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Abstract—Extended Arrival Management (E-AMAN) enables
earlier sequencing and upstream delay absorption by extending
the freeze horizon, but increases exposure to prediction uncer-
tainty and pop-up flights, which can degrade planning stability.
This study presents the BlueSky AMAN Simulator (BAMS)
and evaluates how stochastic uncertainty and pop-up mitigation
strategies affect E-AMAN performance at Amsterdam Airport
Schiphol.

Paired Monte-Carlo experiments are performed for freeze
horizons of 14, 20, and 25 minutes under stochastic take-
off, departure-route, and en-route uncertainty. Multiple mitiga-
tion strategies are evaluated, including Back-of-the-Line (BOL)
scheduling, delayed-slot scheduling, and enabling planning at
take-off.

The results show a clear trade-off between earlier planning
and stability. Pop-up flights primarily drive sequence disrup-
tions, while trajectory prediction uncertainty mainly increases
temporal instability through repeated Expected Approach Time
(EAT) revisions. Among the evaluated strategies, BOL schedul-
ing at a 20-minute freeze horizon provides a balance between
stability and delay performance, while longer horizons show
diminishing returns due to uncertainty propagation. In addition,
planning at take-off is shown to improve performance in both
current and extended AMAN operations.

The findings indicate that feasible E-AMAN implementation
at Schiphol requires either reduced uncertainty or stability-
preserving scheduling strategies.

Keywords—Extended  Arrival Management (E-AMAN),
AMAN, Pop-up flights, BlueSky, Freeze horizon extension, Air
traffic flow management (ATFM)

I. INTRODUCTION

Arrival Manager (AMAN) systems are widely used at
major hub airports to regulate inbound traffic flows and
support runway sequencing [1]. By assigning landing slots
and Expected Approach Times (EATs), AMAN enables delay
absorption outside the Terminal Maneuvering Area (TMA),
reducing controller taskload, fuel burn, and the need for
tactical interventions close to the airport [1]. In particular,
absorbing delay earlier in the trajectory increases the opportu-
nity to use small speed adjustments instead of more disruptive
measures such as vectoring or holding [1]-[3].

An AMAN sequence becomes fixed once aircraft cross a
predefined freeze horizon (FH). At the freeze horizon, aircraft
are assigned a landing slot and EAT that are treated as fixed.
The assigned EAT is used by air traffic control to issue speed,
vectoring, or holding instructions, ensuring that aircraft arrive

Ferdinand Dijkstra
LVNL (Air Traffic Control the Netherlands)
Schiphol, The Netherlands

at the Initial Approach Fix (IAF) within the required time
window. Beyond this horizon, sequence changes only occur
when necessary to preserve planning effectiveness [4]. The
robustness of this process is directly influenced by uncertainty
in arrival time predictions [3].

This uncertainty originates across multiple flight phases,
including take-off planning and en-route trajectory prediction
[5], [6]. One operational consequence is the occurrence of
pop-up flights, defined as aircraft that become visible to
the AMAN only after the relevant part of the sequence has
already been frozen. Such flights trigger re-planning actions,
reducing planning stability and increasing controller workload
[71.

Extended Arrival Management (E-AMAN) shifts the plan-
ning process further upstream by increasing the freeze hori-
zon. A longer freeze horizon provides more time to absorb de-
lay before aircraft reach the TMA, increasing the opportunity
to use speed control instead of less efficient measures such
as vectoring or holding. However, this upstream shift also in-
creases exposure to prediction uncertainty [5]. As the horizon
is extended, more nearby departures behave as pop-up flights
[7], while trajectory prediction uncertainty increases due to
the longer remaining flight segment that must be predicted
[6]. These effects directly degrade E-AMAN performance,
particularly in terms of planning stability [7], highlighting the
trade-off between earlier planning and increased uncertainty.

Under SESAR Common Project One (CP1), E-AMAN
must be implemented with freeze horizons up to 180 NM
from the arrival airport at major European airports [8]. As
a result, operations must cope with increased uncertainty at
longer planning horizons, which creates a need for effective
mitigation strategies for pop-up flights.

The challenge is particularly relevant for Amsterdam Air-
port Schiphol. Due to the proximity of major departure
airports, including Brussels and several airports in western
Germany and the United Kingdom, horizon extension is ex-
pected to increase the occurrence of pop-up flights. Schiphol
currently operates the Advanced Schiphol Arrival Planner
(ASAP), which uses a time-based freeze horizon of 14
minutes to the Initial Approach Fix (IAF) [4], [9]. Even under
this baseline configuration, some nearby departures already
behave as pop-up flights. In particular, flights departing from
Brussels typically have a flight time between radar visibility



and the IAF of only 10 to 12 minutes, causing them to enter
the planning after the sequence has been frozen.

As a result, nearby departures may enter the planning late,
while at the same time extending the freeze horizon increases
the uncertainty on which planning decisions are based. E-
AMAN performance at Schiphol is therefore highly sensitive
to both traffic structure and uncertainty propagation, making
it a relevant case for investigating the interaction between
horizon extension and stochastic uncertainty.

Several mitigation concepts have therefore been proposed
to limit the operational impact of horizon extension. These
include time-based and rule-based metering strategies [10]
and Required Time of Arrival (RTA) procedures [11]. Van
Welsenaere [7] also evaluated simpler mitigation approaches,
such as pre-planning nearby departures and scheduling con-
cepts that implicitly leave more room between slots de-
pending on the level of uncertainty. While such approaches
can improve predictability or reduce the impact of pop-up
flights on performance, their applicability in dense European
airspace is often limited. Feasibility studies further indicate
that Extended AMAN performance is strongly governed by
uncertainty propagation across flight phases [12].

A clear research gap remains. Existing work has identified
the main uncertainty sources and has described the operational
risks of horizon extension, but there is still no integrated
evaluation of how stochastic uncertainty, freeze horizon exten-
sion, and operationally realistic pop-up mitigation strategies
interact in a closed-loop E-AMAN environment. This gap is
particularly relevant for Schiphol, where nearby departures,
pop-up behavior, and trajectory uncertainty interact strongly.
There is also limited understanding of whether earlier flight
visibility, for example through EFD-based planning at take-
off, can reduce the negative effects of pop-up behavior.

This study addresses that gap by combining phase-specific
uncertainty modeling based on operational ETFMS Flight
Data (EFD) messages with a BlueSky-based AMAN simu-
lation environment [13].

The paper makes three main contributions. First, it derives
stochastic uncertainty models for take-off planning, departure
route, and en-route trajectory prediction using one year of
operational data. Second, it integrates these uncertainty mod-
els into the BlueSky AMAN Simulator (BAMS), enabling
reproducible paired Monte-Carlo experiments under identical
stochastic conditions. Third, it evaluates the effects of freeze
horizon extension and multiple pop-up mitigation strategies,
including back-of-the-line scheduling, delayed-slot planning,
planning at take-off using EFD messages, and the influence
of Brussels pop-up flights.

Il. UNCERTAINTY MODELING & DATA ANALYSIS

This section describes how operational temporal uncer-
tainty is quantified from ETFMS Flight Data (EFD) messages
and subsequently translated into stochastic uncertainty models
for use in the AMAN simulation framework. The objective
of this section is to represent temporal uncertainty in a
data-driven and phase-consistent manner, such that it can be
realistically reproduced in Monte-Carlo simulations further in
this research.

In earlier AMAN-related research, uncertainty is often
treated as a single aggregated source of prediction error. In
this study the uncertainty is split into four separate phases.
This phase-based decomposition is used because the domi-
nant error sources and their statistical characteristics differ
substantially across flight phases [6]. In particular, take-off
prediction uncertainty is considerably larger than the later
trajectory-prediction uncertainties and is driven by different
operational processes. Representing all uncertainty as a single
error source would therefore hide relevant differences in both
magnitude and mechanism.

The analysis is based on one year of EFD messages,
comprising approximately 260,000 flights inbound to Ams-
terdam Airport Schiphol, reconstructed into per-flight predic-
tion and actual histories. Using this data, the total arrival-
time prediction error at the IAF is decomposed into four
components: take-off planning error, departure route error,
trajectory prediction (TP) error outside the FIR, and TP
error within the FIR. The latter two correspond to distinct
operational contexts: outside the FIR, controller intent is
largely unknown, while inside the FIR the aircraft is subject
to the local Air Navigation Service Provider (ANSP) and
AMAN environment.

Each of these phases is analyzed in detail in the following
subsections. Fig. 1 provides a summary overview of the result-
ing error distributions based on the phase-specific definitions
and methods described below. This figure is intended to give
an overview of the relative magnitude and distribution of
the different error sources. The phase-based decomposition
is also supported by the global error characteristics shown
in Fig. 1. The figure presents the general prediction error
distributions for the modeled uncertainty phases and shows
that these phases differ clearly in both spread and shape.
Take-off planning uncertainty has the largest spread, while
the departure-route and en-route trajectory prediction errors
are smaller and more concentrated. At the same time, the
departure-route segment represents only a relatively short part
of the total trajectory. Even though its absolute contribution
to total arrival-time uncertainty is therefore more limited, it
remains relevant for nearby departures and pop-up behavior.
These differences in magnitude, operational origin, and time
scale motivate modeling the uncertainty in separate phases
rather than as a single aggregated error source.

A. ETFMS Flight Data

The uncertainty analysis is based on ETFMS (Enhanced
Tactical Flow Management System) Flight Data (EFD) mes-
sages, which provide updates of flight planning and execution.
Each message contains a timestamp, route information, and
estimated times over trajectory points. EFD messages are
updated both periodically and event-driven [?]. Typically,
updates are provided at hourly intervals several hours before
departure, increasing to approximately 15-minute intervals
within two hours of departure, with additional updates trig-
gered by changes in planning or predicted times [?].

The dataset does not directly contain explicit Estimated
or Actual Take-Off Times (ETOT/ATOT). Instead, predicted
times are obtained from the estimated time over relevant
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Figure 1. Overview of the prediction error distributions for the
modeled uncertainty phases. The figure highlights differences be-
tween take-off planning uncertainty, departure-route uncertainty, en-
route trajectory prediction uncertainty outside the FIR, and en-route
trajectory prediction uncertainty within the FIR.

trajectory points, while actual times are reconstructed from
correlated position report (CPR) messages, which provide
updated timestamps along the flown trajectory [14].

Prediction errors are defined as the difference between
predicted and reconstructed actual times over a given point.
The prediction lead time is derived from the message times-
tamp, representing the time between the prediction and the
corresponding event. This enables reconstruction of per-flight
time histories and phase-specific prediction errors used in the
following analysis. The specific definitions and processing
steps for each uncertainty component are described in the
corresponding subsections.

B. Take-Off Planning Uncertainty

Take-off prediction error has been defined per prediction as
the difference between the actual take-off time (ATOT) and
the estimated take-off time (ETOT),

Eto =Tator TetoT: @
while the prediction lead time (lookahead) is defined as
Lto =Tetor Tmsg: (2)

For take-off planning uncertainty, prediction lead time is an
essential variable, because the uncertainty is strongly affected
by variable ground processes and update timing [6]. Errors are
therefore grouped into 1-minute lead-time buckets to capture
how uncertainty evolves toward take-off. In addition to the
discrete per-message representation, a continuous represen-
tation is constructed by keeping the error constant between
updates, for simulation implementation.

Fig. 2 shows the estimated take-off time error spread as a
function of prediction lead time. It shows the tendency of re-
duced uncertainty at shorter prediction lead times. Differences
can be observed between different airports. Previous work has
concluded that the differences are due to the Collaborative
Decision Making airport type [6]. CDM enabled airports
provide more specific information and more frequent updates
concerning departure status, which in theory could reduce
the amount of uncertainty concerning take-off planning [15].

However, the CDM airport type is not the only driver. A
more accurate feature to select by is the individual airports
themselves. The figure shows quite significant differences
between airports. The take-off uncertainty is represented in
the simulation individually per airport to accurately capture
these differences in uncertainty statistics between airports.
Furthermore, prediction lead times are also represented in
individual 1-minute distributions in the simulation.

C. Departure Route Trajectory Prediction Uncertainty

Departure route prediction uncertainty captures the error
between predicted and realized flight time in the initial climb
phase. The analysis compares the predicted and actual time
to reach a fixed downstream point (above FL180, or FL100
for departures from Brussels) and normalizes the resulting
error by predicted flight time. This enables comparison across
routes and representation in the AMAN simulator.

Epep = (Tpointact  TaTtoT) (Tpointpred  TETOT);
£ (€))
Ebep:norm = 100 DEP : 4
DEP:norm (Tpoint;pred TETOT) ( )

Compared to take-off planning, departure route error as
shown in Fig. 3 is smaller in magnitude, but still non-
negligible for (E-)AMAN performance, especially for near-
horizon departures. In this phase, prediction lead time is not
used as a feature, since deviations from the filed departure
route are mainly driven by procedures and ATC instructions
rather than by the time of prediction. The analysis indicates
that differences between CDM types are less pronounced in
this phase, while differences between individual airports can
still be substantial. Departure route uncertainty is therefore
modeled using airport-specific distributions.

D. En-Route Trajectory Prediction Uncertainty

En-route trajectory prediction uncertainty is treated sepa-
rately for predictions outside the FIR and within the FIR,
since these correspond to different operational conditions.
Outside the FIR, controller and pilot intent are largely un-
known, which yields wider and potentially skewed prediction
errors. For this phase, prediction errors are evaluated using a
fixed lookahead window of 12-16 minutes prior to the coor-
dination point (COP). Fig. 4 shows the resulting normalized
en-route flight time error up to the COP.

