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ARTICLE INFO ABSTRACT

Keywords: Improving both safety and efficiency in traffic systems remains a central challenge, especially in the context

Safety of increasingly mixed traffic with autonomous and human-driven vehicles. Although many indicators assess

Efficiency either safety or efficiency, few capture both dimensions simultaneously at a microscopic level. This paper

Safetx—Efﬁciency Index introduces two new traffic indicators: Efficiency Index (EI), which measures local speed and spacing regularity,

Combined Index and Safety and Efficiency Index (SEI), which combines EI with a time-to-collision safety component. A tunable
version, SEMI, allows greater sensitivity to risk by penalizing safety-critical interactions. Using real-world traffic
flow data and simulation via SUMO, we tested these indicators in varying penetration rates of autonomous
vehicles. The results show that while AVs improve efficiency across the board, the safety gains become
especially pronounced in dense traffic. These findings offer a flexible and interpretable tool for researchers
and practitioners in traffic engineering, vehicle automation, and public policy. The proposed indicators can
inform the design of AV control models, traffic management strategies, and infrastructure planning where
safety-efficiency trade-offs must be explicitly addressed.

1. Introduction

More than 90% of traffic accidents are caused by human error
(Singh, 2015). Autonomous vehicles (AVs), by replacing human drivers
with intelligent systems, hold the promise of improving both safety and
efficiency in traffic systems. Several studies suggest that AVs can reduce
crash frequency (Arvin et al., 2021; Guériau and Dusparic, 2020; Virdi
et al., 2019; Morando et al., 2018; Andreotti et al., 2020, 2022b,a),
reduce travel times (Li et al., 2013; Kato et al., 2023), increase road
capacity (Mahdavian et al., 2019; Sala and Soriguera, 2021), and
improve flow stability (Parsa et al., 2020; Luo et al., 2024). However,
due to limited access to real-world data, the impact of AVs is typically
assessed through surrogate safety measures (SSMs) and microscopic
simulation models.

Numerous SSMs have been proposed to assess traffic safety. Time-
based indicators such as Time-To-Collision (TTC), Time-Exposed TTC
(TET), Time-Integrated TTC (TIT) (Minderhoud and Bovy, 2001), and
Modified TTC (MTTC) (Ozbay et al., 2008) are widely used. Time
headway, the time gap between two vehicles at a fixed point (Michael
et al., 2000), and Post-Encroachment Time (PET) (Cooper, 1984) also
fall into this category. Other classes of indicators include deceleration-
based metrics such as the Deceleration Rate to Avoid Collision (DRAC)
and the Crash Potential Index (CPI), as well as distance-based indicators
such as the Potential Index for Collision with Urgent Deceleration

(PICUD) and the Proportion of Stopping Distance (PSD) (Allen et al.,
1978). Comprehensive reviews can be found in Mahmud et al. (2017),
Wang et al. (2021) and Hu et al. (2020).

Comparative studies have investigated how these measures perform
in different traffic situations (Guido et al., 2011; Mamdoohi et al., 2014;
Vogel, 2003). For example, TTC and PSD often identify overlapping
risk scenarios (Mamdoohi et al., 2014), while TTC and time headway
serve distinct purposes: TTC indicates imminent danger, while short
time headways may signal potential risk or tailgating (Vogel, 2003).
Most of these SSMs focus on rear-end collisions, though indicators have
also been developed for lateral maneuvers such as cut-ins (Aramrattana
et al., 2020; Andreotti et al., 2022a).

Although safety is typically analyzed using microscopic indicators,
efficiency is typically assessed using macroscopic quantities such as av-
erage speed, density, and flow, through models such as the fundamental
diagram (Imran et al., 2024), efficiency equations (Brilon, 2000), or
congestion indices (He et al., 2016). However, to our knowledge, no
single indicator combines safety and efficiency in a unified microscopic
framework.

This gap is critical. Evaluating only safety or only efficiency can lead
to skewed conclusions: enhancing one may compromise the other. As
interest grows in minimizing emissions and optimizing infrastructure,
combined indicators are increasingly necessary (Silva et al., 2022).
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To address this, we propose two novel dimensionless indicators
based on microscopic traffic data: Efficiency Index (EI), which quantifies
the regularity and smoothness of vehicle interactions, and Safety and
Efficiency Index (SEI), which integrates efficiency with a TTC-based
safety component. Both indices range from 0 (unsafe and inefficient)
to 1 (safe and efficient).

These indicators are designed to cover common traffic maneu-
vers (car-following, lane changing, and emergency braking) and are
tested in realistic mixed traffic scenarios simulated in SUMO (Kra-
jzewicz et al., 2012), incorporating real traffic flows and driver model
calibration.

Although our approach is grounded in simulation-based analysis,
it also addresses emerging challenges observed in real-world deploy-
ments of autonomous vehicles, particularly in complex mixed traffic
environments that involve interactions with human-driven vehicles and
vulnerable road users (Bjornskau et al., 2023). The proposed indicators
aim to support a broader understanding of AV integration by offering
interpretable microscopic metrics that can inform both the modeling
and evaluation frameworks.

In line with this interdisciplinary perspective, recent research has
also investigated how shared autonomous micromobility modes can
reshape travel behavior and system-level performance in dense urban
contexts, reinforcing the relevance of integrated indicators that capture
both safety and efficiency dimensions (Sanchez and Larson, 2024).

The remainder of the paper is organized as follows. Section 2
presents the formulation of the Efficiency Index (EI), while Section 3 in-
troduces the Safety and Efficiency Index (SEI) and its modified version
(SEMI). Section 4 illustrates their application through microsimulation
of mixed traffic scenarios with varying levels of AV penetration. The
key findings, implications, and future research directions are discussed
in Sections 5 and 6.

2. Efficiency Index (EI)

To evaluate the efficiency of the car-following and lane change
scenarios, we introduce Efficiency Index (EI). We define efficiency as
vehicle behavior that promotes traffic flow stability, specifically sce-
narios where vehicles maintain similar speeds and consistent spacing.
For example, platoon formation is considered highly efficient, whereas
stop-and-go conditions are indicative of inefficiency.

The EI between two vehicles in a car-following situation is com-
puted using two components: a parabolic function that peaks when the
ego vehicle’s speed matches that of the leader (Fig. 1), and a negative
exponential function that peaks when the relative spacing between the
ego and the leader is minimal (Fig. 2). Fig. 3 illustrates how the EI
varies with the distance between vehicles and the speed of the ego
vehicle.

The equation that defines the EI between the ego vehicle E and the
lead vehicle L is given by:

2
Elg, = <1 - <§—f - 1) )expl"u’wl )

where s and s; are the speeds of the ego and lead vehicles, respec-
tively; and kg; and kpp are the relative distances defined as kp; :=

d d . .
——ELL — and kpp := —EE—. Here, dg; is the distance between the
dpp+drg dpp+drE

lead and the ego vehicles and dj; is the distance between the ego and
the following vehicles.

We then define the index over an entire road section as the average
of the indices between each pair of vehicles. Let n be the number of
vehicles involved in car-following; the total Efficiency Index is defined

as:
| n—1 s 2 _‘f’i,i+1*f’i—1.:|
— 1- <_' — 1> exp G ti-Li @)
n—2 g ( Si+1
Both indices take values between 0 and 1, where O represents the
lowest efficiency and 1 the highest. We also note that the more similar

EI' :=
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Fig. 1. Parabolic component of the Efficiency Index (EI) as a function of the distance
between the ego vehicle and the leader vehicle (dj, ), and the speed of the ego vehicle
(sg). The blue plane represents the reference value given by the leader vehicle’s speed
(s;), assuming a fixed distance of 10m between the ego and the following vehicle
(d,.-E).
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Fig. 2. Exponential component of the Efficiency Index (EI) as a function of the distance
between the ego vehicle and the leader vehicle (dj,; ), and the speed of the ego vehicle
(sg). The blue plane represents the reference value given by the leader vehicle’s speed
(s), assuming a fixed distance of 10m between the ego and the following vehicle
(dpE)-

the distances and speeds between vehicles, the higher the efficiency.
Therefore, a platoon scenario will be rated as highly efficient by the
EL while a stop-and-go scenario will be rated as highly inefficient.

The total EI in (2) can be easily extended to include lane changes:
When a vehicle is about to change lanes or is in the process of doing
so, it is counted in both the starting and the target lanes. As shown
in Fig. 4, when the vehicle E performs a lane change, it occupies both
lanes; thus, we calculate both EI; and EIp,. In a scenario with / lanes
and n vehicles, of which m are changing lanes, the total EI consists of
(n—2l)+ m terms, as given in (3).

In the particular case illustrated in Fig. 4, the total EI is defined as:

EI" = %(EIEL + Elg,)
2 dp 1—dF E
Y- (%k_y exp_ldandnsl
2 sy
1 s 2 2 dg,A—4BE |
+3 1- <s_E - l> exp ‘EAYIBE 3
A
3. Safety and Efficiency Index (SEI)

To define an index to evaluate safe and efficient car-following
behavior, we consider driving patterns that are smooth, particularly
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Fig. 3. Car-following Efficiency Index (EI) as a function of the ego vehicle’s speed and its distance to the leader vehicle. The blue plane represents the leader vehicle’s speed (s, ),

assuming a fixed distance of 10m between the ego and the following vehicle (d ).
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Fig. 4. The total EI extended to include lane changes.
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Fig. 5. Safety and Efficiency Index (SEI) as a function of the ego vehicle’s speed and
its distance to the leader vehicle. The blue plane represents the leader vehicle’s speed
(s;), assuming a fixed distance of 10m between the ego and the following vehicle

(dyep)-

when in close proximity to other vehicles, and that promote traffic
flow stability. Specifically, scenarios in which vehicles maintain similar
speeds (within legal limits), maintain consistent spacing, and avoid
abrupt acceleration or braking are considered safe and efficient. A
platoon formation is considered highly efficient and safe, whereas stop-
and-go conditions, especially those involving short headways and speed
differences, are considered inefficient and unsafe.

To this end, we define Safety and Efficiency Index (SEI) as a combi-
nation of Efficiency Index (EI) and time-to-collision (TTC), as illustrated
in Fig. 5.

The SEI between the ego vehicle E and the lead vehicle L is defined
as follows:

) EI;; (1 —exp TTCEL),
SElp =1
EL>

if sp>s
E ' L )
otherwise

ZfﬁL, with dg; > 0 and sg, s; < Spao Where s, is
the speed limit of the road. The TTC is defined only when the speed of
the ego vehicle exceeds that of the lead vehicle; otherwise, there is no
risk of collision. According to this definition, when the leader’s speed is
greater than or equal to the speed of the ego vehicle, the SEI in Eq. (4)
is based solely on efficiency (i.e., the EI in (1)). When the ego vehicle
is faster than the leader, the SEI is computed as the EI penalized by the
factor (1 —exp~77C).

For the reduction factor, we draw inspiration from the Cut-In Risk
Indicator (CRI) (Aramrattana et al., 2020), as applied in Andreotti
et al. (2022a). The CRI is defined as the sum of two exponential
terms of the form exp=* 7€, which depend on the relative distances
(k) and TTCs between the lead, ego, and following vehicles. Since
we are not considering merging scenarios here, we replace the rela-
tive distance coefficients with the constant 1 and consider only the
exponential term between the lead and ego vehicles. However, the
SEI can be extended to merging situations using the reduction factor
(2 —expkELTTCEL _exp=kreTTCrE),

Like the EI, the SEI takes values between 0 and 1, where 0 indicates
unsafe and inefficient conditions, and 1 indicates the safest and most
efficient traffic state. We define the index over an entire road section
as the average of the pairwise SEIs. Let n be the number of vehicles in
car-following conditions; then the total SEI is given by:

where TTCp;, = -

n—1

SEI" = 111_2 Y SEL,. )
i=2

If each lead vehicle is faster than its follower, that is, s; < s, for all
i, then SEI is equal to EL As the ego vehicles become faster than their
leaders and the distances between them decrease, the SEI decreases.

