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Abstract: On-ramp merging areas are congestion-prone segments of freeways. Depending on the aggressiveness of the driving population
and the congestion level, the speed variance among travel lanes due to lane changes and ramp-merging flows may be so significant as to affect
the optimal settings of deployed traffic control systems, such as metering rates or advisory speed limits. Extending from METANET, this
study presents a lane group–based (LGB) traffic model to reflect the temporal and spatial distributions of traffic conditions among lane
groups. The proposed model would allow traffic engineers to reliably assess the impacts of lane-changing activities in both upstream
and downstream segments of an on-ramp area and better design their coordinated control strategies. To assess the effectiveness of the
proposed model, this study has compared its performance with METANET under various traffic scenarios. The comparison results show
that the proposed model can yield up to 26.9% improvement on the accuracy of predicting the temporal and spatial evolution of a freeway’s
speed at the interchange area where freeway segments often experience extensive lane-changing activities due to on-ramp merging flows.
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Introduction

Extensive lane-changing maneuvers, triggered by on-ramp merging
flows, are well recognized as one main contributor to the formation
of a freeway’s bottleneck in the interchange area. Over the last sev-
eral decades, researchers in the traffic community have developed
various control strategies to alleviate such bottlenecks. Among
those proposed in the literature, a great majority can be classified
into the following four major categories: local metering control
(Papageorgiou et al. 1991; Zhang and Ritchie 1997; Smaragdis
et al. 2004; Gomes and Horowitz 2006; Wang and Papageorgiou
2006), variable speed limit control (Chang et al. 2011; Yang et al.
2015; Seliman et al. 2020), coordinated ramp metering control
(Kotsialos et al. 2002; Papamichail et al. 2010a, b; Ghods et al.
2010; Geroliminis et al. 2011; Zhao et al. 2011; Chow and Li
2014; Agarwal et al. 2015), and coordinated control of ramp me-
tering with variable speed limits (Hegyi et al. 2005; Carlson et al.
2010; Frejo and Camacho 2012; Carlson et al. 2014; Li et al. 2017).

Note that the effectiveness of all such control strategies relies on
accurate estimations of the freeway’s traffic conditions and the
resulting capacity reduction in on-ramp areas, which vary with both
the on-ramp flow rate and behaviors of the driving population
(Yuan et al. 2015). Examples of field studies to confirm such on-
ramp merging impacts can be found from the works by Hall and

Agyemang-Duah (1991) and Banks (1991). Some later studies have
also supported their findings (Cassidy and Bertini 1999; Persaud
et al. 1998; Bertini and Malik 2004; Cassidy and Rudjanakanoknad
2005; Chung et al. 2007; Srivastava and Geroliminis 2013).

Hence, in developing effective control strategies, it is critical
that the employed traffic model should be capable of realistically
capturing both the temporal and spatial impacts by such on-ramp
merging flows. In review of most macroscopic traffic models in the
literature (e.g., Lighthill and Whitham 1955; Richards 1956; Grewal
and Payne 1976; Messner and Papageorgiou 1990; Daganzo
1994; Ngoduy 2006), it is noticeable that METANET model
(Messner and Papageorgiou 1990) and cell transmission model
(CTM) (Daganzo 1994) are the two mostly used for traffic control
applications because of their high computational effectiveness
and relatively few parameters. CTM, the first-order approximations
of the Lighthill-Whitham-Richards (LWR) model (Lighthill and
Whitham 1955; Richards 1956), is reported to be less effective in
capturing the capacity drop and the stop-and-go waves at freeway
bottlenecks (Spiliopoulou et al. 2014). For the same control needs,
Messner and Papageorgiou (1990) developed METANET, a second-
order traffic flow model originated from the work by Grewal and
Payne (1976). Their model views the target highway under control
as a series of interconnected spatial segments (as shown in Fig. 1)
and then employs the fundamental relations among flow rate, den-
sity, and speed within each segment to project its outgoing flow rate
during each time interval. A recent study by Spiliopoulou et al.
(2014) concluded that METANET slightly outperformed CTM
based on the same data for calibration and validation. Some
studies attempted to improve the computational efficiency of
METANET for its applications in real-time controls (Groot et al.
2012; Lu et al. 2014; Wang et al. 2020).

However, despite the effectiveness of METANET in projecting
the segment-based traffic conditions, it does not distinguish the
speed differences among different travel lanes within the same
segment. As such, it may yield insufficient information for imple-
menting advanced traffic management strategies, such as lane-
based variable speed limit (VSL) control or coordinated ramp
metering operations that may require precise lane-by-lane speed
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and concentration data. Note that the speed variation between travel
lanes is especially pronounced on the highway segments upstream
and downstream of a ramp, where on-ramp weaving flows may im-
pede the rightmost-lane traffic flows with their mandatory lane
changes. Furthermore, these flows will in turn trigger the discre-
tionary lane changes by drivers on the neighboring lanes to avoid
the speed reduction and spread the impact. A graphical illustration
of such impacts is shown in Fig. 2.