For the within-FIR phase, trajectory prediction uncertainty
is represented by a normal distribution with a standard devia-
tion of 1.5% of the predicted segment flight time. This value
is based on SESAR/EUROCONTROL predictability targets
for the overall flight [16] and it is in line with the value used
within LVNL for internal trajectory prediction estimates. The
value also reflects the reduced uncertainty associated with
locally controlled intent.

E. Stochastic Representation of Operational Uncertainty

For each flight phase, empirical error distributions are
derived from the EFD message analysis. In the case of
Take-off planning error and departure route prediction error,
distributions are modeled using a Johnson-SU probability
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Figure 2. Estimated Take-Off Time (ETOT) prediction error as a function of prediction lead time for nearby departure airports. Each airport
is shown separately to illustrate both the reduction in uncertainty toward take-off and the differences in error spread between airports.
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Figure 3. Distribution of normalized departure-route flight time
prediction error for nearby departure airports. The error is expressed
relative to predicted segment flight time, enabling comparison be-
tween routes and airports with different nominal flight times.
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Figure 4. Normalized en-route flight time prediction error to the
coordination point (COP), evaluated using a fixed lookahead window
of 12-16 minutes. The error is expressed relative to predicted
segment flight time.

density function (PDF) [6]. Johnson-SU distributions are used
to capture skewness and heavy-tailed behavior occurring in
operational prediction errors. Within-FIR trajectory prediction
uncertainty is represented using a normal distribution, reflect-
ing the reduced variability associated with locally controlled
intent. These distributions form the stochastic input models
used in the Monte-Carlo simulation framework. The mech-
anisms by which the error stemming from this uncertainty
are introduced into the simulation environment are described
in Section Ill. Although prediction errors are not strictly
independent across phases, independence is assumed for the
stochastic modeling.

The phase-based decomposition is essential for the subse-
guent simulation experiments, as different uncertainty sources
affect AMAN performance through different mechanisms.
Take-off planning uncertainty primarily determines the pre-
dictability of nearby departures before radar visibility, and is
therefore particularly relevant when evaluating pre-planning
of pop-ups. Departure route and en-route trajectory predic-
tion uncertainty mainly affect the predicted time at IAF
with continuous updates. By separating these effects in the
stochastic model, the simulation framework can distinguish
between instability caused by late flight visibility and insta-
bility caused by continuous prediction updates. This enables
a more targeted evaluation of freeze horizon extension and
pop-up mitigation strategies in the following sections.

I11. SIMULATION FRAMEWORK

To evaluate the impact of stochastic operational uncertainty
on Extended Arrival Manager (E-AMAN) performance, a
dedicated simulation framework was developed in BlueSky
[13]. This framework integrates trajectory prediction, arrival




manager logic, and air traffic control behavior within a modu-
lar architecture. The main components of this framework are
described in the following subsections.

The resulting simulation environment, referred to as the
BlueSky AMAN Simulator (BAMS), is designed to re-
produce the operational principles of the Arrival Man-
ager currently used at Amsterdam Airport Schiphol (Ad-
vanced Schiphol Arrival Planner (ASAP)), while incorporat-
ing Schiphol-specific procedures and controller strategies. At
the same time, the framework is structured generically, al-
lowing application to other airport environments with limited
adaptation. BAMS is intended primarily for relative compar-
ison between configurations and not intended for absolute
performance prediction.

A. Simulation Environment: BlueSky

The simulation framework is implemented using the
BlueSky open-source air traffic simulator. BlueSky provides
a physics-based aircraft performance model, flight manage-
ment logic, and air traffic control interfaces, enabling the
representation of realistic aircraft trajectories and controller
interventions [13]. Its modular plugin architecture allows
direct integration of custom components, including the tra-
jectory predictor (TP), Arrival Manager (AMAN/E-AMAN),
and ATC logic used in this study.

B. Trajectory Predictor (TP)

The TP serves as the primary source of arrival-time infor-
mation for the AMAN. It provides Estimated Times Over
(ETO) along the flight trajectory, including the Estimated
Time Over the Initial Approach Fix (ETO IAF), and the
corresponding Estimated Time of Arrival (ETA). Nominal
trajectory predictions are generated using BlueSky by propa-
gating each flight along its planned route under deterministic
conditions. This produces internally consistent baseline ETO
and ETA values prior to uncertainty introduction. During
simulation, TP estimates are updated whenever tactical ATC
instructions modify the aircraft trajectory. The predictions are
deterministic, as the current traffic situation, including the
active aircraft route, speed profile, and known control instruc-
tions, is propagated forward in BlueSky without introducing
additional stochasticity within the predictor itself. Uncertainty
therefore does not originate inside the TP, but enters the
simulation through the separate stochastic error realization
mechanisms.

C. Uncertainty Injection and Error Realization

Operational uncertainty is introduced into BAMS using
phase-consistent error realization mechanisms derived from
the stochastic models described in Section Il. Rather than
directly perturbing predicted arrival times, uncertainty is
injected by altering take-off time and groundspeed.

1) Sampling: Phase-specific uncertainty realizations are
sampled from the Johnson SU probability density functions
derived in Section Il. To ensure statistical consistency and
full reproducibility across Monte-Carlo runs, a deterministic
sampling mechanism is applied.

Uncertainty realizations are sampled using deterministic
pseudo-random sequences derived from a scenario seed and
aircraft identifier, ensuring reproducibility and paired stochas-
tic conditions across configurations.

2) Take-off Uncertainty Realization: Take-off planning un-
certainty is modeled as a deviation between the Estimated
Take-off Time (ETOT) and the Actual Take-off Time (ATOT):

ATOT = ETOT + Eto; (5)

where Eto is sampled from the airport- and lead-time-
dependent take-off error distribution. This error is relevant
only when planning pop-up flights before take-off. This
capability is not part of current Schiphol operations and is
therefore excluded from the baseline representation.

3) Airborne Uncertainty Realization: For airborne phases,
uncertainty is introduced by modifying the effective ground
speed within the relevant trajectory segment:

Esegment); (6)

where Esegment represents the sampled normalized predic-
tion error associated with the departure-route, en-route outside
FIR, or en-route within FIR phase. The modification of
ground speed emulates uncertainty in lateral path execution,
which translates into uncertainty in the arrival time at the IAF.
The lateral ground track itself, and its exact uncertainty, are
not directly relevant for AMAN, since the system is affected
only by the resulting temporal uncertainty.

The values of ETO IAF and ETA are updated according
to this error propagation for accurate representation of the
prediction error in the AMAN. Since uncertainty is realized
through an effective ground-speed deviation over the remain-
ing trajectory segment, the corresponding timing error is not
constant. Instead, the absolute prediction error decreases as
the aircraft approaches the end of the affected segment. As
a result, the AMAN observes an ETA error that gradually
reduces approximately linearly toward zero over time.

Once aircraft intent becomes known, either through FIR
entry or the application of a control instruction (including
those initiated by adjacent centers), the prediction error model
transitions to the within-FIR uncertainty representation. Sub-
sequent trajectory prediction uncertainty is therefore governed
by the corresponding normal distribution, consistent with the
reduced stochastic variability occurring under local control
conditions and known intent.

Vground;e :Vground;nom (1

D. Arrival Manager

The Arrival Manager allocates landing slots based on
predicted arrival times provided by the trajectory predictor.
Upon entering the planning horizon, aircraft are sequenced
according to their ETA. Slot allocation follows a separation-
based mechanism in which each assigned slot is determined
relative to the previously scheduled aircraft:

slot; = max (slot; 1 + separation; ETA;  tearty); (7)

where separation is derived from the runway capacity,
and in this simulation explicitly does not include separation



constraints for different wake turbulence category aircraft.
tearly represents the configured early-planning bias which is
set at 60 seconds.

The Expected Approach Time (EAT) is directly derived
from the assigned slot, accounting for the predicted Terminal
Maneuvering Area (TMA) transit time:

EAT; =slot; TMA;: (8)

Aircraft initially receive a preplanned slot. In this state,
slots remain flexible and may be updated following trajectory
predictor revisions. Once the predicted time-to-go to the
IAF falls below the freeze horizon, the aircraft becomes
eligible for planning within the frozen sequence and the slot
transitions to the frozen state. In the baseline configuration
representing current Schiphol operations, this occurs approx-
imately 14 minutes prior to the predicted ETO IAF [4].

Aircraft that become visible to the AMAN only after
entering the planning horizon, and are immediately within
the freeze horizon, are classified as pop-up flights. Since no
flexible planning phase is available, these flights are inserted
directly into the frozen sequence, often requiring re-planning
of already assigned slots [7].

Arrival planning is performed by Approach Control (APP),
which is responsible for managing the AMAN. Using the
AMAN, APP ensures that inbound traffic is sequenced in
an orderly manner and that delay is absorbed as much as
possible outside of the Terminal Maneuvering Area (TMA),
maintaining manageable traffic conditions within the TMA
[4], [9].

Once a slot is frozen, the corresponding Expected Ap-
proach Time (EAT) is communicated to Area Control (ACC).
ACC then issues instructions to the aircraft to ensure that
the predicted time over the IAF remains within the defined
approach window, thereby maintaining feasibility of the as-
signed slot. Slot changes beyond this point occur only when
strictly necessary.

The approach window is the time window around the EAT
in which each flight is required to arrive at the IAF and enter
the TMA. The current approach window used at Schiphol and
this simulation is [ 120s; 120s].

E. Aircraft Visibility and Radar Representation

For computational efficiency, simulations are limited to a
500 NM radius surrounding the destination airport. Aircraft
outside this boundary are not simulated.

In current operations at Schiphol, the AMAN relies on
correlated radar data to estimate arrival times of inbound
flights and construct the landing sequence. Since radar cov-
erage is limited and strongly dependent on aircraft altitude,
aircraft are not visible immediately after departure. Radar
range increases with altitude, meaning that flights from nearby
airports typically become visible during the climb phase.

To represent this mechanism in BAMS, an airport-
dependent radar visibility model is implemented. In general,
aircraft are assumed to become visible at FL130, reflecting the
increase in radar coverage with altitude, with lower thresholds
applied for specific nearby departure airports, as shown in
Table I. Aircraft below the corresponding visibility threshold

are not yet included in the AMAN planning, even if they
are already within the planning horizon. This introduces a
realistic source of pop-up behavior, where aircraft become
eligible for planning only after satisfying the radar visibility
constraint.

Recent operational developments at Schiphol have intro-
duced the use of EFD messages to provide earlier awareness
of flights that are airborne but not yet visible on radar.
These flights can be pre-planned based on their predicted
trajectory, but are not yet actively included in the sequence.
Once the aircraft becomes visible to the radar system, it is
still considered a pop-up. The information primarily serves
as situational awareness for the controller.

The potential use of this information as an active planning
input is of particular interest. Instead of using EFD data solely
for situational awareness, the airborne status can be used to
estimate the ETA and include the flight directly in the AMAN
sequence prior to radar visibility. This effectively shifts the
planning trigger from radar detection to take-off, allowing
nearby departures to be incorporated earlier and potentially
reducing the amount and impact of pop-ups. However, this
also introduces additional uncertainty, particularly from the
departure route phase. In the simulation, this concept is im-
plemented by allowing flights to become eligible for planning
at take-off, rather than at the radar-based altitude thresholds
shown in Table I.

Table I. Departure-specific radar visibility altitude thresholds
used in the simulation. Flights become eligible for AMAN
planning only after crossing the listed altitude, introducing
airport-dependent pop-up behavior.

Departure Airport Visibility Altitude (ft)
Norwich (EGSH) 10,000
London Stansted (EGSS) 10,000
London City (EGLC) 10,000
Disseldorf (EDDL) 2,000
Bremen (EDDW) 2,000
Brussels (EBBR) 1,000
Hannover (EDDV) 5,000
Other 13,000

F. ATC Instruction Logic

To ensure that aircraft adhere to their assigned slot, ATC
instructions are issued based on the EAT and the correspond-
ing approach window. In BAMS, this logic is implemented to
closely reflect operational practice. Each aircraft is required
to cross the Initial Approach Fix (IAF) within this window,
which at Schiphol is defined as [-120, 120] seconds around the
EAT. As long as the predicted Estimated Time Over the IAF
(ETO 1AF) remains within this window, no action is taken.
If the predicted time over the IAF falls outside the window,
an instruction is issued to adjust the trajectory such that the
predicted time falls within the approach window, ensuring that
the assigned slot remains feasible.

Instruction selection depends on the assumed control au-
thority, modeled through a handover altitude proxy. Below
Flight Level (FL) 260, aircraft are considered under local
Area Control Center (ACC) responsibility. Above FL260,



aircraft are assumed to be under adjacent center control.
Interventions are executed preferentially when aircraft are
under local control, as this requires less coordination between
control centers.

Instruction selection follows a prioritization consistent with
operational controller strategies. For delay absorption, the
following hierarchy is applied:

1) Speed reduction — Preferred method. The maximum
possible reduction is assumed to be 50 knots indicated
airspeed (KIAS).

2) Adjacent center speed reduction — Applied when
in-sector speed reduction is insufficient. A standard
Mach reduction of 0.04 is used, or a maximum speed
reduction of 50 KIAS.

3) Dogleg vectoring — Introduced when speed-based
mechanisms are insufficient. Increases track miles and
controller taskload. The maneuver is modeled by in-
serting an additional waypoint into the route. The
maximum allowable trajectory extension is limited to
30% of the remaining distance to the IAF.

4) Holding pattern — Least preferred option. Minimum
holding time is assumed to be 120 seconds.

For time recovery, the following hierarchy is applied:

1) Direct-to clearances — Most favorable, as they reduce
path length.

2) Speed increase — Applied when route shortening is
unavailable or insufficient. The maximum possible in-
crease is assumed to be 25 knots IAS.

3) Adjacent center speed increase — Similar to adjacent
speed reduction. No Mach increase is assumed, and the
maximum possible increase is limited to 25 knots IAS.

