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Abstract

Inefficient curb space allocation increases congestion and emissions at airports. Variable message signs (VMS) can alleviate this
issue, guiding vehicles from congested to underutilized curbs. However, VMS effectiveness hinges on the right activation and
deactivation timing. Using a microsimulation model of the Seattle-Tacoma International Airport, we analyzed the impacts of
implementing VMS and determined the best time to turn the sign on and off. We simulated sixteen VMS management scenar-
ios and compared the results against those of a baseline where there was no VMS. We found that strategic and timely man-
agement of the VMS is crucial to achieving improvements in congestion and curb performance. Specifically, activating VMS
before congestion started on the sending link and deactivating it before congestion began on the receiving link substantially
improved curb productivity and accessibility, vehicle delay, and CO, emissions. On the other hand, if not managed correctly,
VMS may lead to little to no improvements, or even negative impacts on traffic conditions and curb performance. For
instance, late activation or deactivation can worsen curb accessibility and vehicle delay. Our framework provides valuable
insights into how airports could successfully manage VMS technologies.
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Curbs facilitate vehicle access and egress for individuals
in densely congested environments (/). Given the
ongoing urban growth and rapid expansion of transpor-
tation network companies (TNC) (1, 2), authorities face
the complex task of allocating scarce curb space
resources to meet an increasing demand. An inefficient
allocation of curb space decreases parking accessibility
and productivity and increases congestion, travel times,
and emissions (1, 3—6).

There is a range of research concerning curb manage-
ment in urban areas, focusing on short- and long-term
parking for personal, TNC, transit, and freight vehicles.
In particular, parking behavior (1, 7, 8), parking policies
(3, 6, 9), capacity requirements (4, 9, 10), curb allocation
(4, 11, 12), passenger pick-up and drop-off (2, 13, 14),
cruising for parking (15), and pricing (/6) are recurring
topics in the literature.

Airport curbs are among the most congested that
could benefit from effective curb management. Yet, since

their infrastructure, dwell time, vehicle maneuvers, and
demand variability differ between airport and urban
curbs (17, 18), the findings from the urban curb manage-
ment research may not apply to airport curbs.
Consequently, there is a separate body of curb manage-
ment literature focused on airports.

Qualitative research on airport curb management pro-
vides insights into the level of service and examples of
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policies (/8-21). In particular, mode choice literature
allows for understanding passengers’ landside transpor-
tation choices and describes the impacts of alternative,
nonmotorized, and transit modes on airport accessibility
(22-28). Moreover, researchers have evaluated curb poli-
cies, including geofencing, double parking, alternative
parking, enforcing maximum dwell times, and prioritiz-
ing electric, autonomous, TNC, and transit vehicles (8,
17,21, 24).

To meet the increasing demand, airports may also
expand curb infrastructure. The National Academies of
Sciences Engineering and Medicine provides methods
such as widening curbside lanes, increasing curb length,
and constructing additional parking (27). Similarly,
Parizi and Braaksma developed a computer program to
determine the optimal number and location of curbside
positions and effective curb length (29). Moreover,
Kleywegt and Liu compared different curb layouts, find-
ing the optimal configuration—number of parking spots,
parking angle, and double parking—to increase capacity
for different vehicle speeds and dwell times (30).

Despite its demonstrated effectiveness, increasing
infrastructure requires significant investments. Thus, air-
ports constantly seek low-cost options—such as techno-
logical innovations—for managing their curbs (20).
Airports experience an unbalanced demand as passen-
gers arrive simultaneously at specific entrances at certain
hours, leaving some curbs underutilized while others
experience congestion (2/). Prior research has found that
effectively relocating airport-curb demand can mitigate
congestion (31, 32). Therefore, one way to address air-
port congestion is to divert the exceeding demand to
underutilized curbs using variable message signs (VMS).

A VMS provides real-time information by modifying
its displayed message (33). Some researchers have studied
the effects of VMS on routing decisions (34, 35), speed
(36-38), and traffic safety (35-38). Researchers have also
explored the implications of VMS on parking garages
and on-street parking using driving simulators (39, 40),
simulations (4/), and mathematical frameworks (39, 42—
44). These studies demonstrated that using VMS does
not improve parking performance when supply exceeds
demand but decreases circulation time and turnover rates
when supply is less than demand (39, 42-44).

The VMS strategy has also been deployed in airports
to improve congestion by deviating traffic between curbs
when one is congested. Vasisht et al. showed the effec-
tiveness of the VMS at the Seattle-Tacoma International
Airport (SEA), finding that VMS decreased congestion
and increased vehicle speeds (45). Nazir et al. presented a
macroscopic dynamic model of SEA’s VMS operations
and found that VMS improved the ramp speed up to
three times, saving 80 vehicle-hours and reducing idle
time, fuel waste, and emissions (5).

Despite this, VMS effectiveness faces two primary
challenges. First, drivers may ignore the guidance (41).
SEA, for example, showed only a 5.5%-9.1% driver
compliance rate (DCR) when drivers were instructed to
divert from departures to arrivals and 1.9%—4.2% in the
opposite scenario (45). Second, if VMS is not activated
and deactivated at the right moment, it will not operate
at its full potential. Typically, airports use VMS heuristi-
cally and by intuition rather than through a systematic
evidence-based approach (5, 45). If they infer that one of
the ramps is more congested than the other, they ask
drivers to use the other ramp. However, this approach
does not fully harness the VMS capabilities and might
even exacerbate congestion and reduce curb
performance.

This research investigates the optimal sign activation
and deactivation strategies that could improve curb per-
formance while mitigating congestion and emissions.
Identifying optimal management strategies can help air-
ports move away from managing VMS heuristically,
instead adopting a systematic, evidence-based approach.
Using SEA as a case study, we employed a validated
agent-based microsimulation model to assess the impacts
of various VMS management scenarios. The scenarios
were built considering different DCRs and traffic states
and were tested for four time periods: early morning,
morning, afternoon, and night. The results of each sce-
nario were compared against those of a baseline where
there is no VMS.

This paper contributes to the literature by studying
how to maximize VMS benefits for curb management at
airports. We quantify VMS trade-offs—in relation to
curb productivity and accessibility, queue length and
duration, delay, and emissions—to determine the opti-
mal activation and deactivation strategy. Moreover, this
analysis helps identify which strategies provide signifi-
cant benefits and which lead to either negligible or nega-
tive effects, thereby avoiding ineffective VMS use.

Study Approach

Figure 1 illustrates the methodological framework used
in this study, structured as a sequential four-step process,
where each step serves as the input for the next. Each
row represents one step, and the three columns summar-
ize the step name, a brief description of the task per-
formed, and the outcome generated. The outcome from
each step serves as the input for the next, creating a clear
and logical progression through the framework.

First, we developed sixteen distinct scenarios to evalu-
ate different approaches to managing VMS at airports.
Our designed scenarios cover different activation/deacti-
vation approaches, traffic conditions on sending and
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Description of the Step

Outcomes

VMS management scenarios were

SStep 1 developed based on activation/deactivation | 16 VMS management scenarios to
cenario : : - .
strategies, traffic conditions, and compliance be tested
Development
rates
VISSIM outputs:
Step 2: - For each curb access: queue
ep £ VMS management scenarios were run over length, vehicle delay, vehicle
Testing VMS . ;
a 24-hour period using a VISSIM counts
Management . . . o
. microsimulation model - For each vehicle: speed and
Scenarios

driving state (driving, idling, or
ignition)

v

Step 3:
VISSIM Outputs
Post-Processing

Post-processing of the VISSIM outputs to
estimate the analyzed performance metrics
using Python

Performance Metrics by Scenario:
- Traffic Performance: vehicle
delay, cumulative vehicle count,
queue length, and queue duration
- Curb Performance: curb
productivity index and curb
accessibility
- Emission Rate

v

Step 4:
Scenario Evaluation

Statistical analysis and comparison of the
perfomance metrics of each VMS
management scenario

Selection of the best VMS
management scenario

Figure 1. Four-step methodological framework for VMS impact assessment.

Note: VMS = variable message sign.

receiving links (i.e., access links from/to which vehicles
are diverted), time of day, and DCRs. Either of the
ramps (arrivals or departures) may function as the send-
ing or receiving link, depending on which is congested at
a given time and what the suggested diversion would be,
which in turn is based on historical traffic patterns at
SEA. Further details on the construction of these scenar-
ios are provided in the section “VMS Curb Management
Scenarios.”

In the second step, we employed VISSIM—an agent-
based traffic flow microsimulation tool—to model the
developed scenarios. Simulation models allow the anal-
ysis of future or hypothetical scenarios, yielding reliable
and detailed results. They offer a cost-effective alterna-
tive to pilot projects. For example, Ugirumurera et al.
used a microsimulation model to evaluate the effects of
six curbside management scenarios at the Dallas-Fort
Worth International Airport (24), and Harris et al.

analyzed the effects of four management policies at the
Pearson International Airport in Toronto (/7). The
simulation generated a range of outputs, including 15-
min aggregated values for queue lengths, vehicle delays,
and vehicle counts at each ramp, as well as second-by-
second speed and driving state data for each vehicle.

In the third step, the simulation outputs were postpro-
cessed (in Python) to compute the relevant performance
metrics. These metrics capture traffic conditions, curb-
side efficiency, and airport-related emissions, and are
detailed in the section “Performance Metrics.”

Finally, the performance of each VMS scenario was
compared with a baseline scenario without VMS, as well
as other management scenarios. This comparison relied
on both absolute and relative differences, as well as
Repeated Measures ANOVA, as described in the section
“Performance Metrics.” Through this analysis, the study
identified the VMS management scenarios that delivered
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A. Microsimulation Model Overview

B. Airport’s infrastructure

C. Vehicle Diversion Point

Figure 2. Overview of the microsimulation network at SEA, including terminal and access infrastructure: (a) microsimulation model

overview, (b) airport’s infrastructure, and (c) vehicle diversion point.

Note: SEA = Seattle-Tacoma International Airport; VMS = variable message sign.

the most favorable outcomes based on traffic, curbside
operation or emission goals.

Case Study

With 45.9 million passengers, SEA was the eighth busiest
US airport in 2023. SEA has a broad network of 33 air-
lines and connects Seattle with 92 domestic and 28 inter-
national destinations (46). This study employs a

microsimulation model of this airport provided by
SEA’s aviation planning team. It models 39.05mi of
highway, including the airport’s main terminal and the
surrounding highways.

Figure 2 provides an overview of the SEA microsimu-
lation model. The figure is divided into three parts.
Figure 2a shows the full network, including the Airport
Expressway, International Boulevard, and the locations
of the two VMSs. Figure 2b zooms into the airport
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terminal area, highlighting the layout of the arrival and
departure curbs. Figure 2¢ focuses on the vehicle diver-
sion point, where drivers decide whether to proceed to
the arrivals or departures ramp.

The model was built and calibrated using the ground-
truth data from August 2022, the busiest month of the
year. Calibration of the model was performed by a con-
sulting firm hired by SEA, and the data for it came from
existing speed-flow cameras located at the airport’s
curbs, ramps, and highway access points, as well as field
data (collected by the consultant) on key input para-
meters such as vehicle flow, speed, dwell times, turning
movements, and vehicle type composition. Before using
the model for our analysis, we validated it using data
from August 2023, collected through the same camera
infrastructure, along with field data (collected by the
authors). For further details on the calibration and vali-
dation process, interested readers may refer to Diaz
Gutierrez (47).

The study area comprises the airport’s main terminal
and two access levels (arrivals and departures). Vehicles
approach the terminal using the Airport Expressway,
which splits into the arrivals and departures ramps. The
arrival ramp consists of two lanes over a stretch of
1,800 ft and terminates at the arrival curbside, which fea-
tures three parking lanes and three travel lanes, each
approximately 1,000ft long. Similarly, the departure
ramp comprises two lanes for 1,500 ft and leads to the
departure curbside, which includes two parking lanes
and two travel lanes, each about 1,600 ft long.

Two VMSs are installed on the Airport Expressway,
located between Route 518 and the Vehicle Diversion
Point, as shown in Figure 2a. Of these, the VMS closest
to the terminal is used to redirect approaching vehicles
from congested to uncongested curbs, and the second
one is used for other communication purposes. For fur-
ther details on SEA’s infrastructure, interested readers
may refer to Diaz Gutierrez (47).

Model inputs included vehicle flow, speeds, curb
availability, dwell time, and vehicle type compositions.
The input flows changed hourly between 2,000 and
12,500 veh/hr, with traffic distributed across 38 entry
points. Desired speed distributions ranged between 15
and 30 mph.

Moreover, the model assumes that vehicles park in
20 ft parking spaces following a normal dwell time distri-
bution with averages of 60 and 90s for departing and
arriving vehicles, respectively. These values reflect opera-
tional differences between departure and arrival curbs.
Departing vehicles tend to have shorter stops, as passen-
gers aim to catch flights, while arriving vehicles typically
wait at a specific location until their passengers exit the
terminal. These set dwell times are preserved for the
respective vehicles, even when being rerouted via VMS

to a different curb. For instance, a vehicle originally
heading to the arrivals curb retains the dwell time distri-
bution of an arrival vehicle, even if it is redirected to the
departures curb.

There were six vehicle types in the model: personal
vehicles (45%—65%), TNC vehicles (15%-30%), shuttles
(10%-20%), taxis (1%-10%), limos (1%-3%), and
buses (0%—5%). All personal vehicles and limos park at
the analyzed curbs. Buses have their dedicated curbs that
are located separately from the ones analyzed in this
study. Shuttles, taxis, and TNCs are designated to park
in the Central Garage; however, some of them still pick
up and drop off passengers at the analyzed curbs. So, the
model includes a small fraction of them.

VMS Curb Management Scenarios

We developed 16 VMS scenarios and a baseline wherein
there is no VMS. The scenarios were built by systemati-
cally permutating key factors, including two VMS acti-
vation approaches (before or after the start of the queue
in the sending link), two VMS deactivation approaches
(before or after the queue ends in the sending link), two
traffic flow conditions in the receiving link (congested or
free-flow), and two DCRs (5% or 10%). The sending
link is the original destination of the vehicles, and the
receiving link is where the vehicles deviate if they follow
the VMS guidance. Either of the ramps (arrivals or
departures) can play the role of sending or receiving link
depending on congestion conditions. For instance, when
the arrivals ramp is congested, vehicles are diverted to
the departures ramp, making arrivals the sending link
and departures the receiving link. These allocations are
informed by historical traffic conditions at SEA.

Figure 3 illustrates the systematic process to develop
the scenarios, resulting in 16 VMS management scenar-
ios. The scenario names are coded using a combination
of letters that reflect the selected conditions: E or L for
the timing of VMS activation/deactivation (Early or
Late), F or C for the receiving link traffic condition
(Free-flow or Congested), and the compliance rate as a
numeric suffix.

Nazir et al. (45) reported a 5.5%-9.1% DCR for
departing vehicles instructed to divert to arrivals, and a
lower 1.9%-4.2% rate for arriving vehicles instructed to
divert to departures. These results suggest that vehicles
dropping off passengers are slightly more flexible in
accepting curb reassignment, possibly because reaching
the terminal quickly is more important than arriving at a
specific airline entrance. In contrast, arriving drivers
often aim to meet passengers at specific locations, mak-
ing them somewhat less willing to use alternate curbs.
While these differences are meaningful, they remain rela-
tively modest. Therefore, for simplicity, we have adopted



Transportation Research Record 00(0)

VMS
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Before ©)
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Figure 3. Overview of the VMS management scenarios
developed based on different activation/deactivation strategies,
traffic conditions, and driver compliance rates.

Note: VMS = variable message sign.

DCR values of 5% and 10% for both departing and
arriving vehicles to account for different levels of flexibil-
ity and compliance behaviors.

We modified the model such that diverted vehicles
maintain their associated dwell time regardless of their
destination; that is, if a vehicle aiming to pick up a pas-
senger goes to departures, its dwell time will follow the
arrival dwell time distribution. Other model variables,
such as incoming flow, speed, vehicle composition, and
curb availability, remained the same for all scenarios.

Each scenario was run for up to four periods: early
morning (4:00-9:00 a.m.), morning (9:00-12:00 midday),
afternoon (1:00-4:00 p.m.), and night (7:00-12:00 mid-
night). These periods were selected based on ground-
truth data, considering the typical congestion patterns at
SEA. If a particular traffic condition did not exist during
a given time period, the associated scenarios were
excluded from the simulation. For instance, during the

early morning period, the arrival ramp consistently oper-
ates in free-flow conditions, meaning it cannot serve as a
congested receiving link. Therefore, scenarios requiring a
congested receiving link, such as EEC_05 and EEC_10
during early morning, were not included in the analysis.
Moreover, each scenario was simulated using 10 random
seeds, resulting in up to 80 simulation runs per scenario.
The results were averaged per scenario and time period.

Performance Metrics

We evaluated the results from the three following per-
spectives: traffic impacts, curb performance, and emis-
sions. We compared the scenario’s results against those
of a baseline, using absolute and relative changes and
Repeated Measures ANOVA. Repeated Measures is a
research design that involves administering multiple
treatment levels to the same subjects (48), incorporating
a random variable to exclude the effect of the subject. In
our experiment, each scenario represents a treatment
level, and the study subjects are the 80 simulation runs.
We designed the study subjects based on the time period,
analyzed ramp, and random seed to exclude the influence
of these variables from the analysis.

Traffic Impacts. The ACRP Report 40 recommends ana-
lyzing the airport’s curb performance using the following
metrics: vehicle delay (VD), queue length (QL), and
queue duration (QD) (27). VISSIM provides QL and
VD as direct outputs. We defined VD as the difference in
travel time between congested and free-flow conditions
experienced by vehicles. It was measured between the
vehicle diversion point and the start of the first curb
space (Figure 2). Queues form when vehicle speeds drop
to Smph or less, and QL is the average distance between
the first and the last queueing vehicles. QD is the time
difference between when the queue forms and when it is
fully discharged. We used ANOVA-Poisson analysis for
QD estimation because of the high proportion of zero
values in the observations.

Curb Performance. We have adopted two curb perfor-
mance metrics developed by Maxner et al. for our analy-
sis: curb productivity index (CPI) and curb accessibility
(CA) (12). In the following equations, Equation 1 esti-
mates CPI as the number of passengers serviced per hour
per parking space, and Equation 2 presents CA as the
ratio of successful vehicle parking attempts (spp) to total
parking attempts (zpp):

CPI = (Zvi*p,»)/t/sp (1)
CA="Y spp/ Y ipp (2)
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Table I. CO,; Emission (Ib. CO,/hr) Estimates for Different Types of Vehicles by Driving Status and Speed
Vehicle types
Driving status Speed (mph) Personal vehicles TNC Buses Taxis Limos Shuttles
Ignition off 0 0 0 0 0 0 0
Ignition after parking (lg) 0 7.133 6.179 43.383 1.544 8.653 311
Idling (parked or stopped) (1) 0 1.737 1.504 10.562 1.544 2.107 7.572
Fast acceleration 0-10 3.473 3.008 21.124 3.088 4213 15.143
10-20 4.342 3.761 26.405 3.86 5.266 18.929
20-30 5.21 4513 31.686 4.632 6.32 22715
30 + 6.078 5.265 36.967 5.404 7.373 26.501
Moderate acceleration 0-10 2.605 2.256 15.843 2316 3.16 11.358
10-20 3473 3.008 21.124 3.088 4213 15.143
20-30 3473 3.008 21.124 3.088 4213 15.143
30 + 4.342 3.761 26.405 3.86 5.266 18.929
Slow acceleration 0-10 2.605 2.256 15.843 2316 3.16 11.358
10-20 2.605 2.256 15.843 2316 3.16 11.358
20-30 2.605 2.256 15.843 2316 3.16 11.358
30 + 3473 3.008 21.124 3.088 4213 15.143
Free-flow at design speed All 2.605 2256 15.843 2316 3.16 11.358
Deceleration/Braking All 1.737 1.504 10.562 1.544 2.107 7.572

Note: TNC = Transportation Network Company vehicles.

A parking attempt starts when a vehicle’s status changes
from “none” to “driving to parking space” in the simula-
tion. It is successful if the vehicle’s status changes to
“parked,” and failed if it changes to “parking request
declined.” CPI relates to the number of successfully
parked vehicles ( v;), the number of picked up or dropped
off passengers per vehicle ( p;), the simulation time ( ¢),
and the number of parking spaces ( sp). For occupancy,
we assumed random pick-ups/drop-offs of one to three
passengers for personal vehicles, TNCs, taxis, and limos,
and a normal distribution (with an average of ten and a
standard deviation of two passengers) for shuttles.

Emissions. We adopted the emission index proposed by
Maxner et al. to calculate the amount of CO, emissions
(12). Their index estimates the emissions for different
vehicle states separately using

EI= Y Effu X (DS Xty) + Y EffiXti + Y Effig X1,
3)

where Eff is the emission rate, ¢ is the time a vehicle
spends in a given state—driving ( ds), idling ( ), or igni-
tion ( [y)—and DS is the acceleration- and speed-based
driving state. The term I, = 1 if the vehicle is parked for
Smin or more, and 0 otherwise. In our emission calcula-
tion, we covered all vehicles in the analysis area, which is
between the last curb space and the diversion point
(Figure 2c¢).

For personal vehicles, TNCs, and buses, we used
Maxner et al.’s emission rates and assumptions (/2). For
taxis and limos, we assumed 2014-2024 vehicle models.

For taxis, we assumed 14% mini-vans, 38% sedans, 20%
small SUVs, and 28% compact cars based on the fleet
information from King County (49), and for limos, we
considered even distribution (33% each) for large SUVs,
town cars, and small luxury SUVs.

We calculated each vehicle type emission factor using
the vehicle fuel economy database provided by the U.S.
Department of Energy (50) and extrapolated the values
into gram-per-second emissions. Table 1 presents the
extrapolated emission values for different vehicle types
and driving states, including ignition, acceleration, free-
flow, and deceleration/braking. The acceleration state is
further categorized into fast acceleration (>6m/s?), mod-
erate acceleration (1.75-6m/s”), and slow acceleration
(<1.75m/s?. Within each driving state, emissions are
further broken down by speed level.

Emission rates for personal vehicles, TNCs, and buses
were obtained from Maxner et al. (2023).

Results and Discussion

In the following, we compare the analyzed VMS manage-
ment scenario based on the described performance metrics.
Analyzed periods were selected based on ground-truth
data. If a traffic condition was absent during a specific
period, the associated scenarios are not shown in the plots.

Traffic Impacts

Figure 4 compares the VD results for each of the ana-
lyzed VMS management scenarios against those of the
baseline (grey bar). The results are broken down by
time of day (early morning, morning, afternoon, and
night) and further separated by location within the
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Figure 4. Estimated VD for each VMS management scenario by time of day and curb role (sending vs. receiving).

Note: VD = vehicle delay; VMS = variable message sign.

airport network, specifically the sending and receiving
links. The delays of both links are stacked, as they col-
lectively represent the total delay experienced at the
airport terminal. Asterisks above the bars indicate sta-
tistically significant differences between each scenario
and the baseline.

VD varied based on the receiving traffic condition. If
the receiving link was uncongested (XXF scenarios, X is
a placeholder for letters corresponding to our scenario
name conventions in Figure 3), deviating vehicles
reduced the sending link’s congestion without increasing
VD in the receiving link, thereby reducing the terminal’s
VD. For example, VD in the EEF, ELF, and LEF sce-
narios decreased by 47%-78% and 8%-22% respec-
tively during afternoon and night.

The changes in VD depended on the DCR, with
higher DCRs resulting in lower VD. During afternoon,
VD decreased by 47%-57% when DCR=5% and by
61%—-78% when DCR=10%. Similarly, during early
morning, with a long queue (1,500 ft) in the sending link,
deviating a small fraction of vehicles (5%) had a minimal
impact on VD, while diverting more vehicles (10%) sig-
nificantly decreased it (9%—-10%).

To decrease VD, airports can potentially increase
DCRs through changing the VMS location and message.
The placement and layout of VMS are critical (36, 37,
51-53). Positioning it closer to the diversion point is
especially important, as the influence on driver routing
decisions diminishes with distance. The content of the
message also significantly affects driver behavior (34, 54—
56). Therefore, airports should prioritize messages that
enhance driver exposure, clearly communicate travel
time savings, emphasize reliability, and appeal to individ-
ual driving habits and prior experiences. Finally, the
wording and visual design of messages play a key role.
Research shows that factors such as message length,
phrasing, light, use of colors, flashing elements, symbols,
and pictograms all contribute to improved compliance
(51-53).

Deviating vehicles to a congested link led to two out-
comes. If congestion is similar in both links, diverging
did not decrease VD (XXC scenarios during night).
However, if the queue in the sending link was signifi-
cantly longer than in the receiving link, deviating vehi-
cles did not significantly decrease congestion in the
sending link and exacerbated the receiving link’s
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Figure 5. Baseline time series of the airport’s traffic flow and queue length by time of day and curb access.

congestion. For example, during morning, VD
increased (85%—102%) in all scenarios as the mean QL
was 1,500 ft for departures and 250 ft for arrivals. This
happens because the arrival and departure curbs have
different maximum flows.

Figure 5 illustrates this pattern by showing how traffic
flow (in red) and QL (in blue) fluctuate throughout the
day in the baseline scenario. To clearly distinguish traffic
conditions at each ramp, the figure is divided into two
panels, that is, one for arrivals and one for departures.

Notably, during afternoon and night, the LLX scenar-
i0s significantly increased VD (324%—595%). This can
be explained by two interacting factors: a) late activation
resulted in forming a longer queue in the sending link,
and b) congestion in the receiving link was also increased
because of the new vehicles. This highlights the impor-
tance of managing VMS to avoid creating or worsening
congestion in the receiving link.

Thus, airports can decrease VD by using VMS before
the receiving link reaches its maximum capacity. Once
the receiving link reaches congestion, VD will remain
unchanged if the congestion is similar in both links or will
increase when the sending link is more congested than
the receiving link. Figures 6 and 7 illustrate how QL and
QD changed on the receiving and sending links after
implementing each VMS management scenario. The
changes represent the difference in QL and QD compared

with the baseline scenario, with asterisks next to a bar
indicating a statistically significant difference. Results are
presented for different times of day: early morning,
morning, afternoon, and night.

Using VMS significantly reduced QL and QD in the
sending link across all scenarios, except for the LLX sce-
narios. Reductions in QL (100-1,150ft) and QD (15-
144 min) were similar across scenarios, and the differ-
ences mainly depended on the DCR, with higher rates
resulting in shorter queues. For example, during after-
noon and night, QL reductions were 22%—-23% higher
with  DCR=10% compared with DCR=5%.
Furthermore, QD reductions were 33%—-50% larger with
DCR=10% compared with DCR=5% (during morn-
ing, afternoon, and night).

During early morning, using VMS reduced the mean
QL in the sending link (25-130ft). Yet, as the early morn-
ing queue is already too long (1,500ft; Figure 5), these
small reductions did not significantly change the QL.
Similarly, the early morning QD was very high (4hrs;
Figure 5); therefore, diverging 5% of the vehicles did not
significantly reduce QD. In contrast, diverging 10% of
the vehicles in some scenarios (EEF and ELF) during
early morning significantly delayed queue formation (15—
20 min) in the sending link.

Except for the LLC scenarios, the congestion level in
the receiving link was the main factor behind QL and
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Figure 6. Changes in queue length across VMS management scenarios by time of day and curb role (sending vs. receiving), relative to

the baseline.
Note: VMS = variable message sign.

QD variations. When the receiving link was congested,
deviating vehicles did not increase QL much but substan-
tially increased QD. In particular, QD increased 10—
24 min during morning and night. This indicates that QL
is less sensitive to changes in the number of vehicles in
the queue than QD, possibly because of a nonlinear rela-
tionship between curb capacity, and QL and QD.

During uncongested traffic conditions, diverging vehi-
cles led to three QL outcomes in the receiving link:
unchanged, decreased, or increased. It remained
unchanged during early morning because the number of
deviated vehicles was not too big to create congestion.
QL decreased during the afternoon (75-100ft) and most
night periods (135-170ft) because the mean speed in the
receiving link increased to 5 + mph. (Higher speeds also
explain the reductions in QD in most XXF scenarios, as
they contributed to a faster queue discharge.) Finally,
QL (and QD) increased in the ELF and LLF scenarios

because late deactivation increased the number of vehi-
cles in the receiving link, exceeding curbside capacity and
creating congestion.

The LLC scenarios behaved differently than others.
First, the late activation increased QL in the sending link
(1,250-1,320ft), causing the queue to spill back to the
vehicle diversion point (Figure 2¢) and creating a bottle-
neck where all vehicles were forced to queue together.
The bottleneck limited the incoming flow to the receiving
link, reducing the number of vehicles in the queue, and
thereby decreasing QL and QD.

Curb Performance

Figures 8 and 9 present the estimated CPI and CA for
each VMS management scenario at the terminal level,
that is, the receiving and sending links combined. Metrics
are compared against the baseline scenario (shown in
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Figure 7. Changes in queue duration across VMS management scenarios by time of day and curb role (sending vs. receiving), relative to

the baseline.
Note: VMS = variable message sign.

grey) across different times of day. Asterisks above the
bars indicate statistically significant differences between
each scenario and the baseline.

The timing of VMS activation and deactivation led to
three outcomes: nonsignificant changes (XXC scenarios),
improvements (XXF scenarios), or deteriorations (late acti-
vation and deactivation; i.e., LLF and LLC scenarios).

When the receiving link was congested (XXC scenar-
i0s), activating or deactivating VMS did not affect CPI
nor CA. Once the curb reaches capacity, diverted vehi-
cles are forced to queue. Thus, redirecting vehicles only
increased the receiving link congestion and did not
enhance curb performance. An exception to this was the
ELC_05 scenario at night, where the decreasing depar-
ture queue (negative slope in Figure 5) gets fully dis-
charged without congesting the arrival link, thereby
improving CPI (4%) and CA (7%).

Managing VMS to avoid/delay congestion is critical
for curb performance. When the receiving link was
uncongested, deviated vehicles could park in an available
space, enhancing CA and CPI. In particular, the best
results were obtained when VMS was activated before
the congestion started in either link (EEF scenarios),
increasing CPI  (4%-10%) and CA (9%—11%).
Deactivating VMS early enough to avoid congestion in
the receiving link (LEF scenarios) showed the second-
best results, improving CPI (3%-8%) and CA (5%—
9%).

During early morning, CA was not significantly
affected by using VMS. The sending link was experien-
cing severe congestion then, and deviating only a small
fraction of vehicles did not significantly reduce the num-
ber of queuing vehicles, thereby still many vehicles could
not park.
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Figure 8. Estimated curb productivity for each VMS management
Note: VMS = variable message sign.

LLF and LLC scenarios decreased CPI (9%—61%)
and CA (16%—-26%). This can be explained by two inter-
acting factors. First, once the sending link became con-
gested, its curb performance remained unchanged.
Second, as the VMS stayed on, more vehicles were
deviated, increasing the receiving link’s congestion. This
held for all but the morning period when CA was
increased in the LLC scenario. In that scenario QD
decreased, leading to a faster queue discharge and fewer
vehicles with unsuccessful parking attempts.

Emissions

Figure 10 compares the emission results for each of the
analyzed VMS management scenarios against those of
the baseline (grey bar). The results are broken down by
time of day (early morning, morning, afternoon, and
night) and further separated by location within the air-
port network, specifically the sending and receiving links.
The emissions of both links are stacked, as they collec-
tively represent the emissions at the airport terminal.
Asterisks above the bars indicate statistically significant
differences between each scenario and the baseline.

scenario by time of day at the airport’s terminal.

Before noon, the queue in the sending link spills back
past the diversion point, and since the emissions are cal-
culated only for the analysis area, the emission index
value in the sending link is the same for morning and
early morning, and additional emissions produced from
the queue upstream of the diversion point are not
accounted for.

The differences between the early morning and morn-
ing periods depended on the receiving link. During early
morning, the receiving link was uncongested, allowing
diverted vehicles to flow freely. However, the receiving
link became congested during morning, and therefore,
diverted vehicles queued at the receiving link. Free-flow
emission rates are lower than those related to queuing
(idling and braking). Consequently, emissions during
early morning were lower than morning.

During afternoon, emission reductions (9%-15%)
resulted from two opposite situations in the sending and
receiving links. Using VMS decreased congestion and
thus queuing emissions in the sending link while increas-
ing the flow and thus free-flow emissions in the receiving
link. Since the free-flow emission rates are lower than
queuing emission rates, total emissions were decreased.
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Figure 9. Estimated curb accessibility for each VMS management scenario by time of day at the airport’s terminal.

Note: VMS = variable message sign.

In particular, the EEF and LEF scenarios presented the
most significant reductions (11%—12%).

During the night, we observed significant differences
in the receiving link between scenarios. When the receiv-
ing link was congested (XXC scenarios), diverted vehi-
cles queued in the receiving link instead of the sending
link. Therefore, the queuing emissions did not decrease
and merely relocated from one link to the other.
Conversely, when the receiving link was uncongested
(XXF scenarios), diverted vehicles moved freely, creating
less emission.

Once more, the LLC and LLF scenarios behaved dif-
ferently. These scenarios increased congestion in the
receiving link, causing the queue to spill back past the
diversion point. However, since the emissions produced
outside the analysis area are not accounted for, emissions
in the LLC and LLF scenarios are shown lower than the
baseline.

When to Activate/Deactivate VMS?

To maximize VMS benefits, it is crucial to activate the
sign before congestion starts in the sending link and

deactivate it before the congestion begins in the receiving
link. To determine when congestion starts at SEA, we
studied the curb capacity. Figure 11 illustrates the full-
day speed-flow diagram for the analyzed curbs under the
baseline scenario. It is divided into two panels, one for
arrival curbs and one for departure curbs. Moreover,
three colors are used to represent different traffic states
(free-flow, congestion formation, and congestion), help-
ing the reader identify the traffic conditions (flow and
speed) under which congestion begins.

When airport curbs reach capacity, QL (blue line in
Figure 5) grows drastically, indicating queue formation.
Although there are some minor fluctuations in QL, they
do not indicate the formation of a new queue but rather
small changes in the length of an existing queue. At
SEA, queue formation happens when traffic flow is 500—
650 veh/hr at the arrival link and 975-1,100 veh/hr at the
departure link (see vertical dotted lines in Figure 5).

The speed-flow diagram for the baseline scenario
(Figure 11) shows the abovementioned flows in grey
color. The scattered area above the grey section indicates
congestion. To avoid congestion and undesired VMS
effects, we recommend using the minimum flow value of
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Figure 10. Estimated CO, emissions for each VMS management scenario by time of day and curb role (sending vs. receiving).

Note: VMS = variable message sign.

the abovementioned ranges as the threshold for activat-
ing/deactivating VMS. Following the optimal VMS man-
agement strategy outlined earlier (activate before one
ramp becomes congested and deactivate before the other
ramp also does), SEA should divert vehicles:

From departures to arrivals: before the flow on
the departures ramp reaches 975 veh/hr and con-
tinue doing so as long as the flow on the arrivals
ramp remains below 650 veh/hr.

From arrivals to departures: before the flow on
the arrivals ramp reaches 650 veh/hr and continue
doing so as long as the flow on the departures
ramp is below 975 veh/hr.

These thresholds can be identified using each airport’s
historical data, collected through sensors, cameras, or
other traffic monitoring tools, and applying the same
framework described here. Particularly, SEA has speed-
flow cameras installed on the curbs, ramps, and highway
access points that can be used to detect these thresholds
and to manage their sign(s) accordingly.

Conclusion

This research explored how VMS affects curb perfor-
mance at airports, using SEA as a case study. The results
showed that airports can maximize VMS benefits in alle-
viating congestion and increasing curb performance by
timely activating and deactivating VMS. We also found
that implementing VMS led to significant emission
reductions (9%—15%).

However, the timing of the VMS activation/deacti-
vation played a crucial role in maximizing VMS bene-
fits. For example, activating VMS when the receiving
link was congested did not significantly improve con-
gestion, emissions, or curb performance, and late acti-
vation and/or late deactivation of VMS even resulted
in worsened situations. Conversely, activating VMS
before congestion starts in the sending link delays
queue formation, and deactivating it before congestion
begins on the receiving link allows more vehicles to
flow freely, yielding the most significant improvements.
Thus, using VMS outside the recommended manage-
ment strategy may lead to insignificant changes, or
even a decrease, in performance.
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Figure 1 1. Baseline speed-flow diagram by curb access.

While most scenarios affected curb performance and
emissions, their impacts on traffic conditions were much
smaller, although significant. Rerouting vehicles to non-
congested ramps reduced delay (8%—78%). The effects
on QL and QD varied significantly for the sending and
receiving links. The sending link experienced significant
reductions in QL (100-1,150ft) and QD (15-144 minutes)
across all scenarios, yet the impact on the receiving link
depended on congestion: there were significant increases
in QD (9.8-24min) when the link was congested, but not
much on free-flow.

While the specific values and statistics in this study are
based on SEA and may not apply directly to other air-
ports, the findings offer broader relevance for airports
with similar and different layouts or demand profiles.

For airports with layout and demand characteristics
similar to SEA, the findings could be directly applied. The
analysis was conducted using a repeated-measures
method that incorporated a wide range of input values,
demand profiles, and operational scenarios. This design
helps isolate the impact of the VMS intervention, making
the results robust and transferable to comparable settings.

For airports with different layouts or demand pat-
terns, this research still provides two key benefits. First,
it demonstrates that VMS can serve as a low-cost and
adaptable tool for managing curbside congestion.
Second, the proposed framework and performance

metrics offer a foundation that can be used to test differ-
ent VMS deployment strategies for airports. In particu-
lar, airports with more complex configurations (multiple
terminals or access points) can use our framework to
assess the effectiveness of their designed VMS operation.
As such, the methodology presented here can support
data-driven curbside management across a wide range of
airport environments.

While this study provides a robust and comprehensive
methodology, it is important to acknowledge several lim-
itations that may affect the generalizability of the results.
First, the analysis is focused specifically on SEA, and the
model incorporates several features unique to this site.
These include a single-terminal layout, a dual curbside-
ramp system, and the SEA-specific geometry and
demand patterns derived from the airport’s highest-
demand day. While the overall framework is transferable
and some findings may apply to airports with similar
demand and infrastructure, the results may not generalize
to airports with significantly different layouts or traffic
conditions. Second, the study centers on six performance
metrics related to traffic impacts, curbside operations,
and emissions. Other metrics, such as such as pedestrian
volume and flow, frequency of conflict points, safety inci-
dent rates, curb occupancy rates, and traffic density, were
not considered. Incorporating these elements in the anal-
ysis could provide a more holistic understanding of the
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trade-offs between different management and operation
strategies. Third, although the VISSIM model was cali-
brated and validated using extensive ground-truth data,
like any other model it still relies on some assumptions.
The simulation covers 24 h corresponding to the day of
the highest demand at SEA and includes all vehicle types
(e.g., private vehicles, TNCs, shuttles, buses, limos), with
input parameters modeled as distributions based on
observed data. However, pedestrian movements were not
modeled, and the surrounding road network outside the
airport was excluded. The model represents the highest-
demand day without accounting for atypical events, such
as incidents, weather disruptions, or flight delays. In
addition, demand variation across seasons or days of the
week was not considered.

Future work by the authors is planned to integrate
the findings of this study with a VMS control algorithm
to enable automated VMS management. Such an algo-
rithm would forecast vehicle flows based on projected
passenger volumes and real-time traffic conditions. It
would then dynamically adjust the VMS rerouting mes-
sages according to the optimal management scenarios
identified in this research. This integration could signifi-
cantly enhance the effectiveness, responsiveness, and the
overall performance of airport curbside management.
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