Depending on the aggressiveness of the driving population and
the congestion level on the freeway segment, the resulting speed
variance among travel lanes due to various lane changes, as shown
in Fig. 2, may be so significant as to affect the optimal metering rate
or the design of variable speed control strategies. Hence, a freeway
traffic model, failing to address such inter-lane discrepancies within
the same segment, may not be able to project the spatial and tem-
poral evolution of a ramp’s downstream traffic conditions at the
desirable level of accuracy for the design of various responsive
controls.

To fill such a gap in the existing traffic flow models, this study
has proposed a lane group–based (LGB) traffic model, grounded
in the core notion of the METANET model. The proposed model
is capable of (1) reflecting the speed differences among lane
groups within each freeway segment; (2) capturing the impact of
the lane-changing behaviors to the speeds of both the target and
departing lanes; (3) accounting for the impact of on-ramp merging
vehicles on the upstream and downstream segments of the on-
ramp; and (4) maintaining high computational efficiency and bet-
ter accuracy.

METANET Model

As one of the most widely adopted freeway control models, the
METANET model (Messner and Papageorgiou 1990) actually
views a continuous freeway as a series of conceptually connected
segments, in which the vehicles within each segment are assumed
to be uniformly distributed. With the assumption and the relation of
flow conservation during each time interval, the METANET model
can update the temporal and spatial evolution of traffic state for the
target freeway with the following core equations:

ρiðkþ 1Þ ¼ ρiðkÞ þ
T

Liλi
½qi−1ðkÞ − qiðkÞ� ð1Þ

viðkþ 1Þ ¼ min

�
vm; viðkÞ þ

T
τ
½ViðρiðkÞÞ − viðkÞ�

þ T
Li

½viðkÞvi−1ðkÞ − viðkÞ� − υT
τLi

½ρiþ1; ðkÞ − ρiðkÞ�
ρiðkÞ þ κ

�
ð2Þ

ViðρiðkÞÞ ¼ vfi × exp

�
− 1

ai

�
ρiðkÞ
ρCi

�
ai
�

ð3Þ

qiðkÞ ¼ λiρiðkÞviðkÞ ð4Þ

where ρiðkÞ and qiðkÞ = density and flow rate of Segment i at time
k; λi and Li = the number lanes and the length, respectively,
on Segment i; vm = minimum speed; viðkÞ = speed of Segment
i at time k; Við·Þ, vfi , and ρCi denote the function for speed-density
relation, the free-flow speed, and critical density, respectively, for
Segment i; τ ; υ;κ, and ai = location-specific parameters to be cali-
brated with field data; and T stands for the time interval for updat-
ing the traffic state in each segment.

Note that the convection term in Eq. (2), T=Li½viðkÞvi−1ðkÞ−
viðkÞ�, is to reflect the continuity of traffic conditions between
two consecutive freeway segments that are divided for conven-
ience of model computation. Likewise, the anticipation term,
υT
τLi

½ρiþ1;ðkÞ−ρiðkÞ�
ρiðkÞþκ , is proposed to capture the perceivable impacts

of the downstream segment’s traffic conditions—such as
congestion—on the speed of drivers in the current segment.

For those freeway segments with either lane reduction or
on-ramps, Messner and Papageorgiou (1990) have suggested to
include the following additional terms to reflect their impacts on
the traffic flow speeds:

−ϕviðkÞ viðkÞTρiðkÞΔλi
LiλiρCi

ð5Þ

−viðkÞ δTriðkÞ
LiλiðkÞðρiðkÞ þ κÞ ð6Þ

whereΔλi denotes the number of dropped lanes; riðkÞ indicates the
on-ramp flow rate at time k; and ϕ; δ, and κ are parameters to be
calibrated with field data.

Conceivably, Eq. (5) is to show that the speed reduction due to
lane drops varies with the ratio between the number of vehicles on
such lanes [i.e., viðkÞTρiðkÞΔλi] and the number of vehicles that
Segment i can accommodate under the critical density condition
(i.e., LiλiρCi ). Eq. (6) functions to approximate the speed impact
by on-ramp merging flows, based on the ratio between the number
of on-ramp vehicles, TriðkÞ, and the number of vehicles in the seg-
ment, LiλiðkÞρiðkÞ.

LGB Traffic Model

Fig. 3 shows the key inputs and principal components of the pro-
posed model grounded in the core logic of the METANET model,
including the relations between its key components and primary
model outputs. Principal modules of the LGB traffic model, along
with their embedded logic relations, are detailed in sequence as fol-
lows; all notations for variables used hereafter are provided in
Table 1.

Fig. 1.Macroscopic view of the freeway under the METANET model.