Consider a simple example involving three vehicles: L (leader),
E (ego), and F (follower), with speeds and distances defined as in
Section 2. Suppose that all inter-vehicle distances are 20 m, i.e. d; =
dpp = 20 m. If s; = 22 m/s and sp = 20 m/s, then TTCy, is
undefined and EI;; = SEI;; = 0.9917, indicating a highly efficient
and safe scenario. If we slightly change the speeds to s; =20 m/s and
sg = 22 m/s, then TTCp; = 10 s, and we get EIp; = 0.9900 and
SEIg; =0.9899.

As the speed difference increases, so does the gap between SEI and
EL For example: s; =20m/s, sy =25m/s > TTC =4s, El;; = 0.9375,
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Table 1 Table 2
SEI, EI and TTC between E (ego) and L (leader) vehicles. Parameters for HOCs and HOTs.
dpp =20 m dpp=21m dpp=25m Parameter HOCs HOTs
dgp =20m dp=19m dpp=15m model krauss krauss
sp =20 m/s EI = 0.9917 EI = 0.9434 El = 0.7724 length norm(4.9, 0.2); [3.5, 5.5] 9.5
s, =22 m/s SEI = 0.9917 SEI = 0.9434 SEI = 0.7724 accel norm(1.4976, 0.0555) 1.3
sp =22 m/s EI = 0.9900 EI = 0.9417 EI = 0.7710 decel ) 3"“;(4'0522’ 0.9979) 3 1
s, =20 m/s SEI = 0.9899 SEI = 0.9416 SEI = 0.7706 apparentDece ece ece
TTC = 10 s TIC = 95 s TIC = 75 s sigma norm(0.7954, 0.1615) 0.30
tau gamma(33.62, 40.62) 2
sp =25 m/s EI = 0.9375 EI = 0.8918 EI = 0.7301 minGap norm(1.5401, 0.2188) 25
s, =20 m/s SEI = 0.9203 SEI = 0.8718 SEI = 0.6938 speedFactor norm(1.2081, 0.1425) 1.17
TTC = 4.0 s TTC = 3.8 s TTC = 3.0s IcStrategic norm(0.0122, 1.6575) 0.7
sp =30 m/s EI = 0.7500 EI = 0.7134 EI = 0.5841 lcCooperative norm(0.9978, 0.1) 1.2
s, =20 m/s SEI = 0.6485 SEI = 0.6067 SEI = 0.4538 lcSpeedGain 1 0.75
TTC =20s TIC=19s TIC=15s IcKeepRight 1 1.9
lcAssertive 1.3 1
IcLookAheadLeft 2 2
lanechange-duration 1.1362 1.1362
SEIz; =0.9203; s, =20 m/s, sp =30 m/s » TTC =25, EI;; = 0.75,
SEI; = 0.6484, Table 3
In this example, where the distances are equal, the efficiency re- Parameters for AVs.
mains high, and thus SEI also remains relatively high. However, if we Parameter Value
slightly modify the distances to dp; = 19 m and dpp = 21 m, the model IDM
results become EI;; =0.7134 and SEI;; = 0.6067. In a more critical length norm(4.9, 0.2); [3.5, 5.5]
case, with dp; = 15m, dp = 25 m, 5; = 20 m/s, and sy = 30 m/s, chell ;-4
the TTC = 1.5 s, a frequently cited critical threshold for rear-end leth 4
risk (Meng and Qu, 2012), and SEI drops below 0.5, specifically at tau 15
SEI =0.4538. See Table 1 for more details. minGap 2
From these examples, it becomes evident that we may sometimes speedFactor 1
. . . . IcStrategic 1
wish to place greater emphasis on safety than on efficiency. To accom- JcCooperative 1
modate this, we introduce a penalty factor a € (0, 1] that reduces the lcSpeedGain 1
SEI value when the speed of the ego vehicle exceeds that of the lead IcKeepRight 1
vehicle. This leads to the definition of the Safety and Efficiency Modified leAssertive 1
: IcLookAheadLeft 2
Index (SEMI), given by:
( ) 8 y lanechange-duration 1.1362

a Elg; (1 —exp~TTCEL),

Elgg,

if sp > s,
SEMIg; = (6)
EL { otherwise

dp . .
where TTCg; = —£L-, dp; > 0, and sg, 57 < sy, With s, denoting

the speed limit. Tslfe; Stf)tal SEMI is then defined as
n—1

1
SEMI := — Y SEMI, ;. %)
i=2

When « = 1, the SEMI formulation in Eq. (6) reduces to the SEI
defined in Eq. (4), and remains continuous with respect to the speed
difference between the ego and the lead vehicles. However, for any
a < 1, SEMI becomes a discontinuous function.

As shown in the previous example, even a modest penalty factor
(for example a = 0.8) leads to a substantial reduction in the SEI value,
from its original value down to 0.3630, while the efficiency component
remains unchanged.

These examples illustrate how SEMI can be effectively used to
differentiate between traffic states that exhibit similar efficiency but
varying safety levels. When safety is prioritized, the selection of a lower
penalty factor ensures that the indicator attains high values only under
very safe conditions, that is, when TTC-based conflicts are rare or TTC
values are sufficiently large.

4. Case study: evaluation of EI and SEI in simulated mixed traffic
conditions

To evaluate the proposed indices under different traffic scenarios,
we reproduced a section of the DriveMe route in Gothenburg in SUMO.
This segment consists of a 2-km long, three-lane main road and a 300-m
on-ramp merging into it. The maximum speed allowed on the ramp is
80 km/h, while the speed limit on the main road is 90 km/h. Once the
ramp joins the main road, there is a 200-m long acceleration lane.

Each simulation reproduces the real variation in traffic flow for a
full day, specifically the 24-h period between 8 and 9 April 2019, based
on data provided by the Swedish Transport Administration (Trafikver-
ket) (Trafikverket, 2019). Since vehicle entry order and parameter
values are generated stochastically, each simulation was run five times
to ensure robustness. The Index values were calculated every minute,
resulting in 300 evaluations per hour for both SEI"" (5) and EI"" (3).
We evaluated the indicators separately for three segments of the road:
the on-ramp, the main road before merging, and the main road after
merging.

To realistically model Human-operated Cars (HOCs) and Human-
operated Trucks (HOTs), we used the parameters calibrated for Gothen-
burg roads in Nilsson (2019) and Erlandson (2020), adopting the Krauss
car-following model and a realistic lane change behavior (Table 2).

We modified baseline traffic by replacing increasing percentages of
HOCs with Autonomous Vehicles (AVs) modeled using the Intelligent
Driver Model (IDM), ranging from 0% to 100% in increments of 10%.
AV parameters were taken from Kesting et al. (2010) and validated
in Andreotti et al. (2020, 2022b) (Table 3).

4.1. Evaluation of EI

Table 4 and Fig. 8 present the average and boxplot of the total
Efficiency Index (EI) for different penetration rates of AV during rush
hours (i.e. average flow above 1 veh/s per road or 0.33 veh/s/lane).

4.1.1. Relationship between lane changes and AV penetration

To assess how lane changes impact efficiency, we computed their
frequency as a function of AV penetration. The average number of lane
changes per hour per km peaks at 0.1044 with 0% AVs and drops to
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a minimum of 0.0877 at 70%, before rising again to 0.0945 at 100%
AVs (Fig. 6). Although the standard deviations (not shown) are high,
ranging from 0.0748 (0%) to 0.0591 (70%), the trend remains visible.

The frequency of lane changes varies considerably during the day.
For 0% AVs, it ranges from 0.001 lane changes/hour/km (1-4 a.m.)
to 0.22 (7-8 p.m.). Moreover, the daily trend changes with AV pen-
etration; Fig. 7 shows representative time slots for selected rates. For
example, with 100% AV, the number ranges from 0.002 (2-3 a.m.) to
0.17 (10-11 a.m.).

We observe that during rush hours, the higher penetration of AV
is correlated with fewer lane changes. In contrast, during low-flow
periods, the lane changes increase with AV penetration.

We tried to compare our results with naturalistic driving data
(e.g. Liet al. (2015), based on Chinese highways). However, differences
in traffic culture, driving styles, and the lack of information on flow
variability make direct comparisons difficult. In addition, naturalistic
data typically do not report how lane changes vary with density or
traffic conditions.

In our simulations, average density was 13.6 veh/km, ranging from
0.77 veh/km (2-3 a.m.) to 44.1 veh/km (7-8 a.m.). The percentage
of vehicles involved in lane changes ranged from 0.16% (3-4 a.m.) to
1.22% (11-12 p.m.) at 0% AVs. In particular, high density does not
imply more lane changes: during rush hours (6-9 a.m.), lane changes
dropped to around 0.5%, likely due to limited maneuverability. This
aligns with more recent models (e.g. Knoop et al. (2012)), which
consider both density and traffic dynamics, unlike earlier approaches
that focused solely on density (Wardrop, 1952).

4.1.2. Efficiency across different AV penetration rates

As AV penetration increases, efficiency improves in both main road
segments, except for a slight drop in 10% AVs. During rush hours, EI
increases by up to 13.5% before the merging section and 19.8% after
it. However, on the on-ramp, the trend is less consistent: efficiency
decreases slightly at 10%-30% AVs (up to 3.5%) before increasing,
reaching its peak at 100% AVs. In general, the on-ramp shows a more
modest improvement, with a 9.3% increase between 0% and 100% AVs
during peak hours (Table 4, Fig. 8).

Fig. 9 shows the average EI over time on the main road after
merging, along with the total flow. In general, higher flow corresponds
to higher EI, except for the 7-7:59 a.m. time slot, where EI slightly
drops for AV rates higher than 50%, despite maximum flow. At nearly
all hours, efficiency increases with penetration of AVs, except for 0%
and 20% AVs, which yield nearly indistinguishable results, suggesting
that a threshold above 20% may be necessary for AVs to positively
impact efficiency.
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4.1.3. Comparison of EI with the fundamental diagram

The fundamental diagram, also known as the flow—density relation,
has traditionally been used to represent traffic efficiency, where higher
flow implies higher efficiency (Daganzo et al.,, 2011; Daganzo and
Geroliminis, 2008; Park et al., 2021; Lu et al., 2020). In some formu-
lations, the flow is normalized by maximum capacity, yielding values
between 0 and 1 (Othayoth and Rao, 2020; Frantzeskakis and Iordanis,
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Fig. 8. EI values for different AV penetration rates during rush hours (6:00-8:59).
From top to bottom: main road before merging, after merging, and on-ramp.

1987). Like the proposed EI, the fundamental diagram depends on
the speeds and spacing of the vehicles. However, it reflects aggregate
behavior by averaging these values (Daganzo and Geroliminis, 2008),
while EI accounts for local variations among individual vehicles.

Fig. 10 illustrates how, under the same average speed and density,
road conditions can differ significantly. In the top plot, speed variability
across vehicles is introduced while keeping distances fixed: the curve
with uniform speed (black) yields higher flow than curves with more
heterogeneous speeds (lighter grays). In the bottom plot, inter-vehicle
distances vary while speeds are held constant, again showing that
variability reduces flow. Thus, even with identical mean values, local
fluctuations in speed or distance can reduce overall efficiency, an effect
captured by EI but not by standard fundamental diagrams.

Table 4
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Mean total EI (3) values during rush hours for different AV penetration rates.

% AVs Main road before Main road after On-ramp
merging merging
0 0.7257 0.7256 0.5144
10 0.7242 0.7222 0.4965
20 0.7280 0.7256 0.4965
30 0.7339 0.7329 0.5118
40 0.7393 0.7413 0.5161
50 0.7484 0.7562 0.5215
60 0.7584 0.7706 0.5437
70 0.7720 0.7884 0.5498
80 0.7882 0.8080 0.5496
90 0.8069 0.8340 0.5552
100 0.8239 0.8695 0.5621
— flow A4 0% AVs F®
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Fig. 9. Average EI for different AV penetration rates on the main road after merging,
with corresponding traffic flow.

We used the Greenshield model (Greenshields, 1935) to generate
the flow—density curves, although other models (e.g., Greenberg Pipes,
1967) could also be applied. The results confirm that at higher den-
sities, variability in spacing or speed has a more pronounced impact
on flow, further motivating the use of EI as a more granular efficiency
metric.

4.2. Evaluation of SEI

We evaluated SEI under the same road conditions and time intervals
used for EL Table 5 reports the average total SEI values during rush
hours for different penetration rates of AV. The values match closely
those of EI, up to the fourth decimal place, except on the main road
after merging, where SEI is slightly lower, probably due to higher
flow levels increasing safety relevance. This similarity suggests that on
Swedish roads, where traffic is relatively smooth, efficiency dominates
SEI. However, to emphasize safety, we use the SEMI indicator (7),
which penalizes SEI values when the ego vehicle exceeds the leader’s
speed. This is controlled by a factor a € (0, 1], with lower values that
emphasize safety more strongly.

Tables 6-8 show the SEMI results across three sections of the road.
Before the merging section, the SEMI remains stable across different
a values, indicating that the TTC is generally high or undefined and
efficiency is dominant. Here, SEMI increases monotonically with pene-
tration of AV, from 0.7257 to 0.8239 (for « = 1), representing a 13.5%
increase, and up to 16.6% with a = 0.6.

However, after merging, the SEMI is more sensitive to a. As «
decreases, the SEMI values drop significantly, revealing that safety
becomes more influential in this section. For example, SEMI increases
from 0.6917 to 0.8424 across AV rates with « = 0.9, and from 0.5862
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Table 6
Mean of total SEMI values during rush hours for different penetration rates of AVs and
different values of « on the main road before merging section.

% of AVs a=09 a=0.38 a=07 a=0.6
0 0.7256 0.7254 0.7253 0.7250
10 0.7240 0.7237 0.7247 0.7236
20 0.7265 0.7263 0.7275 0.7260
30 0.7331 0.7343 0.7321 0.7320
40 0.7391 0.7389 0.7380 0.7379
50 0.7483 0.7481 0.7480 0.7479
60 0.7584 0.7584 0.7584 0.7582
70 0.7719 0.7715 0.7710 0.7709
80 0.7870 0.7847 0.7841 0.7840
90 0.8045 0.8059 0.8048 0.8038
100 0.8239 0.8238 0.8238 0.8237
Table 7

Mean of total SEMI values during rush hours for different penetration rates of AVs and
different values of « on the main road after merging section.

% of AVs a=09 a=038 a=0.7 a=0.6
0 0.6917 0.6558 0.6201 0.5862
10 0.6893 0.6569 0.6246 0.5896
20 0.6963 0.6630 0.6339 0.6004
30 0.7028 0.6733 0.6421 0.6105
40 0.7122 0.6818 0.6555 0.6250
50 0.7245 0.7965 0.6691 0.6401
60 0.7406 0.7111 0.6830 0.6519
70 0.7578 0.7288 0.7004 0.6714
80 0.7781 0.7482 0.7213 0.6924
90 0.8049 0.7756 0.7463 0.7181
100 0.8424 0.8098 0.7793 0.7479
Table 8

Mean of total SEMI values during rush hours for different penetration rates of AVs and
different values of a on ramp.

density [veh/km] % of AVs a=09 a=08 a=07 a=06
0 0.4670 0.4379 0.3859 0.3416
Fig. 10. Comparison of EI with the fundamental diagram. Top: vehicle speeds vary 10 0.4526 0.4271 0.3643 0.3430
from 0 m/s (black) to 4 m/s (lightest gray) in 1 m/s steps, with constant inter-vehicle 20 0.4899 0.4316 0.3832 0.3368
distances. Bottom: inter-vehicle distances vary from 0 m (black) to 8 m (lightest gray) 30 0.4886 0.4356 0.3894 0.3304
in 2 m steps, with constant speeds. 40 0.4736 0.4544 0.4114 0.3383
50 0.5075 0.4568 0.4100 0.3659
60 0.5120 0.4665 0.4243 0.3806
Table 5 70 05172 0.4810 0.4280 0.3695
Mean of total SEI values during rush hours for different penetration rates of AVs. 80 0.5360 0.4910 0.4244 0.3816
% of AVs Main road before Main road after On ramp 90 0.5517 0.4784 0.4507 0.3903
merging section merging section 100 0.5685 0.4987 0.4536 0.3917
0 0.7257 0.7255 0.5144
10 0.7242 0.7221 0.4965
20 0.7280 0.7254 0.4965
30 0.7339 0.7328 0.5118 performance based on microscopic data. EI captures how vehicles
40 0.7393 0.7412 0.5161 move harmoniously, rewarding uniform speed and consistent spacing,
50 0.7484 0.7561 0.5215 while SEI adds a safety dimension based on time-to-collision (TTC). To
60 0.7584 0.7705 0.5436 address cases where efficiency can mask unsafe behavior, we introduce
70 0.7720 0.7884 0.5497 v >
80 0.7882 0.8080 0.6495 the SEMI, which includes a tunable penalty factor a € (0, 1] to place
90 0.8070 0.8340 0.5552 greater emphasis on safety. These indicators are designed to cover com-
100 0.8239 0.8695 0.5621 mon maneuvers such as car-following, lane changes, and emergency

to 0.7479 with « = 0.6, which gives an improvement of 27.6%. This
confirms that a higher presence of AVs improves both efficiency and
safety where safety constraints are more critical.

On the on-ramp, the SEMI values also decrease with lower «, but
the trend across AV rates is less monotonic for low penetration levels.
Overall, SEMI still improves with increasing AV penetration, though
to a lesser extent and with more variability due to the complex and
transitional nature of ramp traffic.

5. Discussion

The proposed Efficiency Index (EI) and Safety and Efficiency Index
(SEI) provide a compact but informative framework to evaluate traffic

braking. Although merging scenarios are not explicitly modeled yet,
the formulation is adaptable. We tested the indicators using real traffic
data from the city of Gothenburg in microsimulations that include
mixed traffic and varying penetration rates of autonomous vehicles
(AVs). The results showed that EI and SEI increased by up to 13.5%
on a main road section before merging and up to 19.8% after merging
during peak hours as penetration of AV increased. In the section before
merging, where traffic flow was lower, SEMI was insensitive to changes
in a, suggesting that efficiency was dominant. In contrast, SEMI values
decreased significantly post-merging with decreasing a, indicating a
stronger influence of safety. As vehicle-level data become more widely
available through connected and autonomous systems, these indicators
could support practical applications such as individual vehicle path
planning and real-time traffic management (e.g., dynamic speed lim-
its or rerouting). In broader research contexts, they offer a valuable
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tool for evaluating the implications of AV behavior models, vehicle
cooperation strategies, or infrastructure changes. However, the current
validation of the indicators is limited to motorway-like scenarios us-
ing SUMO. Future research should explore their applicability in more
complex environments such as intersections, roundabouts, or areas with
vulnerable road users. Additionally, while TTC is a standard surrogate
safety measure, alternative indicators such as Time to React (TTR) or
Modified TTC (MTTC) could be explored to enhance robustness. Finally,
establishing operational thresholds for safety and efficiency, such as
when stop-and-go patterns occur, could support absolute, rather than
just comparative, evaluations.

6. Conclusion

This study presents three new indicators — EI, SEI, and SEMI - to
evaluate traffic efficiency and safety at the microscopic level. Their
flexibility and reliance on vehicle-level quantities make them especially
relevant in the era of AVs and connected mobility. Beyond simulation,
their interpretability enables use in planning, behavior modeling, and
traffic control systems. For policy and planning, these indicators offer
a practical way to assess trade-offs between safety and efficiency,
which are often treated separately. By integrating these two aspects,
our framework provides a more holistic perspective that can be ap-
plied to support AV deployment strategies, infrastructure planning, and
traffic management interventions. The interdisciplinary relevance of
the proposed indicators lies in their potential applications in transport
engineering, data science, behavioral modeling, and public policy, for
example, the indicators can be used by urban planners to assess infras-
tructure impacts, by system designers to calibrate AV behavior, or by
traffic psychologists studying driver responses in mixed environments.
Future work will focus on extending these indicators to urban settings
and refining their formulations for broader safety metrics and use cases.
Continued interdisciplinary collaboration will be essential to ensure
their robustness, acceptance, and integration into real-world traffic
systems.
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