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ABSTRACT: Several past studies showed that Autonomous Vehicles (AVs) can reduce crash risk, stop-and-go traffic, and
travel  time.  To  analyze  the  safety  benefits  of  AVs,  most  of  the  researchers  proposed  algorithms  and  simulation-based
techniques.  However,  these  studies  have  not  assessed  the  safety  benefits  of  AVs  for  different  vehicle  types  under
heterogeneous conditions.  With this  opportunity,  this  study focuses on the benefits  of  AVs in  terms of  safety  for  different
penetration rates under heterogeneous conditions. This study considered three driving logics during peak hour conditions to
assess  the  performance  of  AVs  in  terms  of  safety.  In  VISSIM,  default  driving  behavior  models  for  AVs  were  adopted  to
consider cautious and all-knowing driving logic and the third driving logic (Atkins) was modeled in VISSIM using parameters
adopted  from  the  previous  studies.  To  this  end,  using  VISSIM,  the  travel  time  output  results  were  obtained.  Also,  using
Surrogate  Safety  Assessment  Model  (SSAM),  conflicts  were  extracted  from  output  trajectory  files  (VISSIM).  The  results
suggest that “cautious driving logic” reduced travel time and crash risk significantly when compared to the other two driving
logics  during  peak  hour  conditions.  Furthermore,  the  statistical  analysis  clearly  demonstrated  that “cautious  driving  logic”
differs  significantly  from  the  other  two  driving  logics.  When  Market  Penetration  Rates  (MPR)  were  50%  or  greater,  the
“cautious  driving  logic” significantly  outperforms the  other  two driving  logics.  The results  highlight  that  adopting “cautious
driving logic” at an expressway may significantly increase safety at higher AV penetration rates (above 50%).
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1    Introduction
Road traffic accidents are one of the leading causes of worldwide
human  fatality.  The  annual  fatalities  from  road  traffic  crashes
reached about 1.35 billion worldwide (World Health Organization
(WHO,  2018)).  As  per  WHO  report,  at  least  one  of  ten  global
crashes  belongs  to  India  (Ministry  of  Road  Transport  and
Highways  (MORTH,  2020)).  Road  crashes  occur  due  to  the
interplay of three primary factors: road infrastructure, vehicle, and
human  factors  (MORTH,  2020; Malaghan  and  Pawar,  2022).  Of
these,  the  factors  related  to  human  error  are  responsible  for  4.9
million  road  crashes  in  India  (MORTH,  2020).  Rear-end,  lane
change,  and  crossing  conflicts  are  significant  crashes  that  occur
due  to  human  error  (MORTH,  2020).  Rear-end  collisions
contribute  the  highest  percent  (~40%)  of  crashes  among  the
aforementioned crashes.

Autonomous  Vehicles  (AVs)  can  potentially  reduce  road
crashes  and  travel  time  (Singh,  2015; Yue  et  al.,  2018).  AVs  are
expected  to  maintain  smaller  headway,  resulting  in  increased
capacity  and  travel  time  compared  to  human-driven  vehicles
(Hoogendoorn et al., 2014). With proper vehicle-to-vehicle (V2V)
connectivity,  each  AV  receives  information  (i.e.,  speed,
deceleration, and acceleration) from other AVs to evade crashes in
the road network (Rahman et al.,  2021). The connectivity among

these intelligent vehicles makes safe lane changing, overtaking, and
car-following  decisions.  Therefore,  AVs  have  created  high
expectations  in  enhancing  the  safety  performance  of  road
networks. Papadoulis  et  al.  (2019) estimated  that  fully  controlled
AVs would provide a 90% increase in safety. However, this impact
level has not been proved officially due to the lack of data.

As  a  result,  many  automotive  manufacturers  are  working  on
ongoing  projects  and  field  operational  tests  in  different  road
environments  (Papadoulis  et  al.,  2019).  These  trial  experiments
have  confirmed  that  AVs  would  initiate  a  spectrum  of
revolutionary  challenges  (Papadoulis  et  al.,  2019).  For  example,
whether  the  prevailing  urban  infrastructure  and  motorway  can
host  the  AVs  is  questionable.  Moreover,  the  inherent  challenges
emerging  due  to  the  interaction  between  AVs  and  conventional
vehicles  during  the  changeover  phase  are  unclear.  Besides,  the
absence  of  compatibility  among  the  software  from  different
automakers is uncertain, which might affect their performance at
the corridor level (Papadoulis et al., 2019).