4) Re-planning — Required only when tactical measures
cannot recover sufficient time to meet slot constraints.
The aircraft exchanges slots with the subsequent aircraft
in the sequence when feasible.

Holding

Speed

Figure 5. Illustrative solution space for delay absorption and time
recovery in the simulated ATC logic. The figure summarizes the
tactical control options available to absorb delay or recover time
before the 1AF.

Speed control is favored because it maintains lateral pre-
dictability and is assumed most fuel efficient. Vectoring and

holding, while effective, introduce measurable inefficiency
and increased workload. The objective of each issued instruc-
tion is to guide the aircraft toward the center of the defined
approach window. If the maximum amount of an instruction
type is used, and the flight adheres to the approach window,
no additional instruction is given. A schematic overview is
given in Fig. 5.

The ATC logic does not consider separation constraints
between aircraft, due to the immense complexity of managing
airspace to remain deconflicted.

G. Applicability to different airport environments

Although BAMS is configured to represent Schiphol op-
erations, the simulation framework is intentionally designed
as a generic AMAN evaluation environment. Airport-specific
behavior is not hard-coded but defined through configurable
inputs describing the operational context. These inputs in-
clude the TMA route structure, IAF definitions, runway con-
figuration, separation minima, freeze horizon definition, and
traffic demand composition. By modifying these parameters,
the same AMAN and ATC logic can be applied to different
airport environments while preserving methodological consis-
tency. This enables comparative studies of AMAN concepts
without altering the underlying simulation mechanics.

IV. EXPERIMENT DESIGN

This section describes how the simulation experiments
were structured to evaluate the effect of freeze horizon
extension, uncertainty representation, and pop-up mitigation
strategies on (Extended) Arrival Manager performance.

A. Independent Variables

The experiment evaluates (Extended) Arrival Manager

performance as a function of three independent variables:
uncertainty representation, freeze horizon (FH), and pop-up
mitigation strategy.
Uncertainty representation. To isolate the effects of un-
certainty sources, the stochastic uncertainty model is varied
systematically. Uncertainty components are either enabled or
disabled while preserving identical traffic demand and plan-
ning logic. Four uncertainty configurations are considered:

No uncertainty — All stochastic uncertainty sources are
disabled. Aircraft trajectories are deterministic. Pop-
up flights are still present in the traffic set, but are
preplanned and therefore do not appear as late insertions.
No pop-up insertions (preplanned) — The same traffic
mix is used, but pop-up flights are preplanned using
pre-departure ETAS, thereby removing the late-insertion
mechanism while keeping trajectory prediction uncer-
tainty active.

No trajectory prediction (TP) uncertainty — En-route and
departure-route trajectory prediction uncertainty are dis-
abled. Take-off uncertainty and pop-up behavior remain
active.

All uncertainty — All modeled stochastic uncertainty
sources are enabled. This configuration represents the
full operational uncertainty environment.



This decomposition enables attribution of performance
changes to specific uncertainty mechanisms. Importantly, the
traffic demand remains unchanged across these configura-
tions, such that the comparison isolates uncertainty effects
rather than scenario differences.

Freeze horizon (FH). Three freeze horizon values are
evaluated: 14, 20, and 25 minutes. The 14-minute freeze
horizon represents the baseline configuration and is equal
to the current operational freeze horizon. The 20-minute
freeze horizon is selected as the primary Extended AMAN
configuration, as it represents a realistic horizon extension
target for Schiphol operations. The 25-minute freeze horizon
is included as a further-extended case to assess whether the
evaluated mitigation strategies remain effective under more
demanding uncertainty conditions.

Pop-up mitigation strategy. Three planning strategies are
evaluated:

First-Come-First-Serve (FCFS, baseline) — Pop-up
flights are inserted into the existing sequence based on
their Estimated Time of Arrival (ETA). In case of a
pop-up flight, the frozen sequence requires partial re-
planning. This reflects the default behavior where pop-
ups are integrated according to their predicted arrival
time.

Back-of-the-Line (BOL) — Pop-up flights are appended
to the end of the frozen part of the sequence. This keeps
the frozen sequence intact.

Delayed-slot strategy (Delay) — Pop-up flights are pre-
planned while still on-ground using an expected delay
offset derived from the uncertainty statistics. The offset
used to set the slot is the 75th percentile delay time
in the respective take-off planning distribution, specific
to airport and prediction lead time. If departure occurs
before the delayed slot is frozen, the back-of-the-line
strategy is applied instead. If the flight is not able to
reach the IAF within the assigned approach window, the
sequence is re-planned accordingly. Each pop-up flight
is preplanned only once; if the initially assigned delayed
slot is not adhered to, the flight is not preplanned again.

The delayed-slot strategy is included because it explicitly
accounts for uncertainty in pop-up flight planning. The 75th
percentile was selected as a conservative but not overly
restrictive buffer, balancing missed-slot probability against
added delay. Together, these three strategies represent a
reactive baseline logic (FCFS), a stability-preserving reactive
alternative (BOL), and a proactive uncertainty-aware strategy
(Delay).

In addition to these three main strategies, two supplemen-
tary mitigation measures are evaluated. First, the effect of
planning at take-off is evaluated. In this condition, flights
become eligible for AMAN planning and freezing immedi-
ately after take-off, rather than only once they satisfy the
radar visibility altitude described earlier. This corresponds to
using EFD information not only for situational awareness,
but as an active input to the AMAN planning process. The
airborne status is used to estimate the ETA and include the
flight directly in the sequence prior to radar visibility. This

effectively shifts the planning trigger from radar correlation
to take-off, allowing nearby departures to be incorporated
into the frozen sequence earlier. The measure is evaluated
to assess whether earlier inclusion reduces the amount and
detrimental effects of pop-ups, while accounting for the
additional uncertainty introduced in the departure phase.

Second, the specific influence of Brussels pop-up traffic
is investigated by evaluating configurations in which pop-
up flights originating from Brussels are excluded. These
flights are expected to have a relatively strong effect on E-
AMAN performance due to their proximity to Schiphol and
their tendency to appear late in the planning process. This
comparison is included to assess how strongly the instability
is driven by this particular traffic source. Although such
a measure is conceptually simple, it is not under direct
LVNL control and would involve broader operational and
commercial considerations.

B. Dependent Variables

Performance is evaluated using a fixed set of Key Per-
formance Indicators (KPIs) extracted from the simulation
output. For each scenario—configuration combination, KPIs
are aggregated to a single mean value, yielding 12 paired
observations per KPI used in the statistical comparisons. The
KPIs are grouped according to the Key Performance Areas
(KPAS) relevant for (E-)AMAN evaluation.

Stability

EAT revisions (-): the total number of EAT updates
within a scenario. Each revision corresponds to a change
in the EAT of an aircraft of at least 10 seconds.
Sequence position changes (-): the number of sequence
disruptions caused by slot insertion or replanning,
counted as position changes affecting aircraft already in
the frozen sequence and replanned pop-up flights.

Planning effectiveness

Delay energy cost (%): the additional energy consump-
tion relative to the nominal planned trajectory, capturing
inefficiencies introduced by speed control, vectoring,
and holding, with energy consumption is obtained from
the BADA-based performance model implemented in
BlueSky.
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Mean total delay (s/ac): the cumulative delay absorption
per aircraft required to meet the assigned EAT window.
Mean vectoring delay (s/ac): the delay absorbed via
lateral path extension, such as holding or doglegs.
Vectored flights delay (ac): the number of aircraft af-
fected by lateral path extension.

Taskload

Instruction count (-): the total number of ATC instruc-
tions issued in the scenario. Speed instructions require
one instruction to the aircraft, a dogleg requires two,
and a holding pattern, independent of holding time, is
assumed to require four instructions.



Sequence position changes (-): also considered a
taskload metric, as each sequence disruption may require
additional controller intervention.

C. Controlled Variables

All configurations use identical traffic demand, runway use,
wind conditions, trajectory prediction logic, separation param-
eters, aircraft performance assumptions, stochastic sampling
framework, and ATC instruction behavior. In addition, the
same set of scenario seeds is used across configurations, such
that each configuration is evaluated under paired stochastic
conditions. Consequently, performance differences can be
attributed to the independent variables under investigation
rather than to differences in traffic realization, environmental
conditions, or controller logic.

D. Traffic Scenarios

To capture the stochastic nature of operational uncertainty
under representative peak conditions, a Monte-Carlo experi-
ment design is used. The study includes 12 traffic scenarios,
each representing a 3-hour peak period with between 198
and 204 arriving aircraft. The scenarios vary in operational
conditions, including wind settings, runway configuration,
and traffic composition. Traffic demand corresponds to 34
arrivals per hour per runway, with two arrival runways in
use (approximately 68 arrivals per hour in total), while the
nominal runway capacity is set at 38 arrivals per hour per
runway [17]. Aircraft are distributed over 15-minute intervals
to create moderate bunching while maintaining a semi-steady-
state arrival demand pattern.

Traffic composition includes a fixed share of departures
from nearby airports, matched to representative operational
percentages, as shown in Table II. This is particularly rel-
evant for extended freeze horizons, as in- and near-horizon
departures are a primary driver of pop-up behavior. Flights
within the Dutch FIR are not considered, since no scheduled
domestic airline flights occur. Business, repositioning and test
flights almost always utilize the Oostbaan runway, and are
usually kept outside of the sequence by ASAP.

Table 11. Nearby Airport Share in Scenarios

Origin Airport Flights | Share (%)
Brussels (EBBR) 2 0.98
Frankfurt (EDDF) 5 2.45

Diisseldorf (EDDL) 2 0.98
Bremen (EDDW) 1 0.49
London City (EGLC) 4 1.96
London Heathrow (EGLL) 5 2.45
Norwich (EGSH) 1 0.49
London Stansted (EGSS) 1 0.49
Luxembourg (ELLX) 1 0.49

Flights including their routes and altitudes are obtained
from the Eurocontrol Demand Data Repository (DDR2)
database [18]. Departure times are adjusted to ensure stable
arrival demand. Standard speed scheduling uses ASAP perfor-
mance data for climb, cruise Mach, and descent, differentiated
by aircraft type and airline. Each aircraft passes the IAF
at FL100 and flies 250 KIAS below FL100. As flight-path
separation is not modeled, no departing traffic is simulated.

E. Monte-Carlo

Each scenario is simulated using 48 seeds per configuration
for stochastic error sampling. This number was selected
as a practical balance between variance reduction and to-
tal experiment size. For every configuration, the seeds are
varied across the corresponding scenarios, while seeds are
kept identical between configurations. This produces paired
stochastic realizations, enabling direct comparison between
configurations under identical random conditions. For each
scenario—configuration combination, Key Performance Indi-
cators (KPIs) are aggregated into mean values. This results
in 12 paired observations per KPI for each configuration.

Prior to hypothesis testing, KPI distributions are standard-
ized using Z-scores to facilitate cross-metric comparability
and visual interpretation of relative effect magnitude. Differ-
ences between configurations are evaluated using Friedman’s
Analysis of Variance (ANOVA) by ranks, which is suitable for
the repeated-measures design and does not require normality.
The test statistics include the chi-square value ( 2), which
reflects the magnitude of differences between configurations,
the p-value (p), which indicates whether these differences are
statistically significant, and Kendall’s coefficient of concor-
dance (W), which represents the effect size and consistency
of the observed differences [19]. Paired Wilcoxon signed-
rank post-hoc tests are used to identify pairwise differences
between configurations [7].

To control the family-wise error rate arising from multiple
post-hoc comparisons, Bonferroni correction is applied within
each comparison family. The corrected significance threshold

is defined as 0:05
corr = 7m ; (10)

where m is the number of post-hoc comparisons considered
in the corresponding evaluation. This yields, for example,

corr = 0:0167 for comparisons involving three configura-
tions and corr = 0:0083 for comparisons involving four
configurations.

V. RESULTS

This section presents the results for the evaluated freeze
horizons, uncertainty configurations, scheduler strategies, and
supplementary mitigation measures related to planning at
take-off and Brussels pop-up traffic. Z-score plots are in-
cluded to visualize the relative separation between config-
urations across KPIs. Friedman’s ANOVA is used to assess
whether statistically significant differences exist across con-
figurations, followed by post-hoc tests to identify pairwise
differences. Interpretation of the results is provided in the
Discussion section.

A. Effect of Horizon Extension

The effect of freeze horizon extension was evaluated as an
independent variable with three levels: 14, 20, and 25 minutes.

Fig. 6 shows that the largest differences occur in the
stability-related KPIs. Both EAT revisions and sequence posi-
tion changes increase clearly from FH14 to FH20 and FH25,
with a clear separation between configurations.



Table I1l. Comparison of FH14, FH20, and FH25 under full
uncertainty and FCFS scheduling.

KPI Configuration
Scheduler FCFS FCFS FCFS
Freeze horizon [min] 14 20 25
Uncertainty all all all
EAT Revisions [-] 1.422 | 13.318* | 55.092*
Sequence Position Changes [-] | 1.427 | 12.694* | 45.057*
Delay energy cost [%] 0.212 0.191 0.104
Mean total delay [s/ac] 116.458 | 111.638 | 109.088
Mean vectoring delay [s/ac] 15.209 | 10.361* | 9.771*
Vectored flights [ac] 20.660 | 14.538* | 13.781*
Instruction count [-] 150.858 | 147.167 | 161.720

a* indicates significant difference versus FH14 (Wilcoxon).
Significance threshold: = 0:0167 (Bonferroni).

Table 11l confirms these trends and indicates that the
increases in EAT revisions and sequence position changes
are statistically significant between configurations. In contrast,
vectoring-related KPIs decrease with horizon extension, and
the number of vectored aircraft follows the same trend. No
statistically significant differences are found for mean total
delay. Planning effectiveness KPIs show smaller differences
overall, consistent with the more limited separation observed
in the Z-score figure.