Fig. 2. Graphical illustration of the impacts of the on-ramp merging
flows.
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Initial System Setup Module

To replicate the complex interactions between freeway ramp and
mainline flows from the lane-group view, one needs to first divide

the freeway within the control area into several segments (as with
the METANET model). Then, travel lanes in a segment are clas-
sified into a number of lane groups, based on both the geometric
features and speed variance within each segment. Conceivably, one
can formulate each lane as one group if the traffic flow speeds vary
significantly across lanes.

Note that for convenience of presentation but without loss of the
generality, all travel lanes in each freeway segment within the on-
ramp control area are classified into three lane groups in the for-
mulation section. As shown in Fig. 4, the rightmost and leftmost
lanes are defined as Lane groups 1 and 3, respectively, while all
middle lanes are denoted as Lane group 2.

Lane-Changing Module

This module serves to estimate the number of lane changes, based
on lane change purposes and the current densities in those lane
groups. Eq. (7) shows such dynamics resulted from the number
of vehicles performing lane changes in responding to the perceived
interference by ramp flows.

Ni;j;jþ1ðkÞ ¼

8><
>:

min

�
Liρi;jðkÞ; ηλiþ1;jλiþ1;jþ1Liþ1

ρiþ1;jðkÞ − ρiþ1;jþ1ðkÞ
λiþ1;j þ λiþ1;jþ1

; ρjam − ρi;jþ1ðkÞÞLi

�
; if ρiþ1;jðkÞ > ρiþ1;jþ1ðkÞ

0; otherwise

ð7Þ

where Ni;j;jþ1ðkÞ = number of vehicles changing from Lane group j to jþ 1 in Segment i at time k; and η = parameter to reflect the
characteristics of driving populations and their reactions to the perceived on-ramp volume.

Note that by setting i and j to 0 and 1, respectively, the second term, λiþ1;jλiþ1;jþ1Liþ1
ρiþ1;jðkÞ−ρiþ1;jþ1ðkÞ

λiþ1;jþλiþ1;jþ1
, is to approximate the number of

vehicles in Lane group 1 that would perform the lane changes to rebalance the density levels between Lane groups 1 and 2 in view of ramp

Fig. 3. Key inputs, outputs, and primary components of the LGB traffic model.

Table 1. List of key variables used in the LGB traffic model

Variable Definition

αj;jþ1 Target density ratio between Lane groups j and jþ 1

Di;j The set of lane groups in the adjacent downstream segment
connected to Lane group j in Segment i (jDi;jj is the number
of lane groups in Di;j)

Li Length of Segment i
Ni;j;jþ1ðkÞ Number of vehicles changing from Lane group j to Lane

group jþ 1 in Segment i at time k (j ¼ 1; : : : ;Gi − 1; Gi is
the number of lane groups in Segment i)

qi;jðkÞ Flow rate of Lane group j in Segment i at time k
Si;j The set of lane groups in the adjacent upstream segment

connected to Lane group j in Segment i (jSi;jj is the number
of lane groups in Si;j)

T Time interval for updating the traffic state
Við·Þ Speed-density relation for Segment i
vi;jðkÞ Speed of Lane group j in Segment i at time k
vm Minimum speed
λi;j Number of lanes in Lane group j in Segment i
ρi;jðkÞ Density of Lane group j in Segment i at time k (prior to

receiving lane-changing vehicles)
ρ�i;jðkÞ Density of Lane group j of Segment i at time k (after

accommodating lane-changing vehicles)
ρjam Jam density
ρCi Critical density of Segment i
η; τ ; υ;κ;ϕ Parameters

Fig. 4. Freeway segments under the LGB traffic model.
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flows merging onto the downstream segment’s Lane group 1. The third term, ðρjam − ρi;jþ1ðkÞÞLi, is a straightforward approximation of the
available space in Lane group 2 to accommodate such lane-changing vehicles in Segment 0 at time k.

Eq. (8) is to determine the number of lane-changing vehicles in the downstream segments (Segments 1–3) of the on-ramp based on the
following assumption: after impacted by the on-ramp merging flows, the vehicles will progressively redistribute its mainline and merged
volumes among travel lanes over those downstream segments via drivers’ discretionary lane changes until evolving back to the state in which
density ratios between neighboring lane groups are approximately the same as those prior to the impacts by on-ramp flows

Ni;j;jþ1ðkÞ ¼

8><
>:

min

�
λi;jλi;jþ1Li

ρi;jðkÞ − αj;jþ1ρi;jþ1ðkÞ
λi;jαj;jþ1 þ λi;jþ1

; ðρjam − ρi;jþ1ðkÞÞLi

�
; if ρi;jðkÞ > αj;jþ1ρi;jþ1ðkÞ

0; otherwise

ð8Þ

where Ni;j;jþ1ðkÞ = number of lane-changing vehicles from Lane group j to jþ 1 in Segment i at time k; and αj;jþ1 = target density ratio
between Lane groups j and jþ 1.