Despite  real-world  experiments,  the  fleet  data  for  AVs are  not
readily  available  to  assess  their  safety  benefits  (Mohebifard  and
Hajbabaie,  2020).  Therefore,  a  technique  based  on  micro-
simulation is the only alternative technique to estimate AVs’ safety
benefits for different penetration rates (Almobayedh, 2019). In this
study, recent studies used a simulation software to investigate the
safety impacts of AVs (Papadoulis et al., 2019; Severino et al., 2021;
Sinha  et  al.,  2020).  However,  the  different  techniques  in  the
literature  to  simulate  AVs  have  limitations.  Several  researchers
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proposed  different  algorithms  and  assigned  an  Application
Programming  Interface  (API)  of  micro-simulation  software
(VISSIM)  to  create  an  AV  environment  and  assessed  the  safety
benefits  (Deluka  Tibljaš  et  al.,  2018; Tajalli  and  Hajbabaie,  2018;
Wan  et  al.,  2016).  Furthermore,  fewer  studies  calibrated  the  car-
following model parameters without any ground truth to create an
AV environment (Bansal et al.,  2017; Genders and Razavi,  2016).
Moreover,  most  studies  assessed  the  safety  benefits  using  the
default  driving  behavior  implemented  in  car-following  model,
which  may  not  estimate  real-world  AV  behavior  (Tajalli  and
Hajbabaie, 2018; Mirheli et al., 2018; Letter and Elefteriadou, 2017;
Mousavi et al., 2021).

Besides the above limitations, the influence of varying static and
dynamic characteristics of vehicles in predicting the safety benefits
of AVs is unknown. Traffic in developing countries such as India
is not homogeneous and the influence of heterogeneous traffic on
the  safety  performance  of  AVs  in  the  network  is  questionable.
None  of  the  past  studies  (except  few  studies)  used  the  driving
behavior models from the CoExist  project for the AV simulation
in PTV VISSIM that are modified and verified using real-field AV
data (VISSIM, 2018; Sukennik, 2018).

In summary, several studies did assumptions to assess the safety
benefits  of  AVs  using  crash  data.  Most  of  the  studies  used
algorithms  to  develop  an  AV  behavioral  framework  on  the  API
interface of VISSIM and in several studies, the parameters for the
car-following model were calibrated in order to calculate the safety
benefits of AVs. However, all these studies performed simulations
under homogeneous conditions, and they solely took into account
passenger  cars  while  evaluating  the  safety  benefits  of  AVs.  With
these  opportunities,  by  utilizing  the  calibrated  and  validated  AV
driving  behaviours  from  VISSIM,  this  study  explores  the  safety
advantages  of  AVs  to  find  the  reduction  in  number  of  conflicts
and  travel  time  under  heterogeneous  conditions  using  three
driving  logics.  Two  driving  logics  were  adopted  from  VISSIM
default  driving  behavior  of  AVs  and  the  third  driving  logic  was
adopted  from  the  study  by Atkins  (2016).  With  this  motivation,
this  study  aims  to  estimate  the  performance  (travel  time)  and
safety  impacts  (conflicts)  because  of  the  introduction  of  AVs  in
heterogeneous  conditions  using  the  micro-simulation  software
(PTV  VISSIM)  with  default  driving  behavior  models  of  AVs
recommended by CoExist project.

2    Literature review
Previous studies estimated the influence of AVs on the outcomes
of performance and safety benefits using historical crash data and
simulation  data.  Therefore,  this  study  categorized  the  literature
based  on  the  type  of  data  used  to  estimate  the  safety  benefits  of
AVs:  (1)  safety  evaluation  based  on  historical  accident  statistics
and (2) safety evaluation using simulation.

2.1    Safety impact evaluation based on historical accident
statistics
Based on the  available  historical  accident  statistics, Hayes  (2011),
Silberg  et  al.  (2012);  and Fagnant  and  Kockelman  (2015)
attempted to assess the potential safety benefits because AVs were
introduced  to  the  road  network.  AVs  can  potentially  reduce  the
crashes  that  occur  due  to  human  error,  and Fagnant  and
Kockelman (2015) assumed that 90% of the crashes due to human
error are reduced as the AVs are self-driving. As per the National
Highway  Traffic  Safety  Administration,  AVs  with  full  V2V
communication  will  prevent  439,000  to  615,000  road  accidents

annually  (FMVSS,  2016).  On  the  other  hand,  studies  comparing
the execution of AV to the execution of automated technologies in
rail  or  aviation found that  crashes are  as  low as  those in rail  and
aviation,  eventually  leading  to  1%  (Hayes,  2011).  Even  though
these  studies  provided  useful  insights  about  the  potential  safety
benefits  of  hosting  the  AVs,  the  assumptions  made  in  predicting
the benefits may limit the reliable outcomes.

2.2    Safety impact based on micro-simulation software
Recent  studies  used  simulation  and  the  optimization-based
approach  to  investigate  the  safety  benefits  arising  from  the
significant difference in the driving behavior of AVs (Curto et al.,
2021; Rahman  et  al.,  2019).  The  majority  of  studies  used  the
aforementioned approach to establish the

behaviour structure to simulate the driving behaviour of AVs at
various penetration rates on a large scale in order to estimate the
potential  safety  benefits. Table  1 summarizes  the  recent  studies
that  used  simulation  to  predict  the  safety  benefits  of  AVs.  For
instance, Arvin et al.  (2021) considered two levels (low and high)
of  automation  to  simulate  the  AVs  at  different  rates  in
conjunction  with  conventional  vehicles:  (1)  The  type  of  car-
following  model  utilized  for  this  study  was  Wiedemann for  AVs
with  a  low  level  of  automation,  and  (2)  the  Adaptive  Cruise
Control  (ACC)  was  utilized  for  AVs  with  a  low  level  of
automation.  The  authors  used  open-source  simulation  software
“VENTOS” to  evaluate  the  Time-to-Collision  (TTC)  and  extract
the  conflicts  number.  Their  research  found  that  at  a  100%  AV
penetration  rate,  collisions  are  completely  avoided.  On  the  other
hand, Park  and  Smith  (2012) developed  an  algorithm  using
PARAMICS  to  reduce  the  merging-related  conflicts  for  the
upstream ramp merging areas.

Several  studies  used  different  simulation  softwares  such  as
CORSIM,  SUMO,  VISSIM,  and  MATLAB  and  developed
different algorithms to predict the safety benefits (Abdel-Aty et al.,
2020; Genders and Razavi,  2016; Jin et  al.,  2014).  However,  most
of  the  studies  simulated  AV  driving  behaviour  utilizing  VISSIM.
For  example, Virdi  et  al.  (2019) used  micro-simulation  software
(VISSIM)  and  SSAM  software  output  to  evaluate  the  safety
benefits of AVs. The authors proposed an algorithm “Virdi CAV
control protocol” to build the behavioral framework of AVs, and
for  simulating  the  human  driving  behavior,  default  parameters
(car-following model) were used. Their study results showed that
the collisions were completely eliminated when all vehicles on the
road  network  are  fully  automated.  For  autonomous  intersection
control, Li  et  al.  (2013) developed  an  algorithm  in  the  extension
API  interface  of  VISSIM  and  transferred  the  trajectories  data
generated  from  VISSIM  into  the  SSAM  software  to  predict  the
types  of  conflicts.  Based  on  the  approach  designed  for  AV
intersection safety evaluation, the authors observed a single traffic
conflict  for  100%  penetration  rate.  However,  the  designed
approach is  applicable only for intersections,  and the approach is
not transferrable at the corridor or network level. Fyfe and Sayed
(2017) proposed  a  Cumulative  Travel  Time  (CTT)  algorithm  in
VISSIM API interface to estimate AVs’ safety benefits at signalized
intersections. Their study results reported a 40% reduction in rear-
end  crashes  when  all  the  vehicles  are  fully  automated.
Furthermore, Papadoulis  et  al.  (2019) developed  a  program  for
lateral  decision-making  and  longitudinal  control  of  AVs  on
highways. The authors concluded that the collisions were reduced
(90%–94%)  at  100%  Market  Penetration  Rates  (MPR). Zhang
et  al.  (2021) examined  the  influence  of  AVs  on  motorway  crash
pots.  The authors  developed a  car-following model  for  AVs,  and
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used  the  default  Weidemann  car-following  model  for
conventional  vehicles.  Two  scenarios  were  developed:  (1)  In  the
first scenario, AVs have the ability to change lanes, and (2) in the
second  scenario,  AVs  were  constrained  to  managed  lanes.  The
study results showed that there was an increase in conflicts up to
300% in the first scenario, while the conflicts reduced from 63 to 0
in the second scenario.

Previous  studies  altered  the  default  car-following  model
parameters  in  micro-simulation  software  to  simulate  the
behaviour  of  AVs  (Atkins,  2016; Bansal  and  Kockelman,  2017).
For  example, Morando  et  al.  (2018) modified  the  parameters  in
VISSIM  for  the  car-following  model,  and  investigated  the
potential  for  crashes  using SSAM at  roundabout  and signal  head
intersections.  Their  study  results  demonstrated  that  when  the
MPR of the AVs increased, the overall number of crashes reduced.

3    Methodology

3.1    Study area
This study selected an Outer Ring Road (ORR) of Hyderabad for
the  microsimulation  of  AVs.  It  is  an  8-lane  divided  multi-
expressway  with  access  control  and  has  19  access  points
(Hyderabad  Metropolitan  Development  Authority  (HMDA,
2012)).  It  has  a  lane  width  of  3.5  m  and  a  design  speed  of  120
km/h.  The  salient  features  of  the  ORR  were  obtained  from  the
official site of the HMDA. In this study, the road segment selected
from  Exit  5  to  Exit  18  (as  shown  in  a  solid  red  line)  is
approximately 44 km in length (Fig. 1).