Table 1V indicates that freeze horizon length has a statis-
tically significant effect on all KPIs except mean total delay,
with the strongest effects observed for the stability-related
metrics.
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Figure 6. Z-score overview of the freeze horizon extension com-
parison. KPI values are standardized per metric to show the relative
separation between FH14, FH20, and FH25 across stability, planning
effectiveness , and taskload.

B. Effect of Stochastic Uncertainties

The influence of stochastic uncertainty was evaluated as an
independent variable with four configurations: no uncertainty,
no pop-up insertions (preplanned pop-ups), no trajectory
prediction (TP) uncertainty, and all uncertainty.

Fig. 7 shows that the largest differences occur in the
stability-related KPIs. EAT revisions increase strongly when
trajectory prediction uncertainty is introduced, while se-
quence position changes increase primarily when pop-ups

10

Table 1V. Friedman ANOVA results for the freeze horizon
extension comparison. Per KPI, the table reports the test
statistic, p-value, and effect size for the comparison between
FH14, FH20, and FH25.

KPI 2 p W | Sig.

EAT Revisions [-] 24.000 | 0.000 | 1.000 | Yes
Sequence Position Changes [-] | 24.000 | 0.000 | 1.000 | Yes
Delay Energy Cost [%] 10.167 | 0.006 | 0.424 | Yes
Mean Total Delay [s/ac] 2.167 |0.338[0.090 | No
Mean Vectoring Delay [s/ac] | 15.167 | 0.001 | 0.632 | Yes
Vectored Flights [ac] 15.167 | 0.001 | 0.632 | Yes
Instruction Count [-] 6.167 | 0.046 | 0.257 | Yes
n=12; k=3;df =2; =0:050

are present. Configurations without pop-ups show clearly
lower sequence disruption. Planning effectiveness KPIs show
smaller differences overall. Delay energy cost increases when
TP uncertainty is introduced, while vectoring-related KPIs
remain relatively clustered. Mean total delay shows some
variation between configurations, but the magnitude of these
differences is limited compared to the stability KPIs. Taskload
metrics follow the stability pattern, with higher instruction
counts observed when uncertainty mechanisms are active.

Table V confirms these trends and indicates that EAT
revisions differ significantly between configurations with and
without trajectory prediction uncertainty, while sequence po-
sition changes are significantly lower without pop-ups. Delay
energy cost also differs significantly across configurations,
while mean vectoring delay does not show statistically sig-
nificant differences.

Table VI indicates statistically significant effects for all
KPIs except mean vectoring delay, with the largest effect sizes
observed for EAT revisions, sequence position changes, and
delay energy cost.
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Figure 7. Z-score overview of the uncertainty comparison. KPI
values are standardized per metric to show the relative separation
between the evaluated uncertainty configurations across stability,
planning effectiveness , and taskload.

C. Evaluation of Pop-Up Mitigation Strategies

The effect of pop-up mitigation strategy was evaluated as
an independent variable with three levels: First-Come-First-



Table V. Comparison of uncertainty configurations at FH20
with FCFS scheduling.

KPI
Scheduler
Freeze horizon [min]

Configuration
FCFS
20
no TP
uncertainty
7.318*
9.946*
-0.197
104.958
9.192
12.181 11.905

no
uncertainty
0.000
0.000
-0.177
116.001
11.199

no
pop-ups
4.620*
2.010*
0.219*
118.500
11.343

all
uncertainty

13.215*
12.694*
0.191*
111.682
10.370
14.552
147.220

no en-route
uncertainty
8.080*
10.431*
-0.216
103.960
9.015

Uncertainty

EAT Revisions [-]
Sequence Position Changes [-]
Delay energy cost [%]
Mean total delay [s/ac]
Mean vectoring delay [s/ac]

Vectored flights [ac] 14.250 15.451

Instruction count [-] 132500 | 157.149* | 112.387 111.556
a* indicates significant difference versus no uncertainty (paired Wilcoxon).
Significance threshold: = 0:005 (Bonferroni corrected).

Table VI. Friedman ANOVA results for the uncertainty com-
parison. Per KPI, the table reports the test statistic, p-value,
and effect size for the evaluated uncertainty configurations.

KPI z p W | Sig.

EAT Revisions [] 41.8670.000 | 0.872 Yes
Sequence Position Changes [-] | 46.310 | 0.000 | 0.965 | Yes
Delay energy cost [%] 36.200 | 0.000 | 0.754 | Yes
Mean total delay [s/ac] 12.000 | 0.017 | 0.250 | Yes
Mean vectoring delay [s/ac] | 6.200 | 0.185[0.129 | No
Vectored flights [ac] 13.600 | 0.009 | 0.283 | Yes
Instruction count [-] 29.067 | 0.000 | 0.606 | Yes
n=12; k=5;df =4; =0:050

Serve (FCFS), Back-of-the-Line (BOL), and the delayed-slot
strategy (Delay), at a fixed freeze horizon of 20 minutes.

Fig. 8 shows that the largest differences occur in the
stability-related KPIs. BOL results in substantially fewer EAT
revisions and sequence position changes compared to FCFS,
indicating improved planning stability. The Delay scheduler
also reduces instability compared to FCFS, but remains con-
sistently less stable than BOL. Planning effectiveness KPIs
show smaller differences across schedulers. BOL introduces a
slight increase in mean total delay relative to FCFS, while the
Delay scheduler results in the highest delay levels. Vectoring-
related KPIs remain relatively clustered, indicating limited
sensitivity to the scheduling strategy. Taskload follows the
stability pattern, with higher instruction counts observed for
both BOL and Delay compared to FCFS.

Table VII confirms these trends and indicates that EAT
revisions and sequence position changes are significantly
lower for BOL compared to FCFS, while the Delay scheduler
shows intermediate performance. Mean total delay is higher
for the Delay scheduler, while differences between BOL and
FCFS are not statistically significant. Vectoring-related KPIs
do not show statistically significant differences.

Table VIII indicates statistically significant effects for the
stability KPIs, mean total delay, and instruction count, with
the strongest effects observed for the stability-related metrics.

1) Evaluation of Pop-Up Mitigation Strategies With a Fur-
ther Extended Horizon: The effect of pop-up mitigation strat-
egy was evaluated at a further extended freeze horizon of 25
minutes, comparing the same three levels: First-Come-First-
Serve (FCFS), Back-of-the-Line (BOL), and the delayed-slot
strategy (Delay).

Fig. 9 shows that the separation between configurations
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Figure 8. Z-score overview of the scheduler comparison at FH20.
KPI values are standardized per metric to show the relative sepa-
ration between FCFS, BOL, and Delay schedulers across stability,
planning effectiveness , and taskload.

Table VII. Comparison of FCFS, BOL, and Delay scheduling
at FH20 under full uncertainty.

KPI Configuration
Scheduler FCFS | BOL | Delay
Freeze horizon [min] 20

EAT Revisions [-] 13.318 4.741* 6.674*
Sequence Position Changes [-] | 12.694 | 2.135* | 3.632*
Delay energy cost [%] 0.191 0.160* 0.253
Mean total delay [s/ac] 111.638 | 117.821* | 129.495
Mean vectoring delay [s/ac] 10.361 10.846 13.761
Vectored flights [ac] 14538 | 15.193 19.035
Instruction count [-] 147.167 | 151.693 | 178.378

a* indicates significant difference versus FCFS (Wilcoxon).
Significance threshold: = 0:0167 (Bonferroni).

increases compared to FH20, particularly for the stability-
related KPIs. Both EAT revisions and sequence position
changes increase substantially in magnitude, and the differ-
ences between FCFS and the alternative strategies become
more pronounced.

Planning effectiveness KPIs also show increased separation
compared to FH20, although the differences remain smaller
than for the stability metrics. Delay-related KPIs indicate that
the Delay scheduler results in the highest delay levels, while

Table VIII. Friedman ANOVA results for the scheduler com-
parison at FH20. Per KPI, the table reports the test statistic,
p-value, and effect size for FCFS, BOL, and Delay schedulers.

KPI Z p W | Sig.

EAT Revisions [-] 24.000 | 0.000 | 1.000 | Yes
Sequence Position Changes [-] | 24.000 | 0.000 | 1.000 | Yes
Delay energy cost [%] 4.167 [0.125|0.174 | No
Mean total delay [s/ac] 8.167 | 0.017 | 0.340 | Yes
Mean vectoring delay [s/ac] | 3.500 | 0.174 | 0.146 | No
Vectored flights [ac] 3.500 | 0.174|0.146 | No
Instruction count [-] 6.500 [0.0390.271 | Yes
n=12;k=3;df =2; =0:050



BOL remains closer to FCFS. Taskload follows the same
pattern as stability, with higher instruction counts for BOL
and Delay relative to FCFS. At the same time, the differences
between BOL and Delay remain limited for several KPIs.

Table IX confirms these trends and indicates that differ-
ences between FCFS and BOL are statistically significant
across all KPIs, while differences between FCFS and Delay
are significant for most KPIs, except delay energy cost.

Table X show that the scheduling strategy has a strong and
consistent effect on stability-related KPIs, while effects on
planning effectiveness and taskload are present but generally
more moderate.
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Figure 9. Z-score overview of the scheduler comparison at FH25.
KPI values are standardized per metric to show the relative sepa-
ration between FCFS, BOL, and Delay schedulers across stability,
planning effectiveness , and taskload.

Table IX. Comparison of FCFS, BOL, and Delay scheduling
at FH25 under full uncertainty.

KPI Configuration
Scheduler FCFS | BOL [ Delay
Freeze horizon [min] 25

EAT Revisions [-] 55.092 | 25.191* | 31.868*
Sequence Position Changes [-] | 45.057 6.931* 12.175*

Delay energy cost [%] 0.104 0.047* 0.069
Mean total delay [s/ac] 109.088 | 133.382* | 135.068*
Mean vectoring delay [s/ac] 9.771 | 13.626* | 13.853*
Vectored flights [ac] 13.781 | 18.330* | 19.293*
Instruction count [-] 161.720 | 196.420* | 202.946*

a* indicates significant difference versus FCFS (Wilcoxon).
Significance threshold: = 0:0167 (Bonferroni).

2) Comparison to Baseline Operations: The comparison
with baseline operations corresponds to the experiment matrix
evaluation of scheduling strategy and freeze horizon, compar-
ing FCFS14 with BOL20 and Delay?20.

Fig. 10 shows that the clearest differences occur for
the stability- and vectoring-related KPIs. Stability metrics
increase relative to baseline AMAN, reflecting the earlier
planning characteristic of Extended AMAN, although the
increase in sequence position changes between FCFS14 and
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Table X. Friedman ANOVA results for the evaluation of
pop-up mitigation strategies under a further extended freeze
horizon, reporting the Friedman test statistic ( 2), p-value,
and effect size per KPI.

KPI 2 p W | Sig.

EAT Revisions [-] 24.000 | 0.000 | 1.000 | Yes
Sequence Position Changes [-] | 24.000 | 0.000 | 1.000 | Yes
Delay energy cost [%)] 6.167 |0.046 | 0.257 | Yes
Mean total delay [s/ac] 18.000 | 0.000 | 0.750 | Yes
Mean vectoring delay [s/ac] | 12.667 | 0.002 | 0.528 | Yes
Vectored flights [ac] 12.500 | 0.002 | 0.521 | Yes
Instruction count [-] 12.667 | 0.002 | 0.528 | Yes
n=12; k=3;df =2; =0:050

BOL20 is not significant. In addition, BOL20 reduces vector-
ing delay relative to FCFS14. Across most KPIs, the Delay
configuration consistently shows less favorable performance
compared to both FCFS and BOL.

Table XI confirms these observations and indicates that the
reduction in vectoring delay is statistically significant, while
mean total delay remains statistically unchanged.
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Figure 10. Z-score overview of the comparison between baseline
AMAN and the evaluated E-AMAN scheduler configurations. KPI
values are standardized per metric to show how the configurations
differ across stability, planning effectiveness , and taskload.

Table XI. Comparison of baseline AMAN (FCFS14) and the
evaluated E-AMAN scheduler configurations.

KPI Configuration
Scheduler FCFS BOL Delay
Freeze horizon [min] 14 20 20

EAT Revisions [-] 1422 | 4.741* | 6.674*
Sequence Position Changes [-] | 1.427 2.135 | 3.632*
Delay energy cost [%] 0.212 0.160 0.253
Mean total delay [s/ac] 116.458 | 117.821 | 129.495
Mean vectoring delay [s/ac] 15.209 | 10.846* | 13.761
Vectored flights [ac 20.660 | 15.193* | 19.035
Instruction count [-] 150.858 | 151.693 | 178.378

a* indicates significant difference versus FCFS14 (Wilcoxon).

Significance threshold: = 0:0167 (Bonferroni).



Fig. 11 illustrates the distribution of delay absorption
mechanisms. The figure shows that BOL20 shifts delay ab-
sorption upstream compared to FCFS14, with a larger share
of delay handled through speed control rather than vectoring
or holding. Delay20 shows an increase in total delay.
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Figure 11. Cumulative delay absorption by mechanism for baseline
AMAN and the evaluated E-AMAN scheduler configurations. The
figure shows a comparison between schedulers in terms of total delay
and delay composition.

D. Effects of Planning at Take-Off and Brussels Pop-Up
Traffic

1) Baseline (FCFS) Scheduler: The effect of supplemen-
tary mitigation measures was evaluated under FCFS schedul-
ing, considering three configurations: planning at take-off
using EFD messages, exclusion of Brussels pop-up flights,
and the combination of both measures.