Same as in Eq. (7), the term, λi;jλi;jþ1Li
ρi;jðkÞ−αj;jþ1ρi;jþ1ðkÞ

λi;jαj;jþ1þλi;jþ1
, reflects the number of vehicles that need to change lanes from Lane group j to

jþ 1 at time k in order to reach the target density ratio between Lane groups j and jþ 1 when ρi;jðkÞ is larger than the value
of αj;jþ1ρi;jþ1ðkÞ.

Module for Calculating Flow Rate and Density

Using the flow conservation relation as in METANET, one can formulate the dynamics of density evolution for each lane group as follows:

ρi;jðkþ 1Þ ¼

8>>>>><
>>>>>:

ρ�i;jðkÞ þ
T

Liλi;j

�
λi;j
λi−1;j

qi−1;jðkÞ − qi;jðkÞ
�
; ifλi;j ≤ λi−1;j

ρ�i;jðkÞ þ
T

Liλi;j

��X
m∈Si;j

λi−1;mqi−1;mðkÞ
�
− qi;jðkÞ

�
; ifλi;j > λi−1;j

ð9Þ

qi;jðkÞ ¼ λi;jρ�i;jðkÞvi;jðkÞ ð10Þ

where ρi;jðkþ 1Þ = density of Lane group j in Segment i at time
kþ 1 prior to accommodating the lane-changing vehicles; ρ�i;jðkÞ =
density of Lane group j of Segment i at time k after receiving those
lane-changing vehicles; λi−1;m = number of lanes in Lane group m
of the adjacent upstream segment connected to Lane group j of
Segment i; and Si;j = set of lane groups in the adjacent upstream
segment, which is connected with Lane group j of Segment i.

Note that, the terms λi;j=λi−1;jqi−1;jðkÞ andP
m∈Si;jλi−1;mqi−1;mðkÞ are to reflect the in-flow rate if the number

of lanes for each lane group differs between successive segments.
Also, note that ρ�i;jðkÞ in Eqs. (9) and (10) denotes the density after
receiving the lane-changing vehicles, as shown in Eq. (11)

ρ�i;jðkÞ ¼ ρi;jðkÞ þ
Ni;j−1;jðkÞ − Ni;j;jþ1ðkÞ

Liλi;j
ð11Þ

where Ni;j−1;jðkÞ − Ni;j;jþ1ðkÞ = net number of vehicles changing
into Lane group j in Segment i at time k. For the rightmost lane
group, Ni;j−1;jðkÞ equals 0. In addition, for the leftmost lane group,
Ni;j;jþ1ðkÞ is equal to 0.

Speed Update Module

Again, by replacing the segment-based notion in METANET with
specific lane-group relations, one can reformulate the speed
dynamics for each lane group as follows:

vi;jðkþ 1Þ ¼ min

(
vm; vi;jðkÞ þ

T
τ
½Viðρ�i;jðkÞÞ − vi;jðkÞ�

þ T
Li

vi;jðkÞ
"P

m∈Si;jðvi−1;mðkÞÞ
jSi;jj

− vi;jðkÞ
#

− υT
τLi

�P
w∈Di;j

ðρ�iþ1;wðkÞÞ
jDi;jj − ρ�i;jðkÞ

�
ρ�i;jðkÞ þ κ

− ϕmaxðvi;jðkÞ − vi;j−1ðkÞ; 0ÞNi;j−1;jðkÞ
Liλi;jρCi

)
ð12Þ

where vi;jðkÞ = speed of Lane group j in Segment i at time k;Di;j =
set of lane groups in the adjacent downstream segment, which are
connected with Lane group j of Segment i (jDi;jj is the number of
lane groups inDi;j);Ni;j−1;jðkÞ = number of lane-changing vehicles
from Lane group j − 1 to Lane group j in Segment i at time k; ρCi =
critical density of Segment i; and τ ; υ;κ, and ϕ = parameters to be
calibrated.

Note that the last term, −ϕmaxðvi;jðkÞ − vi;j−1ðkÞ; 0ÞNi;j−1;
jðkÞ=Liλi;jρCi , in Eq. (12) is proposed to reflect the impacts of lane
changes in each lane group on its resulting speed that increases with
the speed difference between lane groups and the frequency of such
changes. The functional form of the speed-density relationship of
Segment i is the same as Eq. (3).

To reflect the on-ramp merging impacts on the directly con-
nected lane group’s speed, one can add an extra term,

−vi;1ðkÞ δTriðkÞ
Liðρ�i;1ðkÞþκÞ, to Eq. (12), indicating that such impacts in-

crease with the ratio between the number of on-ramp vehicles,
TriðkÞ, and the number of vehicles in the lane group, Liρ�i;1ðkÞ.
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Note that such impacts due to on-ramp merging under the
METANET model are assumed to evenly distribute over all lanes
in the segment. In contrast, the proposed model first captures such
impacts with the directly connected lane group. The impacts are
then propagated through the estimation of lane-group density be-
fore and after receiving the lane-changing vehicles between lane
groups in the same segment and the downstream segments.

Model Evaluation with Field Data

Fig. 5 shows the geometric features and vehicle detector (VD) lo-
cations of a freeway on-ramp area from Taiwan Freeway No-1
for calibration and evaluation of the proposed LGB traffic model.

The entire area for field study has been divided into four segments,
about 500 m each in length, based on the ramp location and exhib-
ited lane-changing activities. Those three travel lanes in each seg-
ment are further grouped into two or three lane groups, as shown in
Fig. 5, using the information of detected speed and flow rate
distribution across all lanes.

Fig. 6 illustrates the temporal distribution of ramp and mainline
flow rates on a typical day, and Fig. 7 highlights the significant
speed reduction on Segments 0 and 2 due to the on-ramp waving
flows and vehicles performing discretionary lane changes.

Some key data associated with the target freeway segment for
evaluation are summarized as follows:
• Date of data for calibration: 2–6 p.m. on March 17, 2019
• Date of data for evaluation: 2–6 p.m. on March 24, 2019
• Collected traffic flow data: speed (km=h) and flow rate [vehicles

per hour (vph)] per lane per minute from detectors at 174.05 km
and 173.02 km

• Average freeway mainline flow rate: 3,400–4,200 vph for
all lanes

• Average ramp flow rate: 1,400–1,800 vph (Fig. 6)
• Speed limit: 110 km=h

Evaluation Results at the Lane-Group Level

To evaluate the proposed model’s unique feature, the performance
evaluation first compares the predicted traffic conditions by lane
group with those measured by the two sets of detectors, based
on the following three statistics: mean absolute error (MAE), mean
absolute percentage error (MAPE), and Theil’s inequality coeffi-
cient (Koutsoyiannis 1973), as shown in Eq. (13). Note that Theil’s
inequality coefficient is adopted in this study because it can con-
currently measure the discrepancy between the prediction values
and field data caused by the difference between their means and
variances. The benefits of deriving the segment-based average traf-
fic conditions from the LGB results will also be demonstrated by
the performance comparisons between the proposed model and
METANET

Theil 0s Inequality Coefficient∶U

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP ðPi − AiÞ2=nP

A2
i =n

s
0 ≤ U ≤ ∞ ð13Þ

where Pi = predicted values; Ai = actual values; n = number of data
points; and the model is viewed to attain perfect forecasts if U ¼ 0
(i.e., Pi ¼ Ai).

As given in Table 2, the obtained Theil’s inequality coefficients
with respect to speeds and flow rates at both detector locations over
all lane groups are all far less than 1, reflecting that the predicted
traffic states, before and after impacted by the on-ramp flows, are
sufficiently close to the detected field data. Such desirable proper-
ties for traffic state prediction can also be seen from the resulting
MAEs, which are less than 4 km=h for the speeds and below three

Fig. 6. Flow rates of the freeway mainline measured at 175.04 K and
the on-ramp. vph = vehicles per hour.

Fig. 7. Average lane speed comparison before and after the on-ramp.

Fig. 5. Locations of the detectors and segmentation.
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vehicles per minute for the predicted flow rates on all lane groups at
the location of 174.05 K and 173.02 K. Most of such predicted
deviations across all lane groups at both detector locations are less
than 5 km=h for the predicted speed deviation (Fig. 8), and 94% of
the differences with the detected flow rate are within the range of
four vehicles per minute (Fig. 9).

Note that approximately the same level of very low MAEs
for the freeway’s traffic states, before and after merging of ramp
flows, confirms the proposed model’s effectiveness in capturing the
impacts of mainline vehicles’ lane-changing maneuvers and ramp
flows’merging frequency on the resulting speed and flow rate at the
lane-group level.

As for the model performance with MAPE, the predicted errors
for lane-group speed with the proposed model range from the low-
est of 4.6% for Lane group 2 at the location of 173.02 K to the
highest of 6.7% for Lane group 2 at the location of 174.05 K.
The MAPEs for flow rate prediction for all lane groups at both
locations are all within the range of 5%, except for the 7.2% for
Lane group 1 at 174.05 K where there are heavy discretionary
lane-changing activities.

In brief, considering the data accuracy from most existing traffic
detectors, one can expect that the proposed model offers sufficient
accuracy for the traffic engineers to take full advantage of available
sensor information and to best design the freeway control strategies
at the lane-group level.

Evaluation Results at the Segment Level

To assess the benefits of applying the proposed LGB traffic model
for predicting the average flow rate and speed across all lanes as in
most existing models, the study has further compared its perfor-
mance at the segment level with respect to speed and flow rates
using the field data averaged from all lane detectors. The results
from the well-established METANET model have also been com-
puted to serve as the baseline for assessing the proposed model’s
performance improvement. The parameter settings adopted in
the LGB model and METANET are provided in Tables 3–6,
respectively.

As given in Table 7, the predicted average flow rates over all
lanes by both the proposed model and METANET at two detector
stations are at the same high level of accuracy, based on the sta-
tistics of Theil’s inequality coefficient (i.e., less than 0.1). However,
the prediction accuracy of the proposed LGB traffic model with
respect to the average speeds at the segment level clearly outper-
forms METANET, and is comparable to its prediction accuracy for
the average flow rate (also less than 0.1). Such interesting findings
confirm the observations that the lane-changing maneuvers in a
freeway’s interchange area due to the on-ramp merging flows in-
deed often exhibit substantial speed variance between travel lanes.
Consequently, such observations justify the need to employ the
LGB traffic model for estimating the projected speeds for either
individual lane groups or across all lanes.

In contrast, as for use in projecting the average flow rate over
all lanes, the segment-based model, such as METANET, appears to
achieve the same quality of prediction as with the proposed LGB
traffic model that produces the average from all lane groups.
Note that the performance discrepancy between these two models
with respect to the speed and flow rate is consistent with the
field observation that the impedance-creating lane-changing ve-
hicles will inevitably cause speed variation between travel lanes.

Fig. 8. Distributions of the estimated absolute errors for speed by lane
group.

Fig. 9. Distributions of estimated absolute errors for flow rate by lane
group.

Table 2. Comparison results with respect to LGB speeds and flow rates

Indicator

At 174.05 K At 173.02 K

Lane group 1 Lane group 2 Lane group 1 Lane group 2 Lane group 3

Theil’s inequality coefficient
Speed 0.0721 0.0835 0.0569 0.0555 0.0600
Flow rate 0.1014 0.0620 0.0469 0.0531 0.0605

Mean absolute error (MAE)
Speed (km=h) 3.87 3.88 3.43 3.28 3.82
Flow rate (vehicle/min) 1.27 2.20 0.93 1.32 1.55

Mean absolute percentage error (MAPE)
Speed (%) 6.3 6.7 4.8 4.6 5.1
Flow rate (%) 7.2 4.8 3.6 4.1 5.0
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In consequence, the resulting average speed may differ signifi-
cantly from that with the segment-based method grounded on the
uniformity assumption of traffic conditions across all lanes. How-
ever, since all such lane changes, triggered by on-ramp flows, occur
mainly between lanes (less likely to be in subsequent segments),
it is expected that the number of vehicles within the same freeway
segment ought to remain at approximately the same level. Hence,
the total flow rate for all lanes, insensitive to the lane-changing fre-
quency within the same segment, can be predicted to the acceptable
level of accuracy with either the segment-based model or the
LGB model.

Note that the aforementioned findings with respect to the per-
formance of the proposed model and METANET are further sup-
ported by the evaluation results with MAE and MAPE, as given in
Table 7. For instance, at the location of 174.05 K, both models yield

the same level of accuracy in MAE (i.e., about 2% in difference)
for the flow rate prediction, but vary significantly in their forecasts
of the average speed (i.e., MAE of 3.97 km=h versus 16.17 km=h).
The same conclusions can also be made from the comparison re-
sults with MAPE.

The performance discrepancy between these two models can
be further verified with the comparison to the detector data shown
in Figs. 10 and 11. Noticeably, the proposed model (but not the
METANET model) can replicate the drop in average speed from
14:30 to 15:30 at the location of 174.05 K, where many drivers
may have exercised lane changes to avoid the speed impedance
by on-ramp flows. Such a speed-drop pattern, triggered by lane-
changing activities, is often followed by a slow recovery process,
as shown in its temporal evolution during the time period between
15:30 and 17:30, due likely to propagation of the impacts by the

Table 7. Validation results of speed and flow rate between the proposed
model and METANET

Indicator
Proposed
model

METANET
model

Percentage
improvement (%)

Theil’s inequality coefficient
Speed
At 174.05 K 0.0946 0.3478 72.8a

At 173.02 K 0.0484 0.1463 66.9a

Flow rate
At 174.05 K 0.0570 0.0572 0.3a

At 173.02 K 0.0392 0.0452 13.3a

Mean absolute error (MAE)
Speed (km=h)
At 174.05 K 3.97 16.17 75.4a

At 173.02 K 2.88 7.80 63.1a

Flow rate (vehicle=min)
At 174.05 K 3.10 3.04 −2.0a
At 173.02 K 2.94 3.46 15.0a

Mean absolute percentage error (MAPE)
Speed (%)
At 174.05 K 7.0% 33.9% 26.9b

At 173.02 K 4.1% 11.5% 7.4b

Flow rate (%)
At 174.05 K 4.9% 4.8% −0.1b
At 173.02 K 3.3% 3.9% 0.6b

a(The indicator value of METANET—The indicator value of the proposed
model)/the indicator value of METANET × 100 (%).
bThe MAPE of METANET—The MAPE of the proposed model.

Fig. 10. Speed comparison among the proposed model, METANET
model, and field data (at 174.05 K).

Table 3. Parameter settings of LGB model for all lane groups

Parameter Value

τ (s) 23
δ 0.012
υ (km2=h) 50
ϕ 2.6
κ (vehicle/km) 40

Table 4. Lane group–based parameter settings of LGB model

Segment
Lane
group

vfi;j
(km=h)

ρCi;j
(vehicle=km=lane) ai;j η αj;jþ1

0 1 109 29 2 1 —
2 113 29 2 — —

1 1 100 25 2 — 1
2 100 25 2 — 1
3 115 29 2.2 — —

2 1 100 27 2.2 — 1
2 100 27 2.3 — 1
3 110 30 2.7 — —

3 1 105 31 2.2 — 1
2 105 31 2.2 — —

Table 5. Parameter settings of METANET for all segments

Parameter Value

τ (s) 23
δ 0.012
υ (km2=h) 50
κ (vehicle/km) 35

Table 6. Segment-based parameter settings of METANET

Segment vfi (km=h) ρCi (vehicle=km=lane) ai

0 111 29 2
1 105 26 2.1
2 103 28 2.4
3 105 31 2.2
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on-ramp merging flows measured at the downstream location of
173.02 K.

Fig. 11 further illustrates the temporal evolution patterns of the
average flow speed at the freeway segment of 173.02 K, produced
from both models and the detectors, where most on-ramp flows
may have merged onto the mainline segment. Again, it is evident
that the proposed LGB traffic model can better capture the impacts
incurred by the ramp flows and those mainline vehicles exercising
discretionary lane changes on both the freeway segment’s average
speed and the speed variance across lanes. Finally, it is worth noting
that the overall traffic impacts by the on-ramp flows on the up-
stream segment (e.g., at 174.05 K) seem more pronounced than
on the ramp’s downstream segment (e.g., at 173.02 K). Such ob-
servation reflects the need to employ some information strategies to
advise drivers to take early-lane changes so as to minimize the re-
sulting impacts on the overall traffic conditions.

Sensitivity Analysis

Compared to the METANET model, the proposed model has intro-
duced two critical parameters to describe the lane change behaviors:
• η: the lane change parameter for the upstream segment of an on-

ramp (i.e., Segment 0)

• αj;jþ1: the lane change parameter for the downstream segments
(i.e., Segments 1–3)
These two parameters may affect the number of lane changes

and consequently impact the resulting lane speeds and their distri-
butions. To test the performance of the proposed model under dif-
ferent sets of such parameters, this study has further conducted an
extensive sensitivity analysis.

In conducting such sensitivity analyses, the focus is to investi-
gate the variation of the average speed under the following scenar-
ios: that is, �20%, �40%, and �60% to each key parameter.

The results are shown in Figs. 12 and 13, and the main findings
are summarized as follows:
1. When the parameter η (i.e., lane change parameter of Segment

0) fluctuates by 20%, the average speeds of all lane groups re-
main quite stable (Fig. 12).

2. As shown in Fig. 12, a decrease in η (i.e., decreasing the will-
ingness of lane changes from Lane group 1 to Lane group 2 in
Segment 0) will result in a reduction of the average speed of lane
groups in Segment 0. The reason is that increasing the number
of vehicles staying in Lane group 1 would reduce the speed of
the lane group and further affect the speed of adjacent Lane
group 2. Furthermore, due to the interdependent relation be-
tween consecutive lane groups, the average speeds of lane
groups in the further downstream segments (Segments 1–3) will
also decrease under such a scenario. In addition, the speed re-
duction percentages diminish with the distance. For example,
the speed of Lane group 1 of Segment 1 decreases by 12.2%
when η decreases by 60%. By contrast, the counterpart of Seg-
ment 3 (a further downstream segment) remains quite stable.

3. As shown in Fig. 12, when increasing η (i.e., increasing the will-
ingness of lane changes from Lane group 1 to Lane group 2 in
Segment 0), the average speed of lane groups in Segment 0 also
decreases. The reason is that the increasing number of vehicles
changing to Lane group 2 results in a slower speed of the re-
ceiving lane group, and further impacts the speed of Lane group
1. Therefore, the percentage reduction in the speed of Lane
group 2 is slightly higher than the counterpart of Lane group
1. For example, the speed of Lane group 1 in Segment 0 de-
creases by 3.6%, while the counterpart of Lane group 2 drops
by 4.7% under the scenario of a 60% increase of η.

4. Decreasing the lane-changing parameter of Segments 1–3
(i.e., αj;jþ1) indicates an increase in the willingness of lane

Fig. 12. Relative changes in average speed over η (lane change parameter of Segment 0). LG = lane group.

Fig. 11. Speed comparison among the proposed model, METANET
model, and field data (at 173.02 K).
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changes from Lane group j to Lane group jþ 1. As such, the
on-ramp vehicles would be likely to distribute to inner lane
groups faster, and thus improve the speed of the outermost lane
group (i.e., Lane group 1). Such lane-changing patterns will fur-
ther propagate the speed impacts to the inner lane groups in the
same segment. For example, the speeds of Lane groups 1, 2, and
3 on Segment 1 increase by 14.5%, 7.6%, and 1.1%, respec-
tively, when αj;jþ1 decreases by 60%, as shown in Fig. 13.

5. By contrast, the willingness of lane changes from Lane group
j to Lane group jþ 1 in downstream segments (i.e., Segments
1–3) shows a decrease with an increase in αj;jþ1 (Fig. 13). As
such, more vehicles will stay in Lane group 1, and thus decrease
the speeds of this lane group and further trigger such impacts on
the speeds of the other lane groups. For instance, the values
of the parameter increasing by 40% and 60% will provoke the
speeds of Lane group 1 of Segment 1 to decrease by 14.4% and
20.5%, respectively. Also, as shown in Fig. 13, such parameter
changes will further cause the speed reduction in the other lane
groups sharing the same segment.

6. Because Segment 1 is the one connected to the on-ramp, it will
expectedly receive the most significant impact among all down-
stream segments (i.e., Segments 1–3) when experiencing the
changes of αj;jþ1 (Fig. 13).

7. As expected, the speeds of lane groups in Segment 0 are pos-
itively correlated with the speeds of its adjacent downstream
lane groups (i.e., lane groups of Segment 1). For example, as
shown in Fig. 13, a reduction of 60% in αj;jþ1 will concurrently
increase the speed of Lane group 1 in Segment 0 by 16.2% and
its downstream lane group (i.e., Lane group 1 of Segment 1)
by 14.5%.

Conclusions

We fully recognized that METANET has been developed to
account for the balance between model complexity and potential
contributions of the output information in developing control strat-
egies. Grounded on its accomplishment, this study intends to
highlight the potential of extending its segment-based logic to
LGB formulations when data are available. Such an extension
can better capture the complex on-ramp weaving impacts to the

extent possible and offer more information for the development
of congestion-mitigating strategies for the interchange areas. The
results of the lane group–level evaluation indicate that the proposed
LGB model can offer sufficient accuracy for traffic engineers to
take full advantage of available sensor information in estimating
the temporal and spatial evolution of speeds across all lane groups
within the interchange area.

The produced lane-specific traffic information is especially
valuable for design of control strategies for highway segments
experiencing extensive lane-changing maneuvers due to either on-
ramp merging flows or off-ramp queue spillback. Some examples
of its potential applications include:
1. Local or coordinated ramp metering control: The information of

both speed and density variations across all travel lanes is es-
sential for computing the remaining capacities of the freeway’s
rightmost lanes in merging areas, and for setting the proper
metering rates.

2. Lane-based variable speed control: One can apply the estimated
lane-group speed data to integrate ramp metering with the lane-
based variable speed control to contend with recurrent conges-
tion plaguing most commuting freeway corridors.

3. Off-ramp signal design: The speed data on each lane is essential
for estimation of vehicle delays caused by off-ramp queue spill-
back, which should be taken into account in the optimal design
of off-ramp signals during peak periods.

4. Estimating the impacts of work-zone configuration on traffic
safety and delays: The proposed lane-group system can serve
as a tool for estimating the impacts of work-zone configuration
on the resulting traffic conditions, including the queue length,
speed, concentration, and potential collisions in the open and
closed lanes. With the estimated lane-specific traffic conditions,
traffic engineers can better assess what control strategies to take
(e.g., early, late, and dynamic merge), and when and where to
activate the control.

5. Incident management: During nonrecurrent congestion caused
by incidents, traffic conditions estimated with the LGB system
can better predict its impact range and duration, allowing the
engineers to better design the control strategies.
To facilitate applications of the proposed LGB traffic model, our

ongoing research in this regard will include:

Fig. 13. Relative changes in average speed over αj;jþ1 (lane change parameter of Segments 1–3).
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1. The development of an automated model calibration system
with field data.

2. More field tests with lane-based data to demonstrate its effective-
ness in practice and identify any issue for further enhancement.

3. Integration with ramp metering to constitute a local freeway
control system operated at either the time-of-day or real-time
mode.

4. The extension of the LGB concept to off-ramp segments enables
it to serve as a useful traffic state prediction model that can be
adopted in a large-scale coordinated freeway control system.

Data Availability Statement

Some or all data, models, or code that support the findings of this
study, such as speed and flow rates, are available from the corre-
sponding author upon reasonable request.
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