VISSIM travel time estimates are within 12% of the 

field measured travel time except for S-N movement.  

• At Dorsett DDI, Except for West to East (W-E) movement in the AM peak, East to South 

(E-S) and North to East (N-E) in the PM peak, all values estimated by CTM are within 

16% of the field collected travel time. 

• At the Dorsett site, VISSIM estimates travel time within 13% of AM field data except for 

N-E movement which is overestimated. In the PM peak, the percentage differences appear 

large for some movements but still the estimates are within 95% confidence interval around 

the mean of field measured travel time. 

• At the Winton DDI, the absolute difference between CTM estimated and field measured 

queue lengths is at most three (3) vehicles on both the AM and PM peaks. At Dorsett, the 

absolute difference was at most three (3) for the entire interchange. In the PM peak the 

absolute difference was within three (3) vehicles except for three lanes at which queue 
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length is underestimated. The underestimated most likely comes from overestimation of 

progression opportunities and lack of complete knowledge of O-D matrix at adjacent 

intersections. 

• At Winton DDI, CTM estimated queue length is compared with VISSIM estimated queue 

length using field measured queue length as the evaluator. CTM queue length is averaged 

across lanes to obtain approach queue length that is comparable to VISSIM queue length. 

• The performance of the two models is very comparable. Estimates from both models 

closely match and fall within the 95% of field data except for the off-ramp left turn at the 

south crossover. This most likely comes from overestimation of progression opportunities 

for this right turn movement by both models. 

The results of this study show that CTM can closely replicate field operational performance of 

DDIs. The performance of the model is comparable to VISSIM in estimating field travel time and 

queue length at DDIs. The CTM model has fewer and easier parameters to calibrate compared to 

VISSIM. The only challenge in CTM implementation is the lack of widely used, off the shelf 

packages to implement the model. This study produced templates for two lane configurations of 

the DDI and confirmed that the modeling effort is reduced substantially when coding begins using 

an available geometric template. 

5.2 RECOMMENDATIONS  

As presented in literature, the original formulation of CTM has been enhanced by several 

researchers extending the model’s application to arterials and urban networks. The current 

formulations are way more versatile, but also more complex compared to the 1994/1995 Daganzo 

formulations for freeway traffic. However (1) the nomenclature/terminology needs to change to 
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reflect these enhancements and new abilities of the model and (2) more work is still needed on 

pending issues including modeling shared lanes, lane changing and gap acceptance.  

This study is one of very few that have attempted to simulate interchange operations with CTM 

and, to the author’s best knowledge, is the first attempt at CTM modeling of alternative 

intersections and interchanges. Several simplifying assumptions are made that need to be relaxed 

in follow up studies. The scope of the study also needs to be extended. The following are 

recommendations for further studies. 

• This research is formulated as part of a larger study to generate CTM templates to model 

DDI operations. The templates need to exhaust DDI geometric configurations, intersection 

control and conditions upstream and downstream of the DDI. Two templates are 

formulated in this research considering two forms of lane configurations and including 

adjacent intersections. There is need to cover other forms of geometric configurations. 

• The formulated model is limited to the case where all off ramp movements are signalized 

and have protected signal phases. This needs to be extended to yield controlled offramp 

movements and permitted signal phases. 

• The model needs to be further calibrated with a complete O-D matrix for the corridor or at 

least for all the critical intersections.  

• The study should be extended to cover other forms of alternative intersections and 

interchanges like RCUTs and CFIs. 

• The study could be extended to optimize DDI signal timings to improve performance. 
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APPENDIX A: FIELD PERFORMANCE DATA 

Appendix A-1: Field measured Queue length  

Rochester DDI field measured queue length (Source: Field Evaluation of Double Crossover 

Diamond Interchanges—Interim Report 2, 2014) 

•  

 
  

Mean 3.09 N 3.04 N 2.84 N 2.63 N 5.06 N 5.31 N 2.67 N

Median 3 N 3 N 2 N 2 N 5 N 5 N 2 N

Min 0 N 0 N 0 N 0 N 0 N 0 N 0 N

Max 9 N 10 N 9 N 9 N 12 N 16 N 10 N

Std. Dev. 2.26 2.38 1.79 1.72 2.59 3.10 1.94

95th Per. 8 N 7 N 6 N 6 N 10 N 11 N 6 N

n 139 139 139 139 139 139 139

Mean 8.5 N 4.7 N 3.0 N 3.9 N 3.69 N 1.93 N 0.98 N

Median 8.0 N 5.0 N 3.0 N 3.0 N 3 N 2 N 1 N

Min 3.0 N 2.0 N 0.0 N 0.0 N 0 N 0 N 0 N

Max 16.0 N 10.0 N 8.0 N 14.0 N 9 N 5 N 4 N

Std. Dev. 2.9 2.0 1.9 2.4 1.99 1.36 1.07

95th Per. 13.5 N 9.3 N 7.3 N 8.5 N 7.25 N 5 N 3 N

n 54.0 54.0 54.0 54.0 54 54 54

After - North Crossover [Side A]

AM Peak

Southbound (N to S)

Through Movement

[Spillback 25veh/520ft]

Northbound (S to N)

Through Movement

[Spillback 32veh/670ft]

Southbound (E to S)

Left-Turn Movement

from Freeway

[Spillback 19veh/400ft]

Northbound (E to N)

Right-Turn Movement

from Freeway

[Spillback 19veh/400ft]

Left Lane(veh)/

Spillback?

Right 

Lane(veh)/

Spillback?

Left Lane(veh)/

Spillback?

Right 

Lane(veh)/

Spillback?

Left Lane(veh)/

Spillback?

Right Lane(veh)/

Spillback?

Center Lane(veh)/

Spillback?

PM Peak

Southbound (N to S)

Through Movement

[Spillback 25veh/520ft]

Northbound (S to N)

Through Movement

[Spillback 32veh/670ft]

Southbound (E to S)

Left-Turn Movement

from Freeway

[Spillback 19veh/400ft]

Northbound (E to N)

Right-Turn Movement

from Freeway

[Spillback 19veh/400ft]

Left Lane(veh)/

Spillback?

Right 

Lane(veh)/

Spillback?

Left Lane(veh)/

Spillback?

Right 

Lane(veh)/

Spillback?

Left Lane(veh)/

Spillback?

Right Lane(veh)/

Spillback?

Center Lane(veh)/

Spillback?

Mean 7.55 N 4.95 N 8.65 N 9.68 N 3.71 N 3.97 N 5.02 N

Median 7 N 5 N 8.5 N 10 N 3 N 4 N 5 N

Min 2 N 1 N 2 N 3 N 0 N 0 N 0 N

Max 15 Y 12 N 17 N 18 N 8 N 9 N 12 N

Std. Dev. 2.99 2.36 2.98 3.34 2.02 2.00 2.52

95th Per. 13 N 10 N 15 N 15.65 N 7.65 N 7.65 N 10 N

n 66 66 66 66 66 66 66

Mean 16.70 Y 6.83 N 7.05 N 5.27 N 8.73 N 5.10 N 3.03 N

Median 14 Y 5 N 7 N 5 N 5 N 5 N 3 N

Min 1 N 0 N 1 N 1 N 0 N 0 N 0 N

Max 36 Y 27 Y 16 N 11 N 35 Y 12 N 9 N

Std. Dev. 7.55 6.20 2.53 2.03 8.86 2.66 2.03

95th Per. 30 Y 25 Y 11.3 N 9 N 29.35 Y 10.5 N 7.5 N

n 113 113 113 113 112 109 109

Right 

Lane(veh)/

Spillback?

Center Lane(veh)/

Spillback?

Right 

Lane(veh)/

Spillback?

Center Lane(veh)/

Spillback?

After - South Crossover [Side B]

AM Peak

Northbound (S to N)

Through Movement

[Spillback 14veh/300ft]

Southbound (N to S)

Through Movement

[Spillback 32veh/670ft]

Northbound (W to N)

Left-Turn Movement

from Freeway

[Spillback 14veh/300ft]

Southbound (W to S)

Right-Turn Movement

from Freeway

[Spillback 14veh/300ft]

Left Lane(veh)/

Spillback?

Right 

Lane(veh)/

Spillback?

Left Lane(veh)/

Spillback?

Left Lane(veh)/

Spillback?

Right 

Lane(veh)/

Spillback?

Left Lane(veh)/

Spillback?

Right 

Lane(veh)/

Spillback?

PM Peak

Northbound (S to N)

Through Movement

[Spillback 14veh/300ft]

Southbound (N to S)

Through Movement

[Spillback 32veh/670ft]

Northbound (W to N)

Left-Turn Movement

from Freeway

[Spillback 14veh/300ft]

Southbound (W to S)

Right-Turn Movement

from Freeway

[Spillback 14veh/300ft]

Left Lane(veh)/

Spillback?

Right 

Lane(veh)/

Spillback?

Left Lane(veh)/

Spillback?
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Dorsett DDI field measured queue length (Source: Field Evaluation of Double Crossover 

Diamond Interchanges—Interim Report 2, 2014) 

 

  

Mean 7.89 N 2.69 N 2.46 N 1.06 N 1.44 N

Median 7 N 3 N 2 N 1 N 1 N

Min 0 N 0 N 0 N 0 N 0 N

Max 20 N 7 N 8 N 5 N 6 N

Std. Dev. 3.54 1.61 1.78 1.00 1.25

95th Per. 15 N 6 N 6 N 3 N 4 N

n 108 108 108 108 108

Mean 9.19 N 4.63 N 3.47 N 7.00 N 10.26 N

Median 10 N 5 N 3 N 7 N 10 N

Min 0 N 0 N 0 N 0 N 1 N

Max 15 N 16 N 13 N 20 N 20 N

Std. Dev. 3.62 2.61 2.31 3.80 4.31

95th Per. 14 N 8 N 8 N 15 N 18 N

n 59 59 59 58 58

After - West Crossover [Side A]

AM Peak

Eastbound (W to E)

Through Movement

[Spillback 71veh/1500ft]

Westbound (E to W) 

Through Movement

[Spillback 21veh/450ft]

Left Lane(veh)/

Spillback?

Center Lane(veh)/

Spillback?

Right Lane(veh)/

Spillback?

Left Lane(veh)/

Spillback?

Right Lane(veh)/

Spillback?

PM Peak

Eastbound (W to E)

Through Movement

[Spillback 71veh/1500ft]

Westbound (E to W)

Through Movement

[Spillback 21veh/450ft]

Left Lane(veh)/

Spillback?

Center Lane(veh)/

Spillback?

Right Lane(veh)/

Spillback?

Left Lane(veh)/

Spillback?

Right Lane(veh)/

Spillback?

Mean 5.52 N 1.11 N 1.99 N 4.36 N 6.79 N

Median 5 N 1 N 1 N 4 N 6 N

Min 0 N 0 N 0 N 0 N 0 N

Max 17 N 6 N 10 N 15 N 16 N

Std. Dev. 3.90 1.27 2.13 3.03 4.70

95th Per. 13 N 4 N 4 N 12 N 16 N

n 82 82 108 108 108

Mean 9.93 N 2.46 N 5.30 N 6.23 N 5.77 N

Median 9 N 2 N 5 N 6 N 6 N

Min 0 N 0 N 0 N 0 N 0 N

Max 20 N 7 N 20 N 10 N 12 N

Std. Dev. 6.35 1.78 3.48 2.18 2.65

95th Per. 20 N 6 N 11 N 9 N 11 N

n 67 67 67 66 66

Center Lane(veh)/

Spillback?

Right Lane(veh)/

Spillback?

Left Lane(veh)/

Spillback?

Center Lane(veh)/

Spillback?

Right Lane(veh)/

Spillback?

Westbound (E to W)

Through Movement

[Spillback 61veh/1300ft]

After - East Crossover [Side B]

AM Peak

Eastound (W to E)

Through Movement

[Spillback 21veh/450ft]

Westbound (E to W)

Through Movement

[Spillback 61veh/1300ft]

Left Lane(veh)/

Spillback?

Right Lane(veh)/

Spillback?

Left Lane(veh)/

Spillback?

PM Peak

Eastound (W to E)

Through Movement

[Spillback 21veh/450ft]

Left Lane(veh)/

Spillback?

Right Lane(veh)/

Spillback?



 

92 

 

Appendix A-2: Field measured travel time  

Rochester DDI field measured Travel Time (Source: Field Evaluation of Double Crossover 

Diamond Interchanges—Interim Report 2, 2014) 

Row Labels 

Avg. 
TT 
in 
Min 

Avg. 
TT in 
Sec 

Route 
Free-
Flow 
TT 
(min) 

Route 
Free-
Flow 
TT 
(sec) 

Control 
Delay 
(sec) 

Avg. 
Distance(mile) Delay/mile SD 

Westbound-to-South 1.13 67.6 0.52 31.0 36.6 0.248 147.7 26.45 

AM 1.18 70.7 0.52 31.0 39.7 0.249 159.8 19.99 

Off 0.91 54.9 0.52 31.0 23.9 0.246 97.0 20.70 

PM 1.43 85.7 0.52 31.0 54.7 0.249 219.9 37.98 

North-to-Eastbound 1.19 71.3 0.57 34.0 37.3 0.278 134.4 21.54 

AM 1.11 66.9 0.57 34.0 32.9 0.279 117.9 20.09 

Off 1.25 75.2 0.57 34.0 41.2 0.277 148.7 27.58 

PM 1.24 74.1 0.57 34.0 40.1 0.277 144.8 9.48 

North-to-South 1.11 66.7 0.40 24.0 42.7 0.246 173.2 25.57 

AM 1.05 62.8 0.40 24.0 38.8 0.246 157.4 23.22 

Off 1.01 60.5 0.40 24.0 36.5 0.245 149.3 23.93 

PM 1.32 79.1 0.40 24.0 55.1 0.249 221.6 27.21 

South-to-North 0.90 54.2 0.45 27.0 27.2 0.245 110.9 18.48 

AM 0.92 55.1 0.45 27.0 28.1 0.246 114.3 16.04 

Off 0.92 55.0 0.45 27.0 28.0 0.245 114.4 20.02 

PM 0.87 52.1 0.45 27.0 25.1 0.244 102.8 20.92 

South-to-Westbound 0.98 58.6 0.50 30.2 28.4 0.257 110.2 20.53 

AM 1.04 62.2 0.50 30.2 32.0 0.258 124.0 17.37 

Off 1.06 63.8 0.50 30.2 33.6 0.256 131.5 23.58 

PM 0.66 39.3 0.50 30.2 9.1 0.259 35.2 6.03 

Eastbound-to-North 1.41 84.8 0.58 34.8 50.0 0.260 192.1 28.83 

AM 1.26 75.6 0.58 34.8 40.8 0.258 157.9 27.53 

Off 1.43 85.9 0.58 34.8 51.1 0.261 196.0 28.49 

PM 1.79 107.6 0.58 34.8 72.8 0.267 273.0 23.56 
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Dorsett DDI field measured Travel Time (Source: Field Evaluation of Double Crossover 

Diamond Interchanges—Interim Report 2, 2014) 

Row Labels 

Avg. 
TT in 
Min 

Avg. 
TT in 
Sec 

Route 
Free-
Flow 
TT 
(min) 

Route 
Free-
Flow TT 
(sec) 

Control 
Delay 
(sec) 

Avg. 
Distance(mile) Delay/mile SD 

East-to-South 1.44 86.2 0.74 44.4 41.8 0.365 114.7 36.3 

AM 1.36 81.4 0.74 44.4 37.0 0.365 101.3 26.7 

Off 2.05 123.0 0.74 44.4 78.6 0.365 215.3 5.9 

PM 1.39 83.1 0.74 44.4 38.7 0.364 106.4 47.1 

East-to-West 1.40 83.7 0.84 50.4 33.3 0.432 77.2 30.6 

AM 1.41 84.3 0.84 50.4 33.9 0.432 78.4 30.4 

Off 1.62 97.3 0.84 50.4 46.9 0.431 108.7 29.8 

PM 1.16 69.4 0.84 50.4 19.0 0.431 44.1 26.3 

North-to-East 1.91 114.5 0.95 57.0 57.5 0.340 169.0 47.1 

AM 1.99 119.6 0.95 57.0 62.6 0.341 183.7 59.6 

Off 1.59 95.4 0.95 57.0 38.4 0.338 113.6 26.9 

PM 2.02 120.9 0.95 57.0 63.9 0.341 187.3 39.7 

South-to-West 1.39 83.2 0.85 51.0 32.2 0.421 76.5 24.6 

AM 1.30 78.3 0.85 51.0 27.3 0.421 64.7 19.2 

Off 1.25 74.7 0.85 51.0 23.7 0.420 56.4 12.8 

PM 1.60 96.2 0.85 51.0 45.2 0.420 107.6 34.3 

West-to-East 1.46 87.7 0.77 46.0 41.7 0.427 97.7 26.5 

AM 1.53 92.0 0.77 46.0 46.0 0.429 107.2 22.4 

Off 1.30 78.0 0.77 46.0 32.0 0.425 75.1 26.3 

PM 1.51 90.8 0.77 46.0 44.8 0.426 105.3 32.1 

West-to-North 1.22 72.9 0.79 47.4 25.5 0.366 69.8 26.7 

AM 1.08 64.7 0.79 47.4 17.3 0.366 47.4 18.0 

Off 1.05 63.1 0.79 47.4 15.7 0.364 43.2 8.6 

PM 1.49 89.3 0.79 47.4 41.9 0.368 114.1 36.1 

  



 

94 

 

APPENDIX B: MAXIMUM QUEUE LENGTH PER CYCLE FROM CTM 

Appendix B-1: Queue Length Evolution through the duration of the simulation 

 

 

 

 

 

 

OFF RAMP LT

Start time End Time NB-1 NB-2 SB-1 SB-2 OFR-R-1 OFR-R-2 OFR-L

0 100 0 0 1.583 1.583 4.172 4.172 3.129

100 200 7.125 7.125 6.332 6.332 4.172 4.172 3.129

200 300 2.375 2.375 6.332 6.332 4.172 4.172 2.086

300 400 4.75 4.75 7.915 6.332 6.258 6.258 3.129

400 500 7.125 7.125 6.332 11.081 7.301 7.301 4.172

500 600 9.5 7.125 7.915 9.498 4.172 4.172 3.129

600 700 7.125 9.5 7.915 7.915 4.172 4.172 3.129

700 800 7.125 9.5 6.332 6.332 3.129 3.129 2.086

800 900 7.125 9.5 7.915 7.915 4.172 4.172 2.086

900 1000 9.5 9.5 7.915 9.498 4.172 4.172 2.086

1000 1100 7.125 9.5 6.332 6.332 4.172 4.172 2.086

1100 1200 2.375 2.375 6.332 6.332 4.172 4.172 4.172

1200 1300 7.125 7.125 7.915 7.915 6.258 6.258 3.129

1300 1400 2.375 2.375 7.915 7.915 4.172 4.172 2.086

1400 1500 9.5 7.125 7.915 9.498 5.215 5.215 3.129

1500 1600 9.5 9.5 6.332 6.332 5.215 5.215 3.129

1600 1700 2.375 4.75 6.332 6.332 5.215 5.215 4.172

1700 1800 4.75 4.75 7.915 7.915 6.258 6.258 3.129

1800 1900 2.375 2.375 6.332 7.915 4.172 4.172 3.129

1900 2000 4.75 4.75 6.332 4.749 4.172 4.172 2.086

2000 2100 7.125 7.125 7.915 4.749 2.086 2.086 4.172

2100 2200 2.375 2.375 7.915 7.915 5.215 5.215 2.086

2200 2300 2.375 2.375 6.332 6.332 4.172 4.172 2.086

2300 2400 2.375 2.375 7.915 7.915 3.129 3.129 2.086

2400 2500 4.75 4.75 9.498 7.915 3.129 3.129 3.129

2500 2600 9.5 9.5 6.332 6.332 5.215 5.215 3.129

2600 2700 9.5 9.5 6.332 9.498 4.172 4.172 2.086

2700 2800 4.75 4.75 7.915 7.915 4.172 4.172 3.129

2800 2900 9.5 9.5 7.915 9.498 4.172 4.172 2.086

CTM Mean 5.938 6.192 7.237 7.519 4.507 4.507 2.831

QUEUE LENGTH SOUTH X-OVER WINTON DDI AM PEAK

NB SB OFF RAMP RT
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Appendix B-2: Winton DDI AM Maximum Queue length per cycle. 

 

 

 

 

 

 

 

 

 

OFF RAMP LT

Start time End Time NB-1 NB-2 SB-1 SB-2 OFR-R-1 OFR-R-2 OFR-L

900 1000 3.5625 10.6875 8.7065 9.498 4.172 4.172 2.6075

1000 1100 4.75 11.875 7.1235 7.1235 4.172 4.172 2.086

1100 1200 2.375 4.75 6.332 7.915 4.172 4.172 3.6505

1200 1300 3.5625 8.3125 4.749 5.5405 5.215 5.215 2.6075

1300 1400 1.1875 3.5625 7.915 7.915 3.6505 3.6505 2.6075

1400 1500 3.5625 7.125 11.081 8.7065 5.17 5.17 3.129

1500 1600 3.5625 10.6875 7.1235 7.1235 4.6935 4.6935 2.6075

1600 1700 2.375 8.3125 7.1235 7.1235 4.172 4.172 3.129

1700 1800 3.5625 9.5 8.7065 7.915 5.215 5.215 2.6075

1800 1900 4.75 8.3125 6.332 6.332 3.6505 3.6505 2.6075

1900 2000 2.375 9.5 4.749 5.5405 4.172 4.172 2.086

2000 2100 3.5625 9.5 6.332 6.332 3.129 3.129 3.6505

2100 2200 3.5625 8.3125 8.7065 7.915 4.6935 4.6935 2.6075

2200 2300 1.1875 4.75 4.749 6.332 4.172 4.172 2.6075

2300 2400 2.375 5.9375 7.1235 8.7065 4.127 4.127 2.6075

2400 2500 2.375 5.9375 7.1235 8.7065 3.6505 3.6505 3.6505

2500 2600 4.75 9.5 6.332 9.498 5.7365 5.7365 3.129

2600 2700 4.75 11.875 7.1235 8.7065 4.172 4.172 2.6075

2700 2800 2.375 7.125 7.915 9.498 4.6485 4.6485 3.129

2800 2900 3.5625 9.5 7.1235 7.1235 4.6485 4.6485 2.6075

CTM Mean 3.206 8.253 7.124 7.678 4.372 4.372 2.816

S.D 1.069 2.299 1.481 1.229 0.622 0.622 0.449

95 % CL 0.478 1.028 0.662 0.550 0.278 0.278 0.201

Field Mean 5 7.5 9.7 8.7 5 4 3.7

S.D 2.4 3 3.3 3 2.5 2 2

n 66 66 66 66 66 66 66

95 % CL 0.591 0.739 0.812 0.739 0.615 0.492 0.492

FIELD

SOUTH X-OVER

NB SB OFF RAMP RT

CTM
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OFF RAMP RT

Start time End Time NB-1 NB-2 SB-1 SB-2 OFR-R OFR-L-1 OFR-L-2

900 1000 1.583 1.583 2.375 3.5625 3.6055 5.7365 5.7365

1000 1100 1.583 1.583 3.5625 5.9375 3.6505 3.6505 3.6505

1100 1200 1.583 1.583 3.5625 4.75 2.6075 3.129 3.129

1200 1300 1.583 1.583 5.9375 4.75 2.086 2.6075 2.6075

1300 1400 1.583 1.583 2.375 3.5625 2.6075 4.6485 4.6485

1400 1500 1.583 1.583 3.5625 3.5625 3.6505 4.6935 4.6935

1500 1600 1.583 1.583 2.375 3.5625 2.6075 4.127 4.127

1600 1700 1.583 1.583 2.375 4.75 3.129 5.215 5.215

1700 1800 2.3745 1.583 2.375 3.5625 3.6505 3.6505 3.6505

1800 1900 1.583 1.583 3.5625 2.375 3.129 2.6075 2.6075

1900 2000 1.583 1.583 4.75 4.75 1.5645 4.172 4.172

2000 2100 1.583 1.583 2.375 2.375 3.129 3.129 3.129

2100 2200 1.583 1.583 3.5625 5.9375 3.129 3.6505 3.6505

2200 2300 1.583 1.583 2.375 5.9375 2.6075 3.129 3.129

2300 2400 1.583 1.583 3.5625 4.75 3.6505 3.6505 3.6505

2400 2500 1.583 1.583 3.5625 3.5625 3.129 4.172 4.172

2500 2600 2.3745 2.3745 3.5625 4.75 2.6075 3.6505 3.6505

2600 2700 1.583 1.583 2.375 4.75 3.129 4.127 4.127

2700 2800 1.583 1.583 4.75 1.1875 4.172 3.6505 3.6505

2800 2900 1.583 1.583 2.375 3.5625 2.6075 4.6935 4.6935

CTM Mean 1.662 1.623 3.266 4.097 3.022 3.905 3.905

S.D 0.237 0.173 0.985 1.215 0.606 0.796 0.796

95 % CL 0.106 0.077 0.440 0.544 0.271 0.356 0.356

Field Mean 2.6 2.8 3 3.1 2.7 5.3 5.1

S.D 1.7 1.8 2.4 2.3 1.9 3.1 2.6

n 139 139 139 139 139 139 139

95 % CL 0.288 0.305 0.407 0.390 0.322 0.526 0.441

CTM

FIELD

NORTH X-OVER

NB SB OFF RAMP LT
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Appendix B-3: Winton DDI PM Maximum Queue length per cycle. 

 

OFF RAMP LT

Start time End Time NB-1 NB-2 SB-1 SB-2 OFR-R-1 OFR-R-2 OFR-L

900 1020 2.375 7.125 4.749 9.498 2.087 2.087 5.2

1020 1140 7.125 4.75 6.332 7.915 2.087 2.087 5.2

1140 1260 4.75 9.5 3.166 4.749 2.087 2.087 6.24

1260 1380 4.75 26.125 1.583 4.749 1.043 1.04 4.16

1380 1500 4.75 9.5 1.583 3.166 2.087 2.087 4.16

1500 1620 4.75 9.5 3.166 7.915 3.12 3.12 7.28

1620 1740 4.75 21.375 4.749 7.915 2.087 2.087 5.2

1740 1860 4.75 9.5 3.166 6.332 4.16 4.16 8.32

1860 1980 4.75 7.125 3.166 4.749 2.087 2.087 5.2

1980 2100 4.75 9.5 3.166 3.166 2.087 2.087 5.2

2100 2220 7.125 40.375 4.749 1.583 1.043 1.043 4.16

2220 2340 4.75 40.375 3.166 3.166 2.087 2.087 5.2

2340 2460 7.125 38 3.166 4.749 3.12 3.12 7.28

2460 2580 4.75 38 3.166 4.749 2.087 2.087 4.16

2580 2700 4.75 38 3.166 3.166 4.172 4.172 3.12

2700 2820 4.75 30.875 3.166 3.166 2.087 2.087 5.2

2820 2940 4.75 21.375 4.749 3.166 2.087 2.087 4.16

2940 3060 7.125 9.5 3.166 4.749 2.087 2.087 4.16

3060 3180 4.75 9.5 3.166 3.166 2.087 2.087 8.344

3180 3300 4.75 9.5 4.749 4.749 2.087 2.087 7.28

CTM Mean 5.10625 19.475 3.56175 4.82815 2.2938 2.2938 5.4612

S.D 1.132803 13.04305 1.10527 2.031859 0.77792285 0.778164 1.468526935

95% CL 0.506605 5.833031 0.494292 0.908675 0.347897675 0.348006 0.656745211

Field Mean 6.8 16.7 5.3 7.1 3 5.1 8.7

S.D 6.2 7.5 2 2.5 2 2.7 8.9

n 113 113 113 113 109 109 112

95% CL 1.166 1.411 0.376 0.470 0.383 0.517 1.682

NB SB OFF RAMP RT

CTM

FIELD

SOUTH X-OVER
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OFF RAMP RT

Start time End Time NB-1 NB_2 SB-1 SB-2 OFR-R OFR-L-1 OFR-L-2

900 1020 3.166 1.583 4.75 7.125 1.04 3.12 3.12

1020 1140 3.166 1.583 2.375 4.75 1.04 1.04 1.04

1140 1260 3.166 3.166 2.375 4.75 0 1.04 1.04

1260 1380 3.166 1.583 4.75 9.5 0 0 0

1380 1500 3.166 1.583 2.375 7.125 0 1.04 1.04

1500 1620 4.749 3.166 4.75 7.125 1.04 2.08 2.08

1620 1740 3.166 3.166 2.375 4.75 1.04 1.04 1.04

1740 1860 6.332 4.749 2.375 2.375 1.04 2.08 2.08

1860 1980 3.166 1.583 2.375 11.875 0 0 0

1980 2100 3.166 3.166 4.75 7.125 1.04 1.04 1.04

2100 2220 3.166 3.166 2.375 4.75 0 2.08 2.08

2220 2340 3.166 3.166 2.375 4.75 0 1.04 1.04

2340 2460 1.583 1.583 2.375 7.125 0 1.04 1.04

2460 2580 1.583 1.583 2.375 4.75 0 1.04 1.04

2580 2700 3.166 3.166 4.75 2.375 0 1.04 1.04

2700 2820 1.583 1.583 2.375 7.125 0 1.04 1.04

2820 2940 1.583 1.583 4.75 11.875 0 1.04 1.04

2940 3060 4.749 4.749 4.75 4.75 0 0 0

3060 3180 4.749 4.749 2.375 7.125 0 1.04 1.04

3180 3300 3.166 3.166 4.75 7.125 0 1.04 1.04

CTM Mean 3.24515 2.6911 3.325 6.4125 0.312 1.144 1.144

S.D 1.171313 1.130488 1.163508 2.502218 0.476587872 0.728 0.728

95% CL 0.523827 0.50557 0.520336 1.119026 0.213136576 0.325571 0.325571

Field Mean 3.9 3 4.7 8.5 1 1.9 3.7

S.D 2.4 1.9 2 2.9 1.1 1.4 2

n 54 54 54 54 54 54 54

95% CL 0.653 0.517 0.544 0.789 0.299 0.381 0.544

NORTH X-OVER

NB SB OFF RAMP LT

FIELD

CTM
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Appendix B-4: Dorsett DDI AM Maximum Queue length per cycle. 

 

Start time End Time EB1 EB2 EB3 WB1 WB2 SB-L-1 SB-L-2

900 955 1.835 0 3.67 0 0 8.739 8.739

955 1010 1.835 1.835 5.505 1.583 1.583 11.905 11.905

1010 1065 3.67 1.85 3.67 1.583 1.583 13.488 13.488

1065 1120 1.835 1.85 4.749 1.583 1.583 16.654 16.654

1120 1175 0 0 3.67 1.583 1.583 18.237 18.237

1175 1230 1.85 0 9.175 1.583 1.583 15.071 15.071

1230 1285 1.85 0 5.505 1.583 1.583 13.488 13.488

1285 1340 1.85 0 7.34 1.583 1.583 13.488 13.488

1340 1395 1.85 1.835 3.67 1.583 1.583 11.905 11.905

1395 1450 0 0 9.175 1.583 1.583 16.654 16.654

1450 1505 1.85 1.835 3.67 0 0 18.237 18.237

1505 1560 0 0 7.34 1.583 1.583 19.82 19.82

1560 1615 0 0 3.67 1.583 1.583 19.82 19.82

1615 1670 1.835 0 7.34 1.583 1.583 18.237 18.237

1670 1725 0 0 1.835 0 0 18.237 18.237

1725 1780 1.835 0 7.34 1.583 1.583 18.237 18.237

1780 1835 1.835 0 3.67 1.583 1.583 19.82 19.82

1835 1890 1.835 0 7.34 1.583 1.583 19.82 19.82

1890 1945 1.835 0 3.67 1.583 1.583 15.071 15.071

1945 2000 1.835 1.835 5.505 1.583 1.583 16.654 16.654

CTM Mean 1.47175 0.552 5.37545 1.34555 1.34555 16.1791 16.1791

S.D 0.93716231 0.843203 2.054465 0.565244 0.565244 3.089892731 3.089893

S.E 0.41911172 0.377092 0.918785 0.252785 0.252785 1.381842038 1.381842

Field Mean 2.5 2.7 7.9 1.4 1.1 15.7 12.7

S.D 1.8 1.6 3.5 1.2 1 6.9 8.8

n 108 108 108 108 108 108 108

S.E 0.346 0.308 0.674 0.231 0.192 1.328 1.694

EB WB SB OFFRAMP LT

CTM

FIELD

WEST X-OVER
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Start time End Time WB1 WB2 WB3 EB1 EB1 NB-L-1 NB-L-2

900 955 0 0 3.67 4.749 4.749 0 0

955 1010 0 0 5.505 4.749 4.749 0 0

1010 1065 0 0 3.67 3.166 4.749 0 0

1065 1120 1.835 0 5.505 3.166 4.749 0 0

1120 1175 1.835 0 3.67 4.749 4.749 0 0

1175 1230 0 0 9.175 4.749 4.749 0 0

1230 1285 1.835 0 3.67 4.749 4.749 0 0

1285 1340 0 0 7.34 3.166 4.749 0 0

1340 1395 1.835 0 3.67 3.166 4.749 0 0

1395 1450 0 0 9.175 4.749 4.749 0 0

1450 1505 1.835 0 3.67 4.749 4.749 0 0

1505 1560 0 0 7.34 4.749 4.749 0 0

1560 1615 1.835 0 3.67 3.166 4.749 0 0

1615 1670 0 0 7.34 6.332 4.749 0 0

1670 1725 1.835 0 1.835 4.749 4.749 0 0

1725 1780 0 0 7.34 6.332 4.749 0 0

1780 1835 1.835 0 3.67 4.749 4.749 0 0

1835 1890 0 0 7.34 4.749 4.749 0 0

1890 1945 1.835 0 3.67 4.749 3.166 0 0

1945 2000 0 0 5.505 4.749 4.749 0 0

CTM Mean 0.82575 0 5.3215 4.51155 4.66985 0 0

S.D 0.912901 0 2.084159 0.905913 0.345006851 0 0

S.E 0.408262 0 0.932064 0.405137 0.154291754 0 0

Field Mean 2 1.1 5.5 6.8 4.4 0.8 0.7

S.D 2.1 1.3 3.9 4.7 3 1 0.9

n 108 82 82 108 108 108 108

S.E 0.404 0.287 0.861 0.905 0.577 0.192 0.173

EAST X-OVER

WB EB NB OFFRAMP LT

CTM

FIELD



 

101 

 

Appendix B-4: Dorsett DDI PM Maximum Queue length per cycle. 

 

Start time End Time EB1 EB2 EB3 WB1 WB2

900 1020 4.5875 4.5875 4.5875 5.5405 5.5405

1020 1140 3.67 5.505 4.5875 4.749 4.749

1140 1260 4.5875 5.505 8.2575 4.749 4.749

1260 1380 4.5875 5.505 11.01 4.749 4.749

1380 1500 4.5875 5.505 10.0925 4.749 4.749

1500 1620 7.34 5.505 10.0925 3.9575 3.9575

1620 1740 6.4225 5.505 11.01 5.5405 5.5405

1740 1860 3.67 4.5875 12.845 4.749 4.749

1860 1980 3.67 3.67 7.34 5.5405 5.5405

1980 2100 4.5875 5.505 5.505 3.9575 3.9575

2100 2220 4.5875 5.505 11.01 4.749 4.749

2220 2340 4.5875 5.505 10.0925 5.5405 5.5405

2340 2460 5.505 5.505 11.9275 5.5405 5.5405

2460 2580 4.5875 4.5875 11.01 4.749 4.749

2580 2700 6.4225 5.505 6.4225 4.749 4.749

2700 2820 6.4225 4.5875 8.2575 5.5405 5.5405

2820 2940 4.5875 5.505 10.0925 5.5405 5.5405

2940 3060 5.505 5.505 6.4225 5.5405 5.5405

3060 3180 6.4225 5.505 8.2575 4.749 4.749

3180 3300 5.505 3.67 11.9275 6.332 6.332

CTM Mean 5.092125 5.138 9.037375 5.0656 5.0656

S.D 1.02476988 0.608601 2.466608 0.581631 0.581631

S.E 0.45829102 0.272174 1.103101 0.260113 0.260113

Field Mean 3.5 4.6 9.2 10.3 7

S.D 2.3 2.6 3.6 4.3 3.8

n 59 59 59 58 58

S.E 0.599 0.677 0.937 1.129 0.998

CTM

FIELD

EB WB

WEST X-OVER
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Start time End Time WB1 WB2 WB3 EB1 EB2

900 1020 5.505 4.5875 4.5875 4.2095 4.749

1020 1140 5.505 4.5875 4.5875 5.127 4.749

1140 1260 4.5875 4.5875 4.5875 4.2095 4.749

1260 1380 7.34 5.505 5.505 4.2095 5.5405

1380 1500 7.34 6.4225 6.4225 5.127 4.749

1500 1620 7.34 5.505 6.4225 5.127 4.749

1620 1740 6.4225 5.505 4.5875 5.001 6.332

1740 1860 6.4225 4.5875 5.505 5.9185 6.332

1860 1980 6.4225 4.5875 4.5875 5.127 4.749

1980 2100 6.4225 4.5875 4.5875 5.9185 6.332

2100 2220 4.5875 5.505 4.5875 5.9185 7.1235

2220 2340 4.5875 5.505 4.5875 5.001 6.332

2340 2460 7.34 4.5875 6.4225 5.9185 6.332

2460 2580 5.505 5.505 4.5875 5.127 4.749

2580 2700 5.505 5.505 4.5875 4.2095 4.749

2700 2820 6.4225 4.5875 5.505 4.2095 4.749

2820 2940 7.34 5.505 5.505 5.127 4.749

2940 3060 7.34 5.505 5.505 5.127 4.749

3060 3180 5.505 5.505 5.505 5.9185 5.5405

3180 3300 4.5875 3.67 4.5875 5.001 6.332

CTM Mean 6.101375 5.092125 5.138 5.0766 5.421775

S.D 1.016522 0.613766 0.674222 0.605732 0.802309315

S.E 0.454603 0.274484 0.301521 0.270891 0.358803633

Field Mean 5.3 2.5 9.9 5.8 6.2

S.D 3.5 1.8 6.4 2.7 2.2

n 67 67 67 66 66

S.E 0.855 0.440 1.564 0.665 0.542

CTM

FIELD

WB EB

EAST X-OVER
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