3.2    Vehicle composition data
The vehicle composition included 79% of trucks and 21% of cars
(Ghosh et al., 2020). The peak hour volume (3,600) was calculated
by referring  to  the  ORR traffic  analysis  using  a  regression model
(Leela et al., 2018).

3.3    Simulation setup
The  ORR  network  was  built  as  per  the  existing  road  geometric
designs  in  the  microsimulation  software  VISSIM  as  shown  in

Fig.  2a.  The  decision  to  use  VISSIM  (Version  2020)  was  made
because  of  its  potential  to  accurately  model  vehicle  decision,
infrastructure,  and  complex  vehicle  interaction  (Abdel-Aty  et  al.,
2020). The road segment has trumpet (Fig. 2b) and rotary grade-
separated interchanges (Fig. 2c).

In Figs. 2b and 2c, the average speed reduction ranges from 40
to  60  km/h  were  provided  on  the  ramps  of  grade-separated
interchanges  to  avoid  drifting.  This  study  used  conventional  (car
and Heavy Goods Vehicle (HGV)) and autonomous vehicles (car-
AV  and  HGV-AV)  for  this  simulation.  The  Desired  Speed
Distribution  (DSD)  for  each  vehicle  type  was  considered  in  this
simulation  range  from  60  to  100  km/h.  When  other  vehicles  or

 

Table 1    Summary of existing literature based on AV

Ref. Car following model Software Study area MOE Collision reduction
(MPR - 100%)

Guériau et al. (2020) Proposed driving behavior - wiedemann SUMO Motorway Safety 58%
Rahman (2021) Proposed driving behavior - wiedemann VISSIM Arterial Safety 100%

Rahman et al. (2019) Proposed driving behavior - wiedemann VISSIM Arterial Safety 34%
Papadoulis et al. (2019) CoEXist Project VISSIM Freeway Safety 94%

Letter and Elefteriadou (2017) Default CORSIM Freeway Traffic Operations —
Mousavi et al. (2021) Default VISSIM Highway Safety 100%

Genders and Razavi (2016) Modified driving behavior PARAMICS Arterial Safety —
Fyfe and Sayed. (2017) Proposed driving behavior-wiedemann VISSIM Freeway Safety 40%

Wan et al. (2016) Default PARAMICS Arterial Traffic Operations —
Tajalli and Hajbabaie (2018) Default VISSIM Arterial Safety —

Arvin et al. (2021) Default SUMO Freeway Safety 100%
Jin et al. (2014) Default SUMO Arterial Traffic Operations —

Sinha et al. (2020) Proposed driving behavior - wiedemann VISSIM Freeway Safety 100%
Severino et al. (2021) Proposed driving behavior - wiedemann VISSIM Flower Roundabout Safety —

Khashayarfard and Nassiri (2021) CoExist VISSIM Unsignalized Intersection Safety 93%
Curto et al. (2021) Proposed driving behavior - wiedemann VISSIM Roundabout Safety 64%

Atkins (2016) Modified driving behavior VISSIM Freeway Traffic Operations —
Morando et al. (2018) Default VISSIM Signalized Intersection Safety 65%

 

Fig. 1    Selected stretch on ORR (Google map, 2022).
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obstacles  are  not  affecting  the  speed  of  the  vehicles,  the  speed
distribution is known as DSD. The AV penetration rates selected
for this study are 0%, 10%, 30%, 50%, 70%, 90%, and 100%. Case
study  was  done  for  different  traffic  flow  conditions  (free  flow,
intermediate  flow,  peak  off,  and  peak  hour).  However,  the  three
driving  logics  were  effective  only  during  high  peak  hour
conditions.  During  other  traffic  flow  conditions,  the  simulation
showed  similar  results  for  all  three  driving  logics.  Also  the
reduction  percentages  in  total  travel  time  and  conflicts  were  not
reduced in all three driving logics.

The peak hour traffic volume was simulated for one hour time
interval. The time interval selected for the simulation ranged from
0  to  4,200  s.  The  initial  600  s  of  the  simulation  period  was
considered  a  warm-up  period  to  allow  the  interaction  between
vehicles in the network.

3.4    Calibrated driving behavior parameters
The car-following model’s  parameters  for  both conventional  and
autonomous  vehicles  should  be  modified  to  account  for  the
heterogeneous traffic  condition.  The parameters  for  conventional
vehicles  (Large  Goods  Vehicle  (PCV)  and  HGV)  in  this  study
were taken from an earlier study are presented in Table 2 (Ghosh
et  al.,  2020).  The parameters  of  the driving behavior for the AVs
are  calibrated  and  validated  based  on  the  driving  behavior  data
obtained from AVs in the field operational tests of CoEXist project
(Sukennik,  2018; VISSIM,  2018).  CoEXist  work  included  three
driving  logics  in  the  PTV  VISSIM  based  on  their  principles  and
capabilities.

In  this  study,  three  AV  driving  logics  were  considered,  two
types  of  AV  driving  logics  from  PTV  VISSIM  (cautious  and  all-
knowing) and another type of AV driving logic, “Atkins” (Atkins,
2016).  In  all-knowing  driver  logic,  the  vehicle  predicts  the
behavior of other road users using vehicle-to-infrastructure (V2I)
and V2V communication technologies. The vehicle has profound
awareness  and  predictive  capabilities,  leading  mainly  to  smaller
gaps  for  all  man-oeuvres  and  situations.  A  kind  of  cooperative
behaviour  is  expected.  The  vehicle  maintains  smaller  safety
distance with the preceding vehicles. In cautious driving logic, the

vehicle observes the road code and always adopts a safe behaviour.
The  brick  wall  stop  distance  is  always  active,  but  the  vehicle  will
maintain larger safety distance with preceding vehicles. In a Atkins
driving logic, following AVs can modify their behavior depending
on  the  characteristics  of  the  front  vehicle  according  to  a
methodology  created  by  Atkins.  AVs  may  potentially  have  more
aggressive  acceleration  and  number  of  the  observed  vehicles
because  of  vehicle  connectivity  technology.  The  vehicles  will
maintain  much smaller  gap  with  preceding  vehicles  than  the  all-
knowing  driving  logic.  The  difference  between  all-knowing,
Atkins, and cautious driving logic is the safety distance maintained
between  the  vehicles.  According  to  VISSIM  software,  both
cautious  and  Atkins  driving  logic  maintain  a  very  shorter  safety
gap  but  cautious  driving  logic  maintains  a  larger  safety  gap.  The
simulation was conducted as a 3 (driving logics) × 7 (penetration
rates) by a total of 21 scenarios.

3.5    Simulation data
For  each  penetration  rate,  the  simulation  run  was  repeated  five
times. After the simulation runs, two data files were obtained from
VISSIM.  One  includes  the  total  travel  time  of  all  vehicles  on  the
whole  network,  which  is  a  direct  output  result,  and  another  is  a
vehicle trajectory file collected for every simulation run. Since the
simulation  is  repeated  five  times  for  each  penetration  rate,  the
average values of travel time and the number of conflicts from the
trajectory files were determined.

3.6    SSAM setup
The software  named SSAM was  created  by  the  Federal  Highway
Administration  (FHWA)  to  locate  crashes  from  trajectory  files
(Gettman et al., 2008). The SSAM was primarily utilized to gather
the different types of conflicts that occurred in the network. Traffic
conflicts were identified using TTC and Post-encroachment Time
(PET) thresholds in SSAM software. For safety assessment, several
studies examined at a default TTC criterion of 1.5 s (Curto et al.,
2021; Papadoulis  et  al.,  2019; Rahman  et  al.,  2019; Tajalli  and
Hajbabaie, 2018). Similar to that, the default TTC criterion of 1.5 s
was  taken  into  account  in  this  study.  The  vehicle  trajectory  files
obtained from the  VISSIM were  used as  an input  file  for  SSAM.
The  output  results  from  the  SSAM  provide  the  number  of
conflicts  for  conflict  types  such  as  rear-end,  crossing,  and  lane
changing.

4    Analysis of travel time and conflicts

4.1    Travel time
The average total travel time of all the vehicles in the road network
was  obtained  from  the  five  simulation  runs  at  each  penetration
rate of AVs. The simulation runs were made for each of the driver
logics, “all-knowing”, “Atkins”,  and “cautious”,  and  the  travel
time variation at different penetration rates is presented in Fig. 3.
AVs  maintain  shorter  headways,  which  decrease  the  total  travel

 

(c)

(b)

(a)

Fig. 2    Study  stretch  for  the  simulation  (a)  outer  ring  road  (ORR)  network,
(b) trumpet interchange, and (c) loop interchange.

 

Table 2    Calibrated parameters for conventional and automated vehicles

Parameter CAR HGV AV-Cautious AV-All Knowing AV-Atkins
CC0 Standstill distance (m) 1.24 1.78 1.5 1 0.5

CC1 Headway time (s) 0.6 0.64 1.5 0.6 0.5
CC2 Following variation (m) 2.15 3.8 0 0 0

CC3 Controls the deceleration process −7.87 −5.43 −10 −6 −6.0
CC4 Negative following threshold −1.07 −1.03 −0.1 −0.1 0
CC5 Positive following threshold −1.01 1.3 0.1 0.1 0
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time  with  the  increase  in  MPR.  From Figs.  3a–3c,  it  can  be
observed that the three driving logics showed a similar decrement
pattern  in  travel  time,  i.e.,  the  travel  time  decreases  with  an
increase in AV penetration rate. However, it can be seen that the
reduction in travel time for “cautious” was found to be steeper in
comparison  to “all-knowing” and “Atkins” driving  logics.  The
simulation was done for three different variables (Atkins, cautious,
and all-knowing  driving  logic).  As  discussed  in  the  methodology
section,  the  simulation was  done for  5  runs  because  the  network
stretch is 40 km long and the VISSIM and SSAM software could
not analyze the result for higher simulation run. This is one of the
reasons  that  the  One-way  Analysis  of  Variance  (ANOVA)  was
executed with less sample size.

Kolmogorov–Smirnov  (K–S)  test  was  used  to  determine  the
normality  of  the  travel  time  data  for  each  driving  logic  at  a  5%
level of significance. Table 3 shows the K–S test results as well  as
descriptive  statistics  for  the  travel  time  data.  The  normal
distribution parameters (mean and standard deviation (SD)) were
estimated using the maximum likelihood method.

The standard deviation of travel time for cautious driving logic
is more due to larger headway gaps maintained between vehicles.
The  SD  from  the  mean’s  relative  variability  is  shown  by  the
coefficient  of  variation  (COV).  When  compared  to  all-knowing
(0.055)  and Atkins  (0.035),  the  greater  COV for  cautious  (0.077)

suggests  greater  variation  in  travel  time.  The  travel  time
distribution  was  negatively  skewed  for  all-knowing,  whereas
positively  skewed  for  cautious  and  Atkins.  The  mean  value
confirmed  more  travel  time  for  Atkins  (~2,000,000)  and  all-
knowing  (~2,000,000)  compared  to  cautious  (1,950,907.1).  To
determine  the  statistically  significant  difference  in  mean  travel
time at different driver logics, a ANOVA test was used.

The  hypothese  are  formulated  as  follows: H0 is  the  mean  of
travel  time  for  different  driving  logics  that  are  statistically  the
same; H1 is the mean of travel time for different driving logics that
are statistically different.

p < 0.05

ANOVA  tests  revealed  a  statistically  significant  difference
between  the  group  means  of  travel  time  for  different  driving
logics. Thus, the test rejected the null hypothesis claiming that the
means  of  the  travel  time  for  the  three  AV  driving  logics  are  the
same. However, Tukey’s honestly significant difference (TSD) test
was  performed  to  identify  the  pairwise  difference  in  mean  travel
time  for  different  driving  logics. Table  4 presents  the  pairwise
difference in group means of travel time for driving logics at a 5%
significance  level.  Cautious  and  Atkins  driving  logic  showed  a
statistically significant difference in mean travel time ). In
both  AV  groups  (Atkins-all-knowing  and  cautious-all-knowing),
the pairwise difference in mean travel time was insignificant.
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Fig. 3    Total travel time for whole network: (a) All-Knowing, (b) Atkins, and (c) Cautious.

 

Table 3    Descriptive statistics and K–S test results for travel time

AV type Mean SD Max (s) Min (s) COV Skewness K–S value p-value
Atkins 2,069,737.4 73,401.74 2,197,111 1,941,594 0.03 0.11 0.11 0.70

All-Knowing 2,015,633.8 111,611.3 2,197,111 1,838,288 0.05 −0.00 0.13 0.54
Cautious 1,950,907.1 151,001.2 2,197,111 1,725,356 0.077 0.11 0.12 0.58

 

Table 4    Tukey’s HSD test results for travel time

AV group
95% confidence interval

p-value
Lower Upper

Atkins-All knowing −13,041.04 121,248.35 > 0.13
Cautious-All knowing −131,871.32 2,418.06 > 0.06

Cautious-Atkins −185,974.98 −51,685.59 < 0.01
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Fig.  4 displays  the  percentage  decrease  in  total  travel  time  for
each  driving  logic  for  peak  hour  volume  at  different  penetration
rates.  At  AV  50%  penetration  rate,  the  percentage  reduction  in
travel  time  for  Atkins  and  all-knowing  is  approximately  half  the
percentage of total travel time reduction in cautious (10%) driving
logic.  For  Atkins  and  all-knowing  driver  logics,  the  difference  in
the  percentage  reduction  of  the  travel  time  is  marginal  with  the
increase  in  the  MPR.  When  the  AV  penetration  rate  reaches
100%,  cautious  driving  logic  (19%)  showed  a  higher  percentage
reduction in travel time compared to the other two driving logics.
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Fig. 4    Percentage reduction in total travel time.
 

In VISSIM, it was observed that all the vehicles (including three
AV  driving  behaviors)  traveled  at  lower  speeds  while
entering/exiting  the  ramps  to  avoid  the  runoff  on  the  curved
roads. The Atkins and all-knowing AVs travel at shorter headways
while  merging/diverging  the  ramps,  and  the  through  traffic
movement slows down till  merging traffic  clears,  which increases
the travel time of the entire network. However, in the case of AV
cautious due to the larger headway, the through traffic movement
was  not  affected,  thereby  reducing  travel  time  for  the  entire
network.

4.2    Traffic safety
The reduction in the total conflict points at each MPR for all  the
three driving logics is  shown in Figs.  5a–5c.  As the MPR of AVs
increases,  the  overall  number  of  conflicts  declines.  In  the  all-
knowing driving logic, the difference in the reduction of conflicts
is  marginal  when  the  MPR  of  AVs  increases  from  0%  to  30%.
However, above 30%, the reduction in the number of conflicts was
drastic  at  higher  MPR.  In  the  case  of  Atkins,  the  general  pattern
showed a decrement in the number of conflicts with the increase
in  the  MPR.  The  cautious  driving  logic  significantly  reduced  the
number  of  crashes  at  each  penetration  rate  among  the  three
driving  logics. Table  5 presents  the  descriptive  statistics  for  the
conflict data and the K–S test results for normality at the 5% level
of  significance.  The  standard  deviation  of  conflicts  for  cautious
driving  logic  is  higher  due  to  larger  headway  gaps  maintained
between  the  vehicles  at  different  MPRs.  The  COV  for  cautious
driving  logic  (0.131)  is  high,  which  specifies  more  variation  in
conflicts compared to Atkins (0.086) and all-knowing (0.081). The
conflict  data  were  negatively  skewed  for  cautious  and  Atkins,
whereas  positively  skewed  for  all-knowing.  The  mean  value  of
conflicts  confirmed  lower  conflicts  for  cautious  (273)  in
comparison to Atkins (~290) and all-knowing (~292).

The hypotheses formulation for ANOVA is as follows: H0 is the
mean  conflict  for  different  driving  logics  that  are  statistically  the
same; H1 is  the  mean conflict  for  different  driving logics  that  are
statistically different.

At  a  5%  level  of  significance,  the  ANOVA  results  revealed  a
statistically significant difference in the mean conflicts for the three
driving  logics  (Table  6).  The  pairwise  significant  difference
between  cautious  and  Atkins  driving  logics  showed  a  statistically
significant  difference  between  each  other  in  the  mean  conflicts
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Fig. 5    Reduction of average total conflicts: (a) All-Knowing, (b) Atkins, and (c) Cautious.
 

Table 5    Descriptive statistics and K–S test results for conflicts

AV type Mean SD Max (s) Min (s) COV Skewness K–S value p-value
Atkins 293.08 23.85 328 253 0.08 −0.05 0.07 0.97

All-Knowing 292.25 23.32 328 223 0.08 0.59 0.09 0.92
Cautious 273.97 36.05 328 194 0.13 −0.40 0.11 0.73
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p < 0.05( ).  Similarly,  cautious  and  all-knowing  driving  logics
showed  a  statistically  significant  difference  in  mean  conflicts.
However, the pairwise difference in the mean conflicts for Atkins
and all-knowing was insignificant.

The percentage reduction in the  conflicts  for  the  three  driving
logics at each penetration rate is shown in Fig. 6.
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Fig. 6    Percentage reduction of total conflicts for different penetration rates.
 

Above  50%,  all  the  three  driving  logics  showed  a  general
increment  in  the  reduction  of  conflicts;  however,  it  can  be  seen
that,  below  50%  MPR,  the  conflicts  are  low,  and  also  pattern
(increment/decrement)  is  not  observed.  The  difference  in  the
percentage  reduction  of  conflicts  for  Atkins  and  all-knowing
above  30%  MPR  is  marginal;  however,  cautious  driving  logic
showed  the  highest  percentage  reduction  in  the  conflicts
compared to the other two driving logics.

5    Results and discussion
This  study  investigates  the  performance  and  safety  benefits  of  of
AVs  at  different  MPRs.  The  parameters  for  the  car-following
model  for  human  driving  behavior  were  adopted  from  the  real
field study made in India by Ghosh et al.  (2020). In addition, the
simulation  was  performed  for  mixed  traffic  conditions. Fig.  7
shows the comparison of percentage reduction in total conflicts at
AV  100%  penetration  rate  for  previous  studies  and  the  present
study.  In  this  study,  the  simulation  was  performed  for
heterogeneous  traffic  conditions,  and  this  might  be  one  of  the
reasons for the lower percentage reduction in conflicts compared

to previous studies.
The study results showed that the travel time and conflicts were

reduced  in  all  the  three  cases  of  the  driving  logics.  Furthermore,
the  results  show  that  the  AV  cautious  driving  logic  is  much
effective at different penetration rates, because the cautious driving
logic  follows  a  larger  safety  distance  to  avoid  collision  with  the
preceding vehicles and it follows road conditions to obey the rules.
However,  both  the  Atkins  and  all-knowing  follow  short  safety
distance.  Therefore,  the  reduction  of  travel  time  and  collision  is
less due to the complex road.

6    Conclusions and future research directions
This  study  analyzed  the  performance  (reduction  in  travel  time)
and safety benefits (conflicts) of AVs on an expressway using the
microsimulation software VISSIM. To evaluate the safety benefits
of  AVs  at  various  penetration  rates,  three  different  types  of  AV
driving  logics  were  taken  into  consideration.  The  parameters  for
conventional  vehicles  and  peak  hour  volume were  adopted  from
previous studies. The simulation was run for different penetration
rates to determine the reduction of travel time and the number of
conflicts for all three driving logics. The VISSIM-generated output
trajectory files were used to analyze the total conflicts using SSAM.
ANOVA  test  was  conducted  to  investigate  the  significant
difference  in  travel  time and the  number  of  conflicts  that  existed
between  the  three  driving  logics.  The  following  inferences  are
listed based on the simulation results:

1)  The  percentage  reduction  in  travel  time  decreases  with  the
increase  in  MPR  of  AVs.  From  statistical  analysis,  AV-Cautious
has  a  significant  reduction  in  travel  time  when  compared  to  the
other two driving logics.

2)  The  percentage  reduction  in  the  number  of  conflicts
decreases  with  the  increase  in  MPR  of  AVs.  Amongst  all  three
driving  logics,  cautious  showed  a  significant  reduction  when
compared to other two driving logics in the number of conflicts.

Findings  of  this  study  from  observation  conclude  that  for  the
lower  penetration  rates  (0%–50%),  the  reduction  in  travel  time
and conflicts was not effective; however, above 50% MPR of AV,
the reduction in travel time and conflicts was noticeable.

This study has fewer limitations that can be addressed in future
research work.

1)  This  study  adopted  calibrated  and  validated  parameters  of
the  car-following  model  for  AVs  under  homogenous  traffic
conditions. Further studies can recommend the parameters for the
car-following model for heterogeneous traffic conditions based on
field experiments to simulate the AV environment.

2) Most of the studies simulated passenger cars to evaluate the
safety benefits of AVs. Future studies can assess the safety benefits
for a proportion of different vehicle types at different MPRs in the
network.

3)  The  AV  behavior  may  change  depending  on  the  road
network,  peak  hours,  or  congested  highways.  Also,  the  length  of
the road network might change the behavior of AVs. In the future
study,  all  three  AV  driving  logics  should  be  tested  for  different
road interchanges, road network lengths, and congested highways.

In  this  study,  AV  behavior  was  modeled  by  using  VISSIM’s
default  car-following  model  parameters  (CoExist  project).
However,  there  is  definitely  space  to  build  more  accurate  car-
following  model  parameters  for  AVs  and  calibrate  them  using
actual data under heterogeneous conditions. In India, the facilities
for  implementing  AVs  were  in  early  stages  in  current  situations.
Also,  the  AV  vehicles  are  not  readily  available  to  conduct  a  real

 

Table 6    Tukey’s HSD test results for conflicts

AV group
95% confidence interval

p-value
Lower Upper

Atkins-All knowing −17.516 54 15.859 400 > 0.99
Cautious-All knowing −35.802 26 −2.426 315 > 0.02

Cautious-Atkins −34.973 69 −1.597 743 > 0.02

 

10
0

10
0

10
0

10
0

94 93

65 64 58

Homogenous
Heterogeneous

40 34 30

0
20
40
60
80

100
120

R
ed

uc
tio

n 
In

 to
ta

l
co

nf
lic

t (
%

)

AV penetration rate

Arvi
n e

t a
l. (

20
20

)

Mou
sa

vi 
et 

al.
 (2

02
1)

Sinh
a e

t a
l. (

20
20

)

Rah
man

 et
 al

. (2
02

1)

Pap
ad

ou
lis 

et 
al.

 (2
01

9)

Kha
sh

ay
arf

ard
 an

d N
as

sir
i (2

02
1)

Curt
o e

t a
l. (

20
21

)

Mora
nd

o e
t a

l. (
20

21
)

Gue
ria

u e
t a

l. (
20

20
)

Fyfe
 an

d S
ay

ed
 (2

01
7)

Rah
man

 et
 al

. (2
01

9)

This
 st

ud
y

Fig. 7    Comparison of reduction in conflicts at AV 100% with previous studies.
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field  experiment  to  find  out  the  calibrated  parameters  for  AVs.
Therefore,  calibrating  the  AV  parameters  according  to  Indian
condition is quite challenging in current conditions. In future, this
study results can be compared with the calibrated parameters for
Indian conditions.

Replication and data sharing
The data generated during VISSIM simulation can be accessed at
https://drive.google.com/drive/folders/1iQT3Iu_t8lUE_oP1Hdp6y
Rlgr1rNBbmu.
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