
 

Proceedings of 8th Transport Research Arena TRA 2020, April 27-30, 2020, Helsinki, Finland 

An approach for systematic assessment of infrastructure 

automation readiness from a traffic performance perspective 

Johan Olstama,b,*, Fredrik Johanssona, Chengxi Liua, Iman Pereiraa 

a Swedish National Road and Transport Research Institute (VTI), SE-581 95 Linköping, Sweden 
b Linköping University, Department of Science and Technology (ITN), 60174 Norrköping, Sweden 

 

 

Abstract 

Road authorities need tools to assess potential impacts on traffic performance due to the introduction of automated 

vehicles. Extended traffic modelling tools offer possibilities to estimate impacts on traffic performance metrics 

such as travel time, delay and capacity. However, there are large uncertainties related to the future behavior of 

automated vehicles, and these need to be carefully handled. The aim of this paper is to present a systematic and 

sound approach that can be used by road authorities to assess the automation readiness of a specific infrastructure. 

We present a definition of automation readiness from a traffic performance point of view, and an approach for 

how to estimate the automation readiness for a specific road design taking the uncertainties in the development of 

automated vehicles into account. The developed approach is applied to both macroscopic and microscopic use 

cases, demonstrating the applicability of the approach for automation readiness assessment. 
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1. Introduction 

There are expectations on automated vehicles (AVs) to improve traffic efficiency, enhance safety and improve 

mobility for all. However, these gains of AVs risk not being fulfilled if road authorities do not have the capability 

to shape the deployment of AVs to their mobility goals and plans. Without suitable actions, AVs might worsen the 

urban mobility problems that local authorities are currently facing. To be able to assess potential effects on traffic 

efficiency, the traffic models of today need to be made “automation-ready”, i.e. they need to be able to model 

changes in driving behavior for both automated and non-automated vehicles as well as changes in traveler’s mode 

and route choice due to the introduction of automated vehicles. There are several ongoing research activities aiming 

to develop such automation-ready transport models, e.g. the EU project CoEXist2 (Sukennik, 2018, Sonnleitner 

and Friedrich, 2018) as well as others (e.g. Mintsis, 2018, Atkins, 2016, Bierstedt, 2014). However, the large 

uncertainties related to the behavior of future automated vehicles need to be considered in the assessment of the 

automation readiness. Hence, there is a need to research how the automation readiness of the road infrastructure 

can be evaluated given the traffic modelling technologies and the resources that road authorities have access to 

today. 

 

The aim of this paper is to present an approach that in a structured and sound way can be used by road authorities 

to assess the automation readiness of a specific infrastructure with a given road design, traffic controllers, 

regulations, etc. To be able to assess the automation readiness, the term “automation ready infrastructure or road 

design” needs to be defined. The definition developed in the CoEXist project (Olstam et al., 2019) is: 

 

“An automation ready road infrastructure is an infrastructure that allows the coexistence of automated vehicles, 

conventional vehicles and non-motorized road users, i.e. an infrastructure that can handle an introduction of 

automated vehicles without significant decline in performance.” 

 

The assessment approach utilizes outputs from automation-ready transport modelling tools as input. The traffic 

models are applied to a set of consistent scenarios with respect to penetration rates and different types of AVs. 

Relevant performance metrics are calculated from the model outputs and used to assess the automation readiness 

in terms of traffic performance for different infrastructure designs. An essential functionality of the assessment 

approach is to consider and visualize the magnitude of uncertainties with respect to how different types of AVs 

might behave and which mixes of different generations of AVs that are likely to coexist at different stages of the 

transition period towards full automation. 

 

The paper first presents an overview of what metrics that have been used in traffic simulation-based investigations 

of advanced driver assistance systems (ADAS) and automated vehicles (AVs) to assess automation readiness from 

a traffic performance perspective. Section 3 present the definition of automation ready infrastructure used in this 

paper. The approach for handling and presenting uncertainties of the automation readiness with respect to potential 

future development of penetration rates for different types of automated vehicles is presented in section 4. Section 

5 and section 6 exemplifies the application of the approach to a macroscopic and a microscopic use case, 

respectively. Section 7 presents a discussion and some conclusions regarding the proposed approach. 

 

2. Overview of traffic performance metrics used in the literature 

Traffic performance assessment of different types of ADAS or AVs using traffic models differs to some extent to 

the common usage of traffic models, i.e. assessment of various infrastructure and/or traffic control designs. In 

evaluations of ADAS or AVs it is the driver/vehicle population that change and not the infrastructure. Anyhow, 

the traffic performance metrics of relevance and interest can be expected to be the same. To investigate if other 

types of metrics are used for assessment of ADAS and AVs a literature review was conducted. The aim is not to 

give a complete review of all relevant papers, but rather to give a representative overview of commonly utilized 

traffic performance metrics used in traffic performance assessment of automated vehicles. Hence, there might be 

other metrics used and there might be additional usage of the metrics presented here.  

 

 
2 European Commission (2017) CoEXist: AV-Ready” transport models and road infrastructure for the coexistence of automated and 

conventional vehicles. https://www.h2020-coexist.eu/what-is-coexist/. 

https://www.h2020-coexist.eu/what-is-coexist/
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Delay is a commonly used metric, and most common is to use total delay (e.g. Bierstedt, 2014, Klunder et al., 

2009, Minelli et al., 2015, Burghout et al., 2015) or average delay (e.g. Bierstedt, 2014, Deluka Tibljaš et al., 2018, 

Kesting, 2008, Khan et al., 2014, Klunder et al., 2009, Le Vine et al., 2015, Wagner, 2016, Hegeman et al., 2009). 

But there are also examples of usage of standard deviation of delay or percentiles (e.g. Le Vine et al., 2015). Travel 

time related metrics as total travel time (e.g. Bierstedt, 2014, Bose and Ioannou, 1998) or average travel time (e.g. 

Kesting, 2008, Aria et al., 2016, Hegeman et al., 2009) are also used as well as travel time per distance (e.g. 

Bierstedt, 2014)). Speed related metrics are also common, both average speed (e.g. Bierstedt, 2014, Deluka Tibljaš 

et al., 2018, Kerner, 2016, Kesting, 2008, Klunder et al., 2009, Ntousakis et al., 2015, Van Arem et al., 2006, van 

Driel and van Arem, 2010, Aria et al., 2016) and standard deviation of speed (e.g. Deluka Tibljaš et al., 2018, 

Klunder et al., 2009, Aria et al., 2016), but also analysis of speed profiles (e.g. Bose and Ioannou, 1999, Bose and 

Ioannou, 2003, Davis, 2007, Kikuchi et al., 2003, Laquai et al., 2013, Van Arem et al., 2006, van Driel and van 

Arem, 2010). 

 

Several investigations focus also on effects on capacity/throughput/number of served vehicles (e.g. Bose and 

Ioannou, 1998, Kesting et al., 2010, Klunder et al., 2009, Le Vine et al., 2015, Mahmassani et al., 2018b, 

Mahmassani et al., 2018a, Motamedidehkordi et al., 2016, Talebpour and Mahmassani, 2016, Van Arem et al., 

2006, VanderWerf et al., 2002, Bierstedt, 2014), or effects on the fundamental diagram in terms of speed-density 

relationships (e.g. Kesting, 2008, Liu et al., 2017, Talebpour and Mahmassani, 2016). Stability (e.g. Bose and 

Ioannou, 1999, Bose and Ioannou, 2003, Kikuchi et al., 2003, Mahmassani et al., 2018b, Rajamani et al., 2005, 

Talebpour and Mahmassani, 2016), probability of breakdown (e.g. Kerner, 2016, Kesting, 2008, Kesting et al., 

2010, Mahmassani et al., 2018b) and number of shock waves (e.g. Mahmassani et al., 2018b, Van Arem et al., 

2006) or shock wave speed (e.g. Mahmassani et al., 2018b, Motamedidehkordi et al., 2016) are other considered 

metrics. Some studies also considers density or spacing between vehicles (e.g. Klunder et al., 2009, Ntousakis et 

al., 2015, Rajamani et al., 2005, Aria et al., 2016) or queue lengths (e.g. Deluka Tibljaš et al., 2018).  

 

Macroscopic modelling of automated vehicles commonly also include metrics as modal split (e.g. Minelli et al., 

2015, Moreno et al., 2018) and vehicle kilometers travelled (e.g. Martinez and Viegas, 2017, Burghout et al., 2015, 

Fagnant and Kockelman, 2018, Moreno et al., 2018). Another commonly considered metric is the value of travel 

time savings (VTTS). It has been found that VTTS can reduce significantly if drivers are free from driving 

(Kolarova, et al., 2018; Steck et al., 2018). This potentially leads to an increased demand of private cars.  

 

The different types of metrics used in the literature can be grouped as 

 

• Delay, travel time and speed related 

• Capacity or fundamental diagram related 

• Stability and shock wave related 

• Density, spacing between vehicles or queue length related 

• Lane change frequency / lane utilization 

• Vehicle kilometers travelled 

• Modal split 

• Value of travel time savings   

 

The conclusion from the literature review is that the metrics used in the reports and articles do not deviate from 

the metrics commonly used for assessing traffic performance from traffic models. Travel time, delay, speed and 

capacity are common traffic performance metrics used in microscopic simulation studies, while total travel time, 

vehicle kilometers travelled, and modal split are common metrics in macroscopic traffic assignment studies. In 

fact, only one of the reports (Mahmassani et al., 2018a) explicitly discuss what metrics to use for evaluation of the 

introduction of automated vehicles. No discussion on how to assess automation readiness or how an automation 

readiness criterion could be defined based on the used metrics were found in the literature. 

 

3. Definition of automation ready infrastructure 

To operationalize the definition of automation readiness cited in section 1, we need to: 1) define metrics for traffic 

performance, 2) define thresholds for ‘significant decline’ in these metrics.  
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As the literature review concludes, the metrics used in previous studies of automation and ADAS do not differ 

much from those used in traditional applications of traffic modelling. This indicates that all the usual metrics may 

be suitable to measure the traffic performance implications of the automation, and that the change in these metrics 

due to automation can be used to determine if the infrastructure is automation ready. However, when applying 

metrics to calculate a difference in traffic performance, care must be taken to compare the metrics for 

corresponding classes of road users. Various travel time based metrics are commonly used to evaluate traffic 

performance. In this case the problem is twofold: firstly, value of time for automated vehicles is likely to differ, 

possibly significantly, from that of other road users due to the possibility to engage in other activities during the 

ride. Thus, comparing the travel time for all cars, including AVs, to a baseline with no AVs may result in a 

misleading quantification of the automation readiness. We therefore mainly consider the effects on the traffic 

performance for non-automated modes when evaluating automation readiness. Secondly, total delay for 

conventional cars is problematic to use as a criterion for automation readiness since the number of conventional 

cars decrease when the penetration rate of automated cars increases. Thus, averaged metrics are used instead of 

total. 

 

Many road authorities have policies to prioritize active modes above private cars in traffic planning. This often 

implies that a road authority can accept a marginal decline in traffic performance for private cars to achieve an 

improvement for pedestrians and cyclists. However, the details of such policies differ between road authorities. 

To allow road authorities to define what “without significant decline” implies for different modes and road users, 

the assessment of effects should be conducted per mode or road user category (e.g. pedestrians, bikes, conventional 

cars, automated cars, etc.). For example, to ensure that the introduction of AVs do not counteract mobility goals 

on prioritization of walking, cycling, and public transport over private cars, road authorities can set the threshold 

for accepted decline for active modes and public transport at a lower level than for private cars. 

 

To summarize, the common performance metrics are still suitable to measure the traffic performance implications 

of the automation. The automation readiness is assessed by comparing the relative improvement in a performance 

metric for a specific road user category for each case with a specific penetration rate and mix of AVs with the 

corresponding baseline case without AVs. This relative improvement is then compared to the road authority 

requirements, e.g. no acceptance on decrease in improvement for pedestrians, bikes or buses but 5% decrease in 

performance for cars. 

 

4. Handling uncertainties related to the transition period 

Traffic models have traditionally been applied to investigate traffic performance of different road or traffic control 

designs. In such applications the driver population is assumed to be constant for all investigated design alternatives. 

For the assessment of the automation readiness of the current infrastructure it is instead the infrastructure that is 

constant and the driver population that changes. The pace of change of the mix of driving behaviors is highly 

uncertain. Thus, there is a need to consider several possible AV behaviors and that these different types of AVs 

might coexist. The combinations of penetration rates for several types of AVs lead to a large space of possibilities, 

too large for exhaustive exploration to be feasible. Based on the outcome of a set of workshops with persons from 

research organizations, consultants, cities, vehicle industry, etc. we developed an approach to deal with this by 

assuming that both the penetration rate of AVs and the level of automation will increase during the transition 

period towards full automation. That is, we assume that as time goes by, the penetration rate of AVs will increase, 

and the AVs will become more capable. This reduces the two-dimensional space of possibilities to a one-

dimensional space. Furthermore, we explore the resulting space in discrete steps as described below. 

 

Traffic investigations of the transition period should consider mixes of different AVs. Depending on the 

assumptions made on the behavior of AVs the resulting estimate of capacity, delay, travel time, etc. will vary 

significantly. We therefore suggest to divide the transition period into a limited set of stages (not defined in terms 

of specific number of years in the future, but rather by the level of automation). To start with, we defined three 

stages:  

 

• Introductory: Automated driving has been introduced, but most vehicles are conventional cars. Automated 

driving is in general significantly constrained by limitations (real or perceived) in the technology. 

• Established: Automated driving has been established as an important mode in some areas. Conventional 

driving still dominates in some road environments due to limitations (real or perceived) in the technology.  
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• Prevalent: Automated driving is the norm, but conventional driving is still present. 

 

We then suggest defining a set of consistent scenarios within each stage. These scenarios should specify which 

penetration rates and which mixtures of different AV behaviors that are expected to be present during each stage. 

The scenarios can, and should if necessary, also include variations of other uncertain variables as e.g. transport 

demand and behavioral adaptation of non-automated road users. The next step is to conduct traffic model runs for 

all the specified combinations of uncertain factors and calculate the automation readiness, i.e. the relative 

improvement in the performance metrics for each case with AVs and compare it to the baseline without any AVs. 

The results from the simulation experiments belonging to the same stage of coexistence can be seen as “samples” 

of the automation readiness during that stage. Both the median and the variability of the samples can be visualized. 

The variability is represented by the minimum and maximum values for the stage. To illustrate to what extent the 

current design is automation ready, the median, minimum and maximum values for relevant performance metrics 

are displayed together with acceptable thresholds provided by the road authority the vehicles need to drive to be 

able to handle different road environments and driving contexts. Basic AVs is the first type of AVs with SAE3 

level 4 capabilities only for one directional traffic environments with physical separation with active modes. The 

behavior is in general quite cautious and risk minimizing. Intermediate AVs are assumed to have level 4 

capabilities in some road environments and driving contexts. The behavior at more complex road environments 

and driving contexts is still cautious and risk minimizing while the behavior at less complex road environments 

and driving contexts can be less cautious and still be safe. Advanced AVs are AVs with level 4 capabilities in most 

road environments and driving contexts. The advanced AVs can drive less cautiously but sill safe in most road 

environments and driving contexts but still need to apply a more cautious behavior in more complex road 

environments and driving contexts. 

 

5. Automation readiness evaluation of a macroscopic traffic assignment case  

This macro use case is an assessment of the automation readiness in Gothenburg during a long-term construction 

work period using a macroscopic transport model. The study area includes the whole metropolitan area of 

Gothenburg including suburban areas. During a transition period, there are many construction projects that entail 

some restrictions for traffic and reduce the accessibility in the center of Gothenburg. The city administration of 

Gothenburg is interested in knowing if the introduction of AVs will ease the stress on the road network during 

such a long-term construction period. 

 

The macroscopic transport modelling tool Visum, is used to model the traffic flows in Gothenburg. The baseline 

model that describes the current traffic situation was developed and calibrated in another project (for details see 

Ramböll, 2017). The model handles vehicle traffic as a total amount of private passenger cars and heavy good 

vehicles. In that sense, there is no separation between private car and heavy good vehicles in terms of the demand 

representation. The demand matrix is derived from the national transport model "Sampers" (Muriel and Algers, 

2002) and calibrated for the peak hours using existing traffic counts.  

 

To capture the impact of automated vehicles in the macroscopic model, a method developed within the CoEXist 

project is used. This method utilizes the concept of passenger car units (PCU). PCU converts the volume and 

capacity of a specific type of vehicle into passenger car equivalences. Given that AVs exhibit different car 

following behavior and driving logics compared to conventional vehicles, the concept of PCU is extended to AVs 

for different types of AVs, road types and penetration rates of AVs. Specific parameter values of PCUs are obtained 

through extensive runs of microscopic simulations using Vissim. A detailed description of the method can be found 

in Sonnleitner and Friedrich (2018). To summarize, Basic AV has a high PCU (indicating it takes more space than 

conventional vehicle) on motorways and arterials while no difference in PCU compared to a conventional vehicle 

in urban streets. Intermediate AV has a low PCU on motorways and arterials while a high PCU on urban streets 

since Intermediate AV will utilize a cautious driving logic on urban streets. Advanced AV has a low PCU on all 

types of road environment. 

 

Different scenarios with varying AV penetration rates, mixture of AVs and demand configurations are defined and 

evaluated using the macroscopic model. Specially, the following three stages are defined: Introductory (AV 

penetration rates: 10% − 30%; AV mixtures: 80% Basic AV and 20% Intermediate AV), Established (AV 

 
3 Sae International. 2016. Taxonomy and Definitions for Terms Related to Driving Automation Systems for On-Road Motor Vehicles, 

J3016. Sae International. https://www.sae.org/standards/content/j3016_201401. 
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penetration rates: 30% − 70%; AV mixtures: 20% Basic AV and 80% Intermediate AVs; and 80% Intermediate 

AVs and 20% Advanced AVs), Prevalent (AV penetration rates: 70% − 90%; AV mixtures: 20% Intermediate 

AVs and 80% Advanced AVs).  

 

The results of the automation readiness assessment are presented in Fig. 1 in terms of relative improvements in 

three traffic performance metrics, namely average travel time, average travel time per distance unit and average 

delay for each of the three stages of coexistence. Each stage consists of several scenarios with varying AV 

penetration rates, mix of AVs and demand configurations. The bar chart shows the median result within each stage 

and the error bars indicates the minimum and the maximum result within the stage, thus indicating the uncertainty 

of the result. 

 

 

Fig. 1 The improvements of traffic performance measures for each of the three stages of coexistence for the macroscopic example case. 

 

The results suggest that AVs in Introductory stage can result in a small decrease in traffic performance due to the 

high PCU of Basic AVs, while AVs in the Established stage result in a decent increase in traffic performance and 

this is followed by an higher increase in the Prevalent stage. Given that Intermediate AVs have a high PCU on 

urban streets (potential to worsen traffic situation there) and low PCU on motorways and arterials, the results 

suggest that the introduction of Intermediate AVs in general will ease congestions mainly on motorways and 

arterials. It is as expected that the impact on average delay is larger than average travel time and average travel 

time/km, since the travel time consists of the free flow travel time (not influenced by the introduction of AV) and 

delay (influenced by the introduction of AV). Interestingly, the traffic performance metrics exhibit a large variation 

for the Established stage and the maximum in Established stage exceeds the minimum in Prevalent stage. This 

suggests that a specific AV penetration rate and AV mixture in Established stage can have a stronger impact on 

traffic performance than one in the Prevalent stage. 

 

6. Automation readiness evaluation of a microscopic traffic simulation case   

This use case is an assessment of the automation readiness of a shared space in the city center of Gothenburg. The 

traffic is dominated by large pedestrian flows caused by the many commercial and recreational activities available 
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in the area and a large tram and bus stop located next to the shared space. The question investigated in this use 

case is estimation of the traffic performance effects of the introduction of a last mile service in the form of 

automated minibuses passing through the shared space.  

 

A microscopic model in Vissim, including Viswalk, is used to model the shared space using a further developed 

version of the double representation method proposed by Gibb (2015). Vehicles are represented both using the 

regular Vissim vehicle model for interactions between vehicles and as a pair of very large fictitious dummy 

pedestrians to enable pedestrians to react to the vehicles through the pedestrian interaction model of Viswalk. 

 

To assess the automation readiness of the investigated area an experimental design is set up describing different 

penetration rates of AVs, mixes of types of AVs, and demand configurations. The three stages of coexistence are 

defined as: Introductory (AV penetration rates: 0% AV for cars and 100% AV for minibuses, all of type Basic 

AV), Established (AV penetration rates: 50% AV for cars, all of type Basic AV and 100% AV for minibuses, all 

of the type Intermediate AV), Prevalent (AV penetration rates: 80% AV for cars, all of type Intermediate AV and 

100% AV minibuses all of type Advanced AV).  

 

The results of the automation readiness assessment are presented in Fig. 2 as relative improvements in two traffic 

performance metrics, namely average travel time and average delay for each mode of transportation and each of 

the three stages of coexistence. As mentioned, each stage consists of several scenarios with varying AV penetration 

rates, mix of AVs, demand configurations, and behavior of non-automated users in this case in terms of three 

different levels of pedestrian aggressiveness. The bar chart shows the median result within each stage and the error 

bars indicates the minimum and the maximum result within the stage, thus indicating the uncertainty of the result.  

 

 

Fig. 2. The improvements of traffic performance measures for each of the three stages of coexistence for the microscopic example case. 

 

It is noticable that throughout the 3 stages of coexistance pedestrians will experience a small negative but negliable 

effect in both travel time (< 0.5 % in all cases) and delay (< 3 %). Indicating that the introduction of AVs will not 

have a significant impact on the experience of pedestrians with respect to average travel time or average delay. 

Hence, the current infrastructure design can be said to be automation ready from a pedestrian point of view if the 

road authority do not strictly requires 0% relative imrpovement. The limited effects on pedestrians is likely to a 

large extent an effect of the assumptions made in the modelling approach of the interaction between pedestrians 
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and vehicles in which pedestrians have the right of way and do not give way to vehicles but will avoid walking 

directly in front of them.  

 

For conventional cars, there is a large decrease in traffic performance metrics for all stages. However, even though 

there is a clear trend of improvement in traffic performance metrics from Introductory to Prevalent, the result 

shows that manually driven cars will experience a higher travel time and a larger delay than today in all three 

stages of coexistance. Even if the road authority would accecpt a decline in traffic performance and set the 

automation-readiness threshold at -20 % the current design cannot be said to be automation ready from a car traffic 

point of view. 

 

Traffic performance metrics of minibuses show a similar trend as the ones of conventional cars but the effects are 

larger. The introduction of automated minibuses implies a large increase in average delay, which corresponds to a 

relative decrease of over 100% in Introdoctury stage. Hence, the current infrastructure cannot be said to be 

automation-ready from a minibus perspective, even if a decrease of 10% is accepted. 

 

7. Discussion and conclusions 

The aim of this study is to develop an approach that can be used by city authorities and consultants to assess 

automation readiness of investigated infrastructure using automation-ready traffic modelling tools. As the 

applications of the approach to the two example cases demonstrated, the assessment can be conducted using 

modelling tools that are commonly used by practitioners in this field. The results indicate clearly and concisely 

the automation readiness of the investigated infrastructure without overstating the precision of the evaluation but 

presenting the uncertainties due to the limitations of what traffic models can predict, given the lack of information 

of the future technology. The applicability of this approach have also been confirmed by successful 

implementations of traffic planers in other use cases within the CoEXist project.  

 

From the results presented in Fig. 1, the effects in the macroscopic case is what is commonly expected: there is a 

slight decrease in traffic performance in the introductory stage, while rather significant improvements in the later 

stages. In the microscopic case, on the other hand, the results in Fig. 2 indicate that there is a significant decline in 

traffic performance for all stages. 

 

The significant uncertainties of the results, evident in Fig. 1 and Fig. 2, emphasize the importance of evaluating 

effects of different assumptions on the behavior of AVs, their penetration rates, mixes, and other uncertain factors 

as travel demand and behavioral adaptation of non-automated road users. The presented sizes of the uncertainties 

are valid under the assumptions of the development path of AVs assumed in respective use case. These 

assumptions are by necessity specific to respective use case; the assumptions should differ for different areas, 

countries, and types of infrastructure. The uncertainties also indicate if further analysis is required, for example if 

the uncertainties are of a magnitude comparable to the effect. 

 

Although the two use cases presented here are modelled using the automation ready traffic modelling tools 

developed within the CoEXist project, the approach is not exclusively applicable to the output of these models. 

Rather the approach is modelling framework agnostic, except that it requires that a range of possible futures are 

specified in terms of, for example, a set of AV classes, penetration rates, mixes, demand levels, etc. It also requires 

that assumptions are made on the correlation of penetration rates and mixes of AVs. 
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