Fig. 12 shows that the largest differences occur in the
stability-related KPIs. Planning at take-off reduces EAT revi-
sions and sequence position changes, while excluding Brus-
sels pop-up flights produces a similar reduction in sequence
disruption. The combined configuration shows the strongest
overall improvement in stability. Planning effectiveness KPIs
show more moderate changes. Planning at take-off reduces
vectoring-related KPIs, including mean vectoring delay and
the number of vectored flights, while excluding Brussels pop-
up flights has a smaller effect on these metrics. Taskload
follows the stability pattern, with reductions in instruction
count associated with improved sequence stability.

Table XII confirms these trends and indicates that planning
at take-off significantly reduces both stability- and vectoring-
related KPIs. Excluding Brussels pop-up flights significantly
improves stability, while effects on other KPIs remain mostly
non-significant. The combined configuration shows improve-
ments across most KPlIs.

Table XIII indicates statistically significant effects across
all KPIs except mean total delay, with the strongest effects
observed for the stability-related metrics.

2) Back-of-the-Line Scheduler: The effect of additional
measures was evaluated under Back-of-the-Line (BOL)
scheduling, considering three configurations: planning at take-
off using EFD messages, exclusion of Brussels pop-up flights,
and the combination of both measures.

Fig. 13 shows limited separation between configurations
for the stability-related KPIs, indicating that neither planning
at take-off nor excluding Brussels pop-up flights substantially
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Figure 12. Z-score overview of the FCFS comparison with planning
at take-off and Brussels exclusion. KPI values are standardized
per metric to show the relative effect of the two supplementary
mitigation measures and their combination across stability, planning
effectiveness, and taskload.

Table XII. Comparison of planning at take-off and Brussels
pop-up exclusion for E-AMAN with FCFS scheduling.

KPI Configuration
CI [ €2 J c3 [ c4
Scheduler FCFS
Freeze horizon [min] 20

Brussels pop-ups Included | Included | Excluded | Excluded
Planning at take-off Disabled | Enabled | Disabled | Enabled
EAT Revisions [-] 13.215 | 10.280* | 8.186* 5.594*
Sequence Position Changes [-] | 12.694 | 8.920* 6.198* 2.858*

Delay energy cost [%] 0.191 0.182 0.167 0.161
Mean total delay [s/ac] 111.682 | 109.154 | 112.486 | 109.793

Mean vectoring delay [s/ac] 10.370 9.677* 9.860 9.096
Vectored flights [ac] 14,552 | 13.651* | 13.842 12.854
Instruction count [-] 147.220 | 142.627 | 145.163 | 140.234

a* indicates significant difference versus C1 (Wilcoxon).
Significance threshold: = 0:0083 (Bonferroni).

Table XII1. Friedman ANOVA results for the FCFS compari-
son with planning at take-off and Brussels exclusion. Per KPI,
the table reports the test statistic, p-value, and effect size for
the evaluated configurations.

KPI Z p W | Sig.

EAT Revisions [-] 26.700 | 0.000 | 0.742 | Yes
Sequence Position Changes [-] | 31.300 | 0.000 | 0.869 | Yes
Delay energy cost [%] 8.700 |0.034|0.242 | Yes
Mean total delay [s/ac] 6.100 |0.107 | 0.169 | No
Mean vectoring delay [s/ac] | 19.500 | 0.000 | 0.542 | Yes
Vectored flights [ac 18.500 | 0.000 | 0.514 | Yes
Instruction count [-] 13.000 | 0.005 | 0.361 | Yes
n=12; k=4; df=3; =0.050

affects sequence stability under BOL scheduling. Clearer dif-
ferences are observed for planning effectiveness and taskload.
Excluding Brussels pop-up flights reduces delay-related KPlIs,
while planning at take-off has little visible effect. The com-
bined configuration follows the same pattern.

Table XIV confirms these trends and indicates that plan-
ning at take-off does not result in statistically significant



improvements, whereas excluding Brussels pop-up flights
significantly reduces delay-related KPIs and instruction count.
The combined configuration shows the same behavior.

Table XV indicates statistically significant effects for the
delay- and taskload-related KPIs, while no significant overall
effect is found for the stability metrics.
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Figure 13. Z-score overview of the BOL comparison with planning
at take-off and Brussels exclusion. KPI values are standardized
per metric to show how the supplementary mitigation measures
affect performance under BOL planning across stability, planning
effectiveness , and taskload.

Table XIV. Comparison of planning at take-off and Brussels
pop-up exclusion for E-AMAN with BOL scheduling.

KPI Configuration
CI [ C C3 | 4
Scheduler BOL | BOL BOL | BOL
Freeze horizon [min] 20

Brussels pop-ups Included | Included | Excluded | Excluded
Planning at take-off Disabled | Enabled | Disabled | Enabled

EAT Revisions [-] 4.816 4,953 4.795 4,910

Sequence Position Changes [-] | 2.135 2.236 2.111 2.194

Delay energy cost [%] 0.161 0.173 0.141 0.153
Mean total delay [s/ac] 117.861 | 115.504 | 111.361* | 109.038*
Mean vectoring delay [s/ac] 10.858 10.443 9.250* 8.832*
Vectored flights [ac] 15.207 14.712 13.000* | 12.510*
Instruction count [-] 151.767 | 150.097 | 139.816* | 138.349*

a* indicates significant difference versus C1 (Wilcoxon).
Significance threshold: = 0:0083 (Bonferroni).

3) Comparison to Baseline: The performance of two miti-
gation configurations was compared to the baseline E-AMAN:
Back-of-the-Line (BOL) scheduling and FCFS with planning
at take-off and exclusion of Brussels pop-up flights.

Fig. 14 shows that both configurations lead to substan-
tial improvements in the stability-related KPIs, with clear
reductions in EAT revisions and sequence position changes
compared to the baseline.

For planning effectiveness, the two mitigation strategies
show different behavior. The FCFS-based configuration with
planning at take-off and exclusion of Brussels pop-up flights
results in lower vectoring-related KPlIs, including mean vec-
toring delay and the number of vectored flights. In contrast,
BOL shows more limited improvements in these metrics.
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Table XV. Effect of Planning at Take-off and Brussels Pop-
up Exclusion for E-AMAN with BOL Planning — Friedman
ANOVA Summary

KPI 2 p W | Sig.

EAT Revisions [-] 5.420 [0.143]0.151 | No
Sequence Position Changes [-] | 2.822 | 0.420 | 0.078 | No
Delay energy cost [%)] 8.700 | 0.034 | 0.242 | Yes
Mean total delay [s/ac] 18.500 | 0.000 | 0.514 | Yes
Mean vectoring delay [s/ac] |23.900 | 0.000 | 0.664 | Yes
Vectored flights [ac 23.773|0.000 | 0.660 | Yes
Instruction count [-] 21.800 | 0.000 | 0.606 | Yes
n=12; k=4; df=3; =0.050

Taskload follows a similar pattern, with the FCFS-based
configuration showing lower instruction counts compared to
BOL.

Table XVI confirms these trends and indicates that both
configurations significantly improve stability compared to
the baseline. The FCFS-based configuration additionally im-
proves vectoring-related KPIs, while BOL shows smaller or
non-significant differences for these measures.
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Figure 14. Z-score overview of the comparison between baseline
E-AMAN and two alternative mitigation strategies. KPI values are
standardized per metric to compare the relative performance of BOL
and FCFS with planning at take-off and Brussels exclusion across
stability, planning effectiveness , and taskload.

4) Impact of Take-Off Planning on Baseline AMAN Perfor-
mance: The performance of the current baseline AMAN was
compared with two configurations: AMAN with planning at
take-off, and an E-AMAN configuration combining planning
at take-off and exclusion of Brussels pop-up flights.

Fig. 15 shows that enabling planning at take-off improves
stability relative to the baseline AMAN, with clear reductions
in EAT revisions and sequence position changes. In contrast,
the E-AMAN configuration shows reduced stability compared
to the baseline, while improving planning effectiveness. In
particular, vectoring-related KPIs, including mean vectoring
delay and the number of vectored flights, are lower than in the
baseline configuration. Taskload-related KPIs show a similar
tendency, with a reduction in instruction count, although this
effect is not statistically significant.



Table XVI. Comparison of baseline E-AMAN, BOL20, and
FCFS20 with planning at take-off and Brussels pop-up exclu-
sion.

Table XVII. Comparison of baseline AMAN, AMAN with
planning at take-off, and E-AMAN with planning at take-off
and Brussels pop-up exclusion.

a* indicates significant difference versus baseline (Wilcoxon).
Significance threshold: = 0:0167 (Bonferroni).

Table XVII confirms these trends and indicates that plan-
ning at take-off significantly improves stability compared
to the baseline AMAN. The E-AMAN configuration shows
significantly lower stability, while achieving significant reduc-
tions in vectoring-related KPIs. Improvements in delay energy
cost and instruction count are observed but are not statistically
significant.
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Figure 15. Z-score overview of the comparison with baseline
AMAN. KPI values are standardized per metric to compare current
AMAN, AMAN with planning at take-off, and E-AMAN with
planning at take-off and Brussels exclusion across stability, planning
effectiveness , and taskload.

VI. DISCUSSION

Table XVIII provides a qualitative summary of the main
findings across all experiments. The table is derived from
the statistical results presented in Section V and indicates
the direction and significance of differences relative to the
reference configuration within each comparison.

A. Effect of Horizon Extension

The freeze horizon extension comparison highlights the
fundamental trade-off between earlier planning and increased
exposure to uncertainty. Extending the freeze horizon from

KPI Configuration KPI Configuration
Scheduler FCFS | BOL [ FCFS Scheduler FCFS
Freeze horizon [min] 20 Freeze horizon [min] 14 14 20

Brussels pop-ups Included | Included | Excluded Brussels pop-ups Included | Included | Excluded
Planning at take-off Disabled | Disabled | Enabled Planning at take-off Disabled | Enabled | Enabled
EAT Revisions [-] 13.215 | 4.816* 5.594* EAT Revisions [-] 1.441 0.764* | 5.594*
Sequence Position Changes [-] | 12.694 2.135* 2.858* Sequence Position Changes [-] | 1.427 0.693* 2.858*

Delay energy cost [%] 0.191 0.161* 0.161 Delay energy cost [%] 0.213 0.196 0.161
Mean total delay [s/ac] 111.682 | 117.861* | 109.793 Mean total delay [s/ac] 116.465 | 115.449 | 109.793
Mean vectoring delay [s/ac] 10.370 | 10.858 9.096* Mean vectoring delay [s/ac] 15208 | 14.944 | 9.096*
Vectored flights [ac] 14552 | 15.207 | 12.854* Vectored flights [ac] 20.653 | 20.276 | 12.854*
Instruction count [-] 147.220 | 151.767 | 140.234 Instruction count [-] 150.887 | 148.767 | 140.234
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a* indicates significant difference versus baseline (Wilcoxon).
Significance threshold: = 0:0167 (Bonferroni).

14 to 20 minutes produces a measurable increase in planning
instability, primarily reflected in higher numbers of EAT
revisions and sequence position changes. This behavior is
consistent with the operational interpretation of Extended
AMAN: earlier slot allocation inevitably incorporates predic-
tions with larger uncertainty envelopes.

Further extension to 25 minutes amplifies this effect. Al-
though the theoretical solution space for delay absorption
increases, the longer prediction lookahead causes uncer-
tainty propagation to dominate system behavior. The resulting
growth in EAT revisions and sequence position changes
indicates diminishing returns of horizon extension. Beyond
a certain threshold, additional planning lead time primarily
introduces variability rather than stability. These results are
consistent with [7].

B. Effect of Stochastic Uncertainties

The results show that stochastic uncertainty affects Ex-
tended AMAN performance in a measurable way. Stability
KPIs are particularly sensitive, confirming that prediction
uncertainty propagates directly into the planning process.

Pop-ups are most strongly associated with sequence in-
stability. Configurations without pop-ups produce substan-
tially fewer sequence position changes, indicating that late
insertions caused by pop-ups are a main driver of sequence
disruption.

Trajectory prediction uncertainty mainly appears in the
form of increased EAT revisions, delay energy cost, and
instruction count. Its effect on sequence position changes is
smaller, which suggests that this uncertainty primarily causes
slot timing variability rather than persistent reordering of the
sequence.

For the planning effectiveness related KPlIs, the effects are
more limited. Although delay energy cost differs significantly,
mean vectoring delay does not show a systematic effect.
This indicates that uncertainty mainly reduces planning sta-
bility rather than strongly affecting the efficiency of delay
absorption in this configuration. Overall, the findings show
that different uncertainty sources affect different parts of
system performance. Extended AMAN instability at Schiphol



Table XVIII. Qualitative summary of experimental results relative to the reference configuration in each comparison.

EAT  Sequence Energy Total Vectoring Vectored  Instruction
Reference Configuration revisions changes cost delay delay flights count
A. Effect of freeze horizon extension
FCFS14 FCFS20 -- -- + + ++ ++ +
FCFS14 FCFS25 -- -- + + ++ + 4+ -
B. Effect of stochastic uncertainty
No uncertainty no pop-ups -- -- -- - 0 - --
No uncertainty no TP uncertainty - - - - + + + + +
No uncertainty no en-route uncertainty - - - - + + + + +
No uncertainty all uncertainty - - - - - - + + - -
C. Evaluation of pop-up mitigation strategies
FCFS20 BOL20 ++ ++ ++ -- - - -
FCFS20 Delay20 ++ ++ - - - - -
FCFS25 BOL25 ++ ++ ++ - -- -- --
FCFS25 Delay25 ++ + + + - - - - - - - -
FCFS14 BOL20 -- - + 0 o+ e+ 0
FCFS14 Delay20 -- -- - - + + -
D. Effects of planning at take-off and Brussels pop-up traffic
FCFS20 FCFS20, planning at T/O ++ + + + + ++ ++ +
FCFS20 FCFS20 excl. EBBR ++ ++ + 0 + + 0
FCFS20 FCFS20 excl. EBBR, planning at T/O ++ + + + 0 + + +
BOL20 BOL20, planning at T/O - - - 0 + + 0
BOL20 BOL20 excl. EBBR 0 0 + ++ ++ ++ ++
BOL20 BOL20 excl. EBBR, planning at T/O 0 - + + + + + + + + +
FCFS20 BOL20 ++ + 4+ + - - - -
FCFS20 FCFS20 excl. EBBR, planning at T/O ++ ++ + 0 ++ ++ +
FCFS14 FCFS14, planning at T/O ++ + + + 0 0 0 0
FCFS14 FCFS20 excl. EBBR, planning at T/O - - - - + + + + ++ +

+ + / - -: significant improvement / deterioration relative to reference; + / -: non-significant difference; 0: minimal difference.

should therefore not be interpreted as a purely pop-up-driven
phenomenon, but as the combined effect of pop-ups and
stochastic trajectory prediction uncertainty.

The Z-score plot shows overlap for mean total delay and
mean vectoring delay, which is consistent with the weaker
statistical separation found for these KPIs. It is also notable
that the no-uncertainty configuration still exhibits a relatively
large spread for several KPIs.

In the no-uncertainty configuration, the traffic demand
appears to be less evenly distributed over time, with relatively
low demand at the very beginning of the scenario followed
by a pronounced traffic bunch. As a result, early gaps in
the sequence remain unfilled, while delay accumulates later
in the scenario when demand increases. When stochastic
uncertainty is introduced, the traffic demand becomes more
temporally dispersed. This spreading effect allows aircraft to
occupy earlier available slots more effectively, leading to a
more gradual build-up of delay and reducing peak congestion
levels.

However, this behavior is not consistently observed across
all simulation runs, which contributes to the large spread in
several KPIs. This indicates that the results are sensitive to
the presence and timing of traffic peaks. As a consequence,
no definitive conclusions can be drawn for some of the
KPI’s in the no uncertainty configuration. More generally,
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this highlights a limitation of the simulation setup, as system
performance appears to be strongly influenced by scenario-
specific demand patterns rather than solely by the modeled
uncertainty mechanisms. Some effects between the other
configurations are significant.

C. Evaluation of Pop-Up Mitigation Strategies

The scheduler comparison shows clear differences between
the evaluated mitigation concepts. At a 20-minute freeze
horizon, the back-of-the-line strategy gives the most robust
stability performance. By preventing late insertions from
disturbing the frozen sequence, BOL limits the propagation
of instability. The reduction in EAT revisions indicates that
preserving sequence structure is an effective mitigation mech-
anism under stochastic uncertainty.

The increase in mean total delay under BOL reflects re-
distribution rather than a deterioration of performance. Delay
is shifted toward pop-up flights while stability is preserved
for aircraft that were already planned. From an operational
perspective, this trade-off may be acceptable, since stability
directly affects workload and predictability. It must be noted
that, at a 20-minute freeze horizon, only aircraft originating
from Brussels (2 flights per scenario, about 1% of the total)
experience more than approximately 3 minutes of additional
delay due to the BOL scheduler.



The Delay scheduler does not show comparable benefits.
Although it is conceptually attractive because it attempts to
account for uncertainty before a flight becomes a pop-up,
the results show that static delay offsets are not effective
at providing an accurate slot. In both FH20 and FH25, the
delayed-slot strategy remains less stable than BOL and tends
to increase total delay absorption. This suggests that pre-
planning based on a fixed statistical buffer is only effective
when the underlying uncertainty is sufficiently predictable.
Under the uncertainty levels modeled in this study, that
condition is not met.

The Z-score plot for the 20-minute freeze horizon indicates
that several KPIs still show substantial spread and overlap
between configurations. This is consistent with the absence of
statistical significance for those measures. At the same time,
the figure clearly shows that both BOL and the delayed-slot
strategy improve the stability-related KPIs relative to FCFS,
with BOL providing the strongest and most consistent effect.

For the 25-minute freeze horizon, instability effects re-
main dominant across schedulers. While BOL continues to
outperform the alternative strategies in terms of stability, the
absolute magnitude of EAT revisions and sequence position
changes suggests that this horizon length may exceed practical
operational limits under the modeled uncertainty conditions.
This is also reflected in the corresponding Z-score plot, where
the separation from FCFS becomes more pronounced, while
BOL and Delay still show considerable overlap for several
KPlIs.

Taken together, the results indicate that stability-preserving
schedulers represent the most viable mitigation strategy
within the evaluated uncertainty environment but not for
freeze horizons beyond 20 minutes in the Schiphol case. BOL
planning provides consistent benefits at FH20, while longer
horizons remain fundamentally constrained by uncertainty
propagation.

The delay type redistribution is operationally relevant.
Compared with FCFS14, BOL20 shifts delay absorption
away from vectoring and toward earlier speed- and Mach-
based absorption, as illustrated by Fig. 11. Delay is therefore
handled earlier in the trajectory and through more predictable
control mechanisms, while vectoring-related intervention is
reduced. Since the number of instructions does not increase
significantly under BOL20, this shift appears beneficial from
both an efficiency and workload perspective. The main dis-
advantage is that the burden of this strategy is concentrated
on the pop-up flights themselves. In the evaluated scenarios,
these are predominantly flights from Brussels, implying that
the strategy effectively prioritizes sequence stability for the
main inbound flow at the expense of a small subset of nearby
departures.

This raises an important operational consideration. Imple-
menting BOL at a 20-minute horizon would not merely be
a technical modification of the scheduler, but also a policy
choice regarding how uncertainty should be distributed across
traffic flows. Flights for which reliable information becomes
available relatively late would systematically be placed further
back in the sequence. From the perspective of aggregate
E-AMAN performance, this yields clear benefits. From the
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perspective of equity between traffic flows, however, it implies
a structural disadvantage for some nearby departure streams.
This trade-off should therefore be considered explicitly in any
future implementation study and by LVVNL.

D. Effects of Planning at Take-Off and Brussels Pop-Up
Traffic

Several observations can be made based on the results
presented above. First, planning aircraft at take-off (using
EFD messages) improves the performance of E-AMAN under
FCFS planning, especially when combined with the exclu-
sion of Brussels pop-up flights. Under this configuration,
clear and significant benefits are found for the stability-
related KPIs, and additional improvements are visible for the
vectoring-related KPIs, though only significant in the case
of planning at take-off only. Examining a BOL scheduler
and the same comparison, this effect does not occur. Instead,
excluding Brussels pop-up flights mainly improves the delay-
and taskload-related KPIs, while stability does not improve
significantly. The improvement in delay-related performance
can be logically explained by the fact that these Brussels
pop-up flights are the flights that would otherwise tend to
be planned further back in the sequence.

Second, when compared with other mitigation strategies,
the combination of planning at take-off and excluding Brus-
sels pop-up flights appears to perform nearly as well as BOL
on some metrics, and even better on others. An important
qualification, however, is the practical feasibility of these
options. Planning at take-off using EFD messages is tech-
nically feasible, since these messages are already available
and could therefore realistically be integrated into operations.
By contrast, BOL would represent a substantial operational
change for LVNL, while excluding Brussels pop-up flights
would imply a major change for KLM and other stake-
holders, likely involving considerable financial interests. A
related alternative would be to improve the predictability of
Brussels departures sufficiently to enable reliable pre-take-off
planning, for example by direct communication with the local
control tower. Moreover, excluding Brussels pop-up flights is
not a true mitigation strategy for the pop-up problem itself,
but rather removes an important source of pop-ups from the
system.

Finally, the last comparison indicates that implementing
EFD-based planning—that is, planning aircraft at take-off
rather than only after radar correlation—can already improve
the current AMAN operation in terms of stability. In addition,
the E-AMAN configuration combining planning at take-off
and excluding Brussels pop-up flights still provides significant
improvements relative to the current AMAN in terms of mean
vectoring delay and the number of vectored flights, together
with a non-significant tendency towards fewer instructions,
lower total delay, and lower delay energy cost. These benefits
do, however, come at the expense of reduced stability in that
comparison. Overall, the results show that the value of these
measures depends strongly on the planning strategy in which
they are embedded and on the performance dimension that is
considered most important.



E. General Discussion

The results confirm that freeze horizon extension is difficult
under operational uncertainty. While a longer horizon creates
more room for earlier sequencing and upstream delay ab-
sorption, it also reduces planning robustness. In the evaluated
Schiphol environment, both pop-up flights and trajectory
prediction uncertainty contribute to this degradation. Pop-
ups mainly affect sequence stability through late insertions,
whereas trajectory prediction uncertainty mainly affects tem-
poral stability through repeated EAT revisions.

Among the evaluated scheduler strategies, back-of-the-line
sequencing at a 20-minute freeze horizon appears to be
the most relevant mitigation option. It shows the strongest
improvement in stability while keeping total delay broadly
comparable and shifting delay toward earlier and more
speed-based instructions. At the same time, the additional
experiments show that earlier planning at take-off is also
operationally relevant, as it directly reduces the late-visibility
mechanism and thereby limits the impact of pop-ups. The
Brussels comparison further indicates that a small subset of
nearby departures contributes disproportionately to instability.
Together, these findings suggest that both stability-preserving
scheduling and improved early flight visibility are relevant for
making Extended AMAN operationally feasible.

An exploratory analysis was also performed for flights
subject to a CTOT or issued slot as a method of uncertainty
reduction [20]. In principle, one might expect such flights to
exhibit lower uncertainty from the perspective of the AMAN
operator, since the departure process is constrained to a
narrower operational window and should therefore be more
predictable for LVNL. However, a preliminary EFD-based
assessment suggests that this uncertainty is not smaller, and
may even be larger. At present, the reason for this is not clear.
This matters because the delayed-slot concept would become
more attractive if slot-regulated departures could be predicted
more accurately from the AMAN perspective. Future work
should therefore evaluate whether the apparent increase in
uncertainty is caused by the underlying operational process,
by the way the information is represented in EFD messages,
or by selection effects in the sampled traffic.

The en-route uncertainty model used in this study requires
careful interpretation. It is based on uncertainty observed in
trajectory predictions derived from EFD messages, which are
not necessarily representative of the best available prediction
accuracy. In addition, the model assumes a linear increase
in uncertainty with look-ahead time. This causes uncertainty
growth with increasing look-ahead time, making the model
particularly sensitive to freeze horizon extension. However,
Lubig et al. suggests that this growth may be more moderate
under operational conditions [12]. The uncertainty repre-
sentation used in this study may therefore be conservative,
particularly for the en-route component.

This study focuses on high-density traffic under a fixed set
of operational conditions, including specific wind settings and
runway configurations. The results therefore reflect system
behavior within a constrained scenario. Future work should
assess the sensitivity of the results to variations in traffic den-
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sity, wind, and runway use. Evaluating AMAN and E-AMAN
performance across a broader range of traffic scenarios would
provide insight into the robustness of the observed effects.

More broadly, the results indicate that structural perfor-
mance improvements could come from uncertainty reduc-
tion rather than compensation alone. Scheduler logic can
mitigate the operational consequences of uncertainty, but it
cannot remove the underlying cause. Promising directions
include improved access to intent information through ADS-
C [21], wider information exchange through SWIM, and
tighter coupling between departure-side planning and arrival-
side planning. In particular, integration between DMAN at
the departure airport and AMAN at the arrival airport could
reduce the amount of uncertainty that propagates into the
arrival sequence by making the expected departure sequence
known [11]. Further research is needed into how much the
uncertainty perceived by the AMAN operator must actually be
reduced for specific concepts to become operationally viable.
The simulation framework developed in this study is well
suited for such threshold and sensitivity analyses.

A further development area is limited tactical intervention
before slot freeze. In the current implementation, preplanned
flights are not given early delay-absorption instructions be-
cause such interventions would alter the ETA used for slot
assignment. However, some flights may already clearly re-
quire delay absorption before the freeze horizon is reached.
A future concept in which planning is based on the original
ETA while tactical absorption is initiated earlier may improve
both predictability and workload distribution. The simulation
framework developed in this study provides a suitable basis
for testing such concepts.

Several limitations should be acknowledged. The exper-
iments focus on peak-demand scenarios and do not in-
clude pronounced low-demand periods or strongly disrupted
weather scenarios. The stochastic uncertainty model assumes
independence between uncertainty sources, while in practice
some dependencies are likely to exist. Traffic is not tactically
deconflicted beyond the modeled AMAN and ATC logic, so
the feasibility of certain control solutions may be overesti-
mated. Wake-turbulence effects are not modeled explicitly
in the sequencing logic, with a fixed landing interval used
instead. Controller behavior is represented by deterministic
rule-based logic and does not capture variability in decision-
making, inter-center coordination, or pilot compliance. In
addition, the study remains a model-based analysis only;
before operational implementation, human-in-the-loop sim-
ulation or shadow-mode evaluation would be required to
assess controller acceptability and practical feasibility. Fi-
nally, the results are specific to Schiphol traffic structure and
the selected scenario set, even though the methodological
framework itself is transferable. Despite these limitations,
the results provide a clear indication that practical Extended
AMAN implementation at Schiphol will require either re-
duced uncertainty or stability-oriented scheduling logic.

VIlI. CONCLUSION

This study evaluated the influence of stochastic uncertainty
mechanisms and pop-up mitigation strategies in an Extended



Arrival Manager (E-AMAN) environment. The results show
that freeze horizon extension introduces a clear trade-off be-
tween earlier planning and prediction-driven instability. While
a longer freeze horizon increases the opportunity for upstream
delay absorption, it also increases exposure to different types
of uncertainty.

The results further show that pop-ups are a major driver
of instability in the evaluated Schiphol environment, espe-
cially with respect to sequence disruptions. At the same
time, trajectory prediction uncertainty remains an important
contributor to E-AMAN performance degradation through
repeated changes in Estimated Time Over the Initial Approach
Fix (ETO IAF). Extended AMAN performance is therefore
driven by the combined effect of late flight visibility and
stochastic prediction uncertainty.

Among the evaluated mitigation strategies, back-of-the-line
planning at a 20-minute freeze horizon provides the most
favorable balance between stability, planning effectiveness
and taskload. The strategy effectively constrains instability
propagation by protecting the frozen sequence from late
insertions, while preserving overall delay performance relative
to baseline AMAN operations. In addition, delay absorption
shifts toward earlier and more predictable mechanisms, re-
ducing reliance on vectoring without significantly increasing
instruction count. Longer freeze horizons produce dimin-
ishing returns, as uncertainty propagation effects become
increasingly dominant.

Further evaluation shows that earlier planning of nearby
departures at take-off, using ETFMS Flight Data (EFD),
can also provide meaningful benefits. In particular, planning
flights already at take-off reduces the number of pop-ups and
significantly improves stability, both in Extended AMAN and
in the current AMAN configuration.

The experiments also show that pop-ups from Brussels
have a disproportionate effect on E-AMAN instability. This
indicates that another route toward feasible Extended AMAN
implementation is not only to change the scheduler logic, but
also to reduce the amount of late-visible nearby traffic through
earlier planning and improved information availability.

Taken together, the results indicate that a promising
pathway for Extended AMAN implementation consists of
a combination of stability-preserving planning logic and
uncertainty-reduction measures. Of the evaluated options, a
Back-of-the-Line (BOL) scheduler at a freeze horizon of 20
minutes appears to be the strongest local mitigation strategy.
EFD-based planning at take-off appears to be a promising
complementary measure that could already improve current
operations at a freeze horizon of 14 minutes.

This research establishes a structured framework for
stochastic uncertainty modeling and reproducible evalua-
tion of AMAN and Extended AMAN concepts through the
BlueSky AMAN Simulator (BAMS). The framework enables
systematic assessment of uncertainty sources, scheduling
strategies, and delay absorption mechanisms under controlled
conditions. This provides LVNL and other ANSPs with a
useful basis for evaluating Extended AMAN concepts and
potential Common Project 1 (CP1) compliance pathways.
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APPENDIX A
CALCULATED TAKE-OFF TIME (CTOT) AND TAKE-OFF PREDICTION UNCERTAINTY
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Figure 16. Comparison of take-off prediction uncertainty for flights with and without a CTOT or issued slot. Flights with a slot are shown
in green, while flights without a slot are shown in orange.

Fig. 16 compares the take-off prediction uncertainty of flights with and without a CTOT or issued slot. Flights with a slot
are shown in green, while flights without a slot are shown in orange. The figure does not show a clear reduction in take-off
prediction uncertainty for slot-regulated flights. A similar pattern was found when the analysis was repeated for individual
departure airports.

These results suggest that the presence of a CTOT or issued slot does not automatically improve take-off predictability from
the perspective of the AMAN operator. Further analysis is required to determine whether this is caused by the selected dataset,
by underlying operational effects, or by the fact that slot allocation alone is insufficient to reduce take-off uncertainty.

APPENDIX B
DELAY DISTRIBUTION FIRST-COME-FIRST-SERVE VERSUS BACK OF THE LINE FOR BRUSSELS

Fig. 17 presents a comparison between the FCFS and BOL configurations in terms of the mean total delay per scenario. For
both methods, a distinction is made between three categories: all flights, flights originating from Brussels (EBBR), and flights
not originating from Brussels.

The boxplots illustrate the distribution of the mean delay across the different scenarios. When examining the subgroups, it
becomes clear that under the BOL configuration a large delay is assigned to flights originating from Brussels, while the delay
for non-Brussels flights is comparatively reduced. This indicates that the BOL method redistributes delay and concentrates a
larger portion of it on Brussels-related traffic, as theorized.

APPENDIX C
SCENARIOS

The 12 scenarios were constructed to represent comparable 3-hour peak periods under different operational conditions. They
vary in traffic day, runway configuration, wind profile, and time shift, while keeping the underlying demand level within a
narrow range. Together, they provide a set of semi-steady-state peak scenarios for evaluating the relative effect of uncertainty
and scheduler logic under paired Monte-Carlo conditions. The applied shift hours indicate the temporal offset used when
generating the scenario from the original traffic day, allowing multiple peak-period realizations to be derived from the same
source dataset.

In case of the exclusion of the Brussels pop-up flights, these were replaced with flights with a similar ETA. The rest of the
scenario was kept identical.
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Figure 17. Comparison of mean total delay per scenario for FCFS and BOL, split into all flights, Brussels-origin flights, and non-Brussels
flights.

Table XIX. Overview of the 12 generated traffic scenarios used in the simulation experiments. The table lists the traffic day,
runway configuration, wind setting, runway rate, and applied time shift for each generated scenario. Each scenario covers a
3-hour traffic window.

Scenario  Traffic day =~ Runway configuration Runway rate  Shift hours ~ Wind profile (alt [ft], direction, magnitude [kts])
(RIVER, SUGOL, ARTIP)
scl 2024-05-22  [18R, 18R, 18C] 34 0 0/60/15, 4000/60/30, 10000/60/50
sc2 2024-05-22  [36C, 36C, 36R] 34 3 0/180/15, 4000/110/30, 10000/60/50
sc3 2024-05-22  [18R, 18R, 27] 34 6 0/60/15, 4000/90/30, 10000/90/50
sc4 2024-05-22  [18R, 18R, 18C] 34 9 0/310/15, 4000/290/30, 10000/290/50
sch 2024-02-09  [18R, 18R, 18C] 34 0 0/180/15, 4000/225/30, 10000/180/30
sc6 2024-02-09  [36C, 36C, 36R] 34 3 0/180/15, 4000/110/30, 10000/60/50
sc7 2024-02-09  [36C, 36C, 36R] 32 3 0/180/15, 4000/110/30, 10000/60/50
sc8 2024-02-09  [18R, 18R, 27] 34 6 0/60/15, 4000/90/30, 10000/90/50
sc9 2024-01-26  [18R, 18R, 18C] 34 0 0/60/15, 4000/60/30, 10000/60/50
sc10 2024-01-26  [36C, 36C, 36R] 34 3 0/180/15, 4000/110/30, 10000/60/50
scll 2024-01-26  [18R, 18R, 27] 34 6 0/60/15, 4000/90/30, 10000/90/50
sc12 2024-01-26  [18R, 18R, 18C] 34 9 0/310/15, 4000/290/30, 10000/290/50
APPENDIX D

ERROR SAMPLING AND INTRODUCTION

This appendix section describes how the stochastic uncertainty terms are sampled and how they are introduced into the
simulation. The uncertainty model distinguishes between four error components: take-off planning uncertainty, departure-route
uncertainty, en-route trajectory prediction uncertainty outside the FIR, and trajectory prediction uncertainty within the FIR.

A. Sampling of Error Terms

For each aircraft, the uncertainty terms are sampled once and then kept fixed throughout the simulation. This ensures that each
flight is assigned a consistent stochastic realization over all prediction updates. A deterministic pseudo-random number generator
is used based on a combination of the global simulation seed and the aircraft callsign. As a result, the same aircraft receives the
same error realization when the same scenario seed is used, which is essential for the paired Monte-Carlo comparison between
configurations.

The take-off planning uncertainty is sampled from airport- and lookahead-dependent Johnson-SU distributions derived from
the EFD analysis. For a given aircraft, the relevant lookahead is determined from the difference between the freeze horizon and
the predicted flight time to the IAF. If this lookahead becomes negative, the error is zero. In addition to the random sample
itself, the corresponding percentile value used by the delayed-slot scheduler is also extracted from the same take-off distribution.

Departure-route uncertainty is sampled from an airport-specific Johnson-SU distribution. This uncertainty is represented as a
relative timing error over the departure segment rather than as an absolute time shift. En-route trajectory prediction uncertainty
outside the FIR is sampled from a single Johnson-SU distribution representing the normalized error up to the coordination
point. Within the FIR, trajectory prediction uncertainty is sampled from a normal distribution with a standard deviation of
1.5%, reflecting the smaller spread associated with known local intent.
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After sampling, each component can be scaled independently using the error multipliers defined in the AMAN settings.
This allows individual uncertainty sources to be enabled, disabled, or amplified in the experiment design without changing the
underlying distributions.

B. Introduction of Take-off Uncertainty

Take-off planning uncertainty is introduced as a shift in the actual take-off time relative to the predicted take-off time. For
aircraft that are planned before take-off, the sampled take-off error is converted to a time shift and applied to the aircraft
creation time in the simulation. As a result, the aircraft appears later or earlier than originally predicted, which directly affects
whether it becomes visible to the AMAN in time to be preplanned or instead appears as a pop-up.

This mechanism is only relevant for aircraft that are still on the ground when the uncertainty is applied. It therefore primarily
affects nearby departures and experiments involving planning at take-off or delayed-slot scheduling.

C. Introduction of Airborne Uncertainty

For the airborne phases, uncertainty is not introduced as a direct time offset, but through a modification of the effective
groundspeed. Each sampled error term is interpreted as a relative timing error over a specific trajectory segment. During
simulation, this is converted into a groundspeed factor,

Vground;e :Vground;nom (1 Esegment); (11)

where Egegment is the sampled normalized error for the active phase.
The predictions are updated as the simulation runs. The resulting timing error is therefore not constant, but gradually decreases
from a maximum as the aircraft approaches the end of the affected segment.

D. Phase Logic During Flight

The active uncertainty component depends on the phase of flight. Before the end of the departure segment, the departure-route
error is applied. After that, the en-route error outside the FIR becomes active. Once the aircraft enters the FIR, the model
transitions to the within-FIR uncertainty representation. In addition, if an adjacent-center instruction has already been issued,
the simulation also switches from the outside-FIR en-route error to the within-FIR error representation, because the aircraft
intent is then assumed to be known more accurately.

The uncertainty is only activated once the aircraft reaches the relevant planning window. In the present implementation, this
window starts 5 minutes before the freeze horizon relative to the predicted ETO at the IAF. This avoids introducing drift too
early, when the aircraft is still operationally irrelevant for AMAN planning.

E. Effect on AMAN Predictions

The cumulative time drift caused by the active uncertainty terms is stored as the aircraft’s instantaneous prediction error.
This drift is added to the nominal trajectory predictor output to obtain the effective ETO at the IAF and the corresponding
ETA observed by the AMAN. The AMAN therefore does not receive a direct stochastic perturbation, but rather a gradually
evolving prediction error that follows from the realized uncertainty in take-off timing and effective airborne progress.

This approach makes it possible to distinguish between two different mechanisms of instability. First, take-off uncertainty
and visibility logic determine whether aircraft become late-visible pop-ups. Second, departure-route and en-route uncertainty
continuously perturb the arrival-time predictions of aircraft that are already known to the AMAN. The simulation can therefore
separately represent instability caused by late visibility and instability caused by prediction drift.

APPENDIX E
SCHEDULERS

A. First-Come, First-Served (FCFS)

The FCFS scheduler represents the reference planning logic and is closest to current operational practice. Aircraft are inserted
into the sequence primarily based on their predicted arrival time at the IAF. When a newly visible aircraft enters the planning
process, it is assigned the first feasible slot in sequence while preserving the required separation to the aircraft ahead. If this
aircraft is inserted before already planned or frozen aircraft, the flights behind it may need to be shifted, which can lead to
EAT revisions and sequence position changes. This principle is illustrated on the left-hand side of Fig. 18.

B. Back-of-the-Line (BOL)

The Back-of-the-Line (BOL) scheduler is a stability-preserving mitigation strategy for pop-up flights. Instead of inserting a
newly visible aircraft at its FCFS-based position in the existing sequence, the aircraft is appended to the back of the currently
frozen sequence on its assigned runway. In other words, the pop-up flight is not allowed to disrupt the order of aircraft that
have already been frozen. This logic is illustrated on the right-hand side of Fig. 18.
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C. Delayed-slot scheduler (Delay)

The delayed-slot scheduler assigns an expected delay already during pre-planning. For each flight, this delay is based on
the 75th percentile of the take-off uncertainty distribution corresponding to the departure airport and the relevant prediction
lookahead. The delayed ETA is then obtained by adding this percentile delay to the nominal ETA. Slot assignment is subsequently
based on this delayed ETA rather than on the nominal ETA. This mechanism is illustrated in Fig. 19.

In the present implementation, this scheduler assumes that aircraft are visible from take-off onward rather than only after
reaching a specific altitude threshold. This assumption is necessary because the scheduler aims to account for uncertainty before
the aircraft becomes a pop-up. The concept is therefore based on the idea that additional uncertainty can be absorbed through
a statistical buffer in the planning phase.

However, if an aircraft is already airborne and still has not been frozen by the time it enters the freeze horizon, the delayed-
slot logic is no longer applied. In that case, the aircraft is handled using Back-of-the-Line logic and is appended to the end
of the frozen sequence. The Delay scheduler can therefore be interpreted as a hybrid concept: it first attempts to mitigate
late disturbances through conservative pre-planning, but falls back to BOL behavior once a flight has effectively become a
late-visible pop-up.

FCFS BOL
Freeze horizon __________ @ o ceee———— Freeze horizon _ . ________ e ——
Pop-up > Pop-up —>
S S
Figure 18. Schematic overview of the evaluated FCFS and BOL scheduler concepts.
Delayed slot
L]
Pop-up
(not airborne) _Z ____________________________ Freeze
horizon
H H |
______________________________ IAF

Figure 19. Illustration of the delayed-slot scheduling concept.
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APPENDIX F
SETTINGS

This appendix section summarizes the most important AMAN settings used in the simulation environment. Only the settings
that directly affect the planning logic, pop-up behavior, and tactical solution space are included here. Together, these parameters
define how aircraft become visible to the AMAN, how slots are assigned and frozen, and how tactical delay absorption is
performed.

A standard early planning bias of 60 seconds is applied, meaning that aircraft are planned slightly earlier than their nominal
ETA when no preceding slot constraint is active. The current approach window is defined as 120 seconds around the EAT.

The available tactical solution space is defined through limits on speed control, vectoring, and holding. Aircraft may absorb
delay using up to 50 knots of speed reduction, while time recovery is limited to 25 knots of speed increase. For adjacent-center
coordination, a standard Mach reduction of 0.04 is used when in-sector speed reduction is insufficient. The maximum dogleg
extension is constrained through a dogleg ratio, and the minimum usable speed outside the TMA is set to 190 knots. In addition,
adjacent-center coordination is only considered above FL260, which acts as the handover altitude between local and non-local

control.

Table XX summarizes the most relevant AMAN settings used in the simulation experiments.

Table XX. Main AMAN settings used in the simulation experiments.

Setting

Value

Description

Freeze horizon

Planning horizon
Capacity

Nominal separation
Standard early bias
Approach window
Instruction margin
Replan pull-forward
Standard visible altitude
Airport-specific visibility
Max slowdown

Max speedup

Mach reduction
Minimum speed

Dogleg ratio

Handover altitude
Expected delay percentile
EAT update threshold
Error multiplier
Within-FIR TP std. dev.

14, 20, or 25 min
Freeze horizon + 15 min
38 ac/h/runway

~95s

60 s

+120 s

20s

N0s

13,000 ft

e.g. EBBR 1,000 ft, EDDL 2,000 ft
50 kt

25 kt

0.04

190 kt

1.3

FL260

75%

10s

€151

1.5%

Time before IAF at which slots become frozen
Earliest point at which aircraft can be preplanned
Determines nominal slot spacing

Calculated from runway capacity

Early slot bias in unconstrained planning

Allowed deviation around EAT at IAF

Minimum deviation before ATC intervenes
Maximum earlier pull during replanning

Default radar visibility threshold

Lower thresholds for nearby airports

Maximum tactical speed reduction

Maximum tactical speed increase

Standard Mach reduction used for adjacent-center delay absorption
Minimum usable speed outside TMA

Maximum dogleg extension relative to nominal route
Boundary between local and adjacent-center control
Buffer used by delayed-slot scheduling

Minimum slot change counted as an EAT revision
Scaling factors for the four uncertainty phases
Standard deviation of local trajectory prediction error

APPENDIX G
KPI DEFINITIONS

This appendix section summarizes the definitions of the main KPIs used.

A. EAT Revisions

revisions count the number of relevant slot updates after an aircraft is no longer in the preplanned or ground state. A revision
is only counted when the assigned slot changes by more than 10 seconds. At scenario level, the KPI is the total number of
such updates over all aircraft.

B. Sequence Position Changes

Sequence position changes are represented by the swaps variable. This KPI counts how often aircraft already in the frozen
sequence are displaced by pop-up insertions or by subsequent sequence compression after replanning. At scenario level, the
KPI is the total sum of swaps over all aircraft.

C. Delay Energy Cost
Delay energy cost represents the additional trajectory-related work caused by tactical delay absorption relative to the nominal
trajectory. It is computed at scenario level as the ratio between total extra work and total work using:
extrawork

100%:
totalwork

Delay energy cost =

D. Instruction Count

Instruction count is the total number of tactical ATC instructions issued in a scenario. Speed-based instructions count as one
instruction, a dogleg as two, and a holding pattern as four. The KPI is used as a proxy for controller taskload.
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E. Nonzero Vectoring Delay
Nonzero vectoring delay counts the number of aircraft for which delay is absorbed through lateral path extension. It therefore
measures how often vectoring-based delay absorption is used, rather than how much delay it absorbs.

APPENDIX H
OVERVIEW OF THE BLUESKY AMAN SIMULATOR (BAMS)
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Figure 20. Overview of the main modules in the BlueSky AMAN Simulator (BAMS) and their interactions.

The BlueSky AMAN Simulator (BAMS) consists of several interacting modules that together represent the core functions
of an arrival-management environment under uncertainty. The architecture is centered around the AMAN logic itself, but is
extended with dedicated components for trajectory prediction, uncertainty generation, prediction handling, and tactical ATC
intervention. Fig. 20 shows the main simulator modules and their information flow.

The core of the simulator is formed by the AMAN module. This module maintains the main flight DataFrame and is responsible
for the AMAN planning logic. It determines aircraft planning states, performs preplanning, identifies pop-up flights, assigns
slots, freezes aircraft at the configured freeze horizon, and stores the resulting planning variables such as slot, EAT, sequence
relations, and bookkeeping variables. It also contains the logic for replanning and slot compression when late-visible aircraft
disturb the frozen sequence.

Trajectory information is provided by the trajectory predictor module (trajectory_predictor). This module generates
predicted waypoint crossing times, ETOs, and ETAs based on the BlueSky route and aircraft state. It can operate through a
separate child node and communicates predictions back to the main simulation using BlueSky’s network interface. In this way,
the AMAN continuously receives updated time predictions for the 1AF, runway, FIR entry, and other relevant reference points
if an instruction is issued.

Tactical control actions are modeled in the ATC module. This module monitors frozen aircraft and determines whether
instructions are needed based on the current time-to-lose-or-gain relative to the EAT window. It selects between speed control,
dogleg vectoring, holding, direct-to clearances, and replanning, depending on aircraft state and available solution space. The
ATC module also processes trajectory predictor updates after an instruction has been issued and checks whether the intended
correction has been achieved or whether a new action is required.

Uncertainty is introduced through the dedicated error-generation functionality that is called from within the AMAN and
prediction-handling workflow. Four uncertainty phases are represented: take-off planning uncertainty, departure-route uncertainty,
en-route uncertainty outside the FIR, and en-route uncertainty within the FIR. These sampled errors are stored per flight and
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then translated into take-off shifts or groundspeed factors, such that the AMAN observes gradually evolving time errors rather
than a single static perturbation.

Together, these modules form a closed-loop simulation architecture. The trajectory predictor supplies time estimates, the
AMAN uses these estimates to plan and freeze traffic, the ATC module intervenes when needed to maintain adherence to the
plan, and new predictor updates then modify the estimated arrival times again. This closed interaction makes it possible to
evaluate not only static planning performance, but also the dynamic propagation of uncertainty and the operational effect of
different pop-up mitigation strategies.

APPENDIX |
MONTE-CARLO CONTROL

A dedicated montecarlo or batch plugin is used to control the simulation experiments. This plugin acts as the central
experiment manager of BAMS. The user can start a complete batch of runs with a single scenario command, after which
the plugin automatically loads the requested scenario and configuration, assigns seeds, distributes runs over multiple BlueSky
nodes, and collects the results.

The plugin stores the run definitions and results in a central batch DataFrame. Each row corresponds to one scenario—seed
combination and contains the execution status, assigned node, runtime information, and returned KPIs. By controlling the
seeds centrally, the plugin ensures paired stochastic conditions between configurations. It therefore forms the backbone of the
Monte-Carlo methodology used in this study.

APPENDIX J
MACH CROSSOVER AND SPEED PROFILE LoGIC

The Mach_Crossover plugin manages the nominal speed profile of each aircraft during climb, cruise, and descent. It
ensures a realistic transition between calibrated airspeed (CAS) and Mach number as altitude changes, while still allowing
tactical ATC speed interventions.

For each flight, the plugin uses speed-profile parameters such as climb, cruise, and descent CAS and Mach values. These
are initialized with default values, but can also be set per flight.

Above the transition altitude, the logic determines whether the aircraft is climbing, cruising, or descending and applies the
corresponding CAS or Mach target. Below the transition altitude, aircraft revert to a fixed low-altitude descent speed.

An important feature is that the plugin respects manual speed commands. Once a user-issued speed command is given, the
plugin no longer overrides the selected speed. When VNAV speed control is restored, the automatic crossover logic becomes
active again.

APPENDIX K
HOLDING PLUGIN

The holding plugin is used to model tactical holding patterns for aircraft that cannot absorb sufficient delay through speed
control or vectoring alone. The plugin allows a holding pattern to be defined at specific waypoints, including the inbound radial,
altitude limits, and maximum holding speed.

The plugin supports standard entry procedures by distinguishing between direct, parallel, and teardrop entry, based on the
relative geometry between the inbound track and the radial to the holding fix. Once the aircraft reaches the holding waypoint,
the plugin issues the required heading and direct-to commands through the BlueSky stack in order to fly successive holding
legs.

Holding can be either indefinite or time-based. For time-based holding, the remaining required delay is monitored and
translated into an appropriate leg length. If only a small amount of delay remains, the hold is cancelled and the aircraft
continues its route. If the delay is still substantial, additional holding legs are generated recursively each time the aircraft passes
the holding fix.
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Abstract

The extension of the Arrival Manager freeze horizon, as mandated by the Single European Sky initia-
tive, is intended to facilitate earlier delay absorption which decreases fuel burn and improves arrival
flow predictability. However, extending the planning horizon also increases exposure to uncertainty in
takeoff planning and trajectory prediction. These uncertainties cause so-called pop-up flights: aircraft
that enter the Arrival Manager horizon after the sequence has been frozen, resulting in an increase in
workload and fuel burn.

This thesis aims to support the implementation of an Extended Arrival Manager at Schiphol Airport
by investigating the effects of takeoff and trajectory prediction uncertainty on the performance of the
Extended Arrival Manager, and investigating and evaluating mitigation strategies. This preliminary
thesis aims to investigate the Arrival Manager currently in use, the previous research conducted, and
the characteristics and magnitude of the different uncertainties.

A quantitative analysis of real-world ETFMS Flight Data message is performed to characterize uncer-
tainty in the pre-departure and en-route phases. The results show that both takeoff and trajectory
prediction errors are significant, and that a longer freeze horizon significantly increases the likelihood
of pop-up flights.

A high-fidelity, modular simulation environment is to be developed using the BlueSky air traffic simula-
tor, integrating a trajectory predictor, Arrival Manager module, and ATC logic. The simulation supports
stochastic modeling of uncertainties and enables Monte-Carlo experiments across multiple configura-
tions. The mitigation strategies to be evaluated are a delayed slot strategy and optimized rescheduling.
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LQWR PDQ\GLIIHUHQW FDWHJRULHV UDQJLQJIURP XQFRQWUROOHG WR U
,QJHQHUDO WKH ODWWHU LV QHDU ODUJH DLUSRUWY ZKLOH WKH IRUPHL

7TKHFRQWURO ]JRQHV DURXQG ODUJHDLUSRUWY VXFKDV 6FKLSKRO DUH (
DOO\IROORZLQJ WKH GLITHUHQW SKDVHV RIIOL&W $VKRUWRYHUYLHZL

$f7KH XSSHU FRQWURO DUHD LV XVHG EA\HQ URXWH WUDIILF DQG LV PDQ

,QWKHI1IHWKHUODQGVDQG VXUURXQGLQJFRXQWULHY ODDVWULFKW |
VLEOH IRUWKHFRRUGLQDWLRQRIDLUWUDIILF 7KH8SSHU &RQWURO
WR IH@W >

$+7KH &RQWURO $UHD &7%$ LVWKHDLUVSDFHEHWZHHQ DSSUR[LPDWHO\

DLUFUDIW LQ WKLY DLUVSDFH GHSDUWHG DQ DLUSRUW ZLWKLQ WKH F
7KHFRQWURODUHD LV PDQDJHG E\$UHD &RQWURO &HQWHU $&& $LUF
DW&RRUGLQDWLRQ3RLQW &23 fVDQGH[LWDW WKH ,QLWLDO $SSURDI|
WR $SSURDFK &R GW RRO/ W 3BQVXUH VHSDUDWLRQ EHWZHHQ DLUFUDIW
DQ\GHOD\V UHTXLUHG E\ WKH OLPLWHG FDSDFLW\LQ WKH 7HUPLQDO &
RI WKH $UULYDO ODQDJHU $0$1 DUH XVHG WR FRRU&SLSDQWR WKH IOR:
70%

F7KHO$SLY PDQDJHG E\ $SSURDFK &RQWURO $33 DQG LV XVHG E\ FRQWL
WUDIILF IURRPRSGIM WRHHOWMWKHU RQWR ILQDO DSSURDFK 7KHDLUVSDFH D
WR REWDLQ WKH FRUUHFW VHSDUDWLRQ 7KHDLUVSDFH UDQJHV IURF
FRQVLVWV RI VHYHUDO VWUHDPV RI KLJK GHQVLW\ WUWDIBLEVZKLFK P X
XVHGDWPDQ\PDMRUDLUSRUWY WR KHOSPDQDJH WKHWUDIILFIORZV
DLUFUDIW 7KH VOGSREMUDRUWFHRIWMKHH-RUGLQJ WR WKH FXUUHQW WUDIILF
LQIRUPDWLRQLV WKHQ VKRZHG&& R WKHFRQWUROOHUV DW



%YMVWTEGI (IWMKR ERH %VVMZEP 6SYXIW

17KH DLUVSDFH GLUHFWO\ DURNGQLS/ WRQ DING EUWKWIKBHU 7UDIILF &RQW
7:5 FRQWUROOHUV (QVXULQJ VHSDUDWLRQ DW WDNHRII DQG ODQGlI
FRQWUROOHUYV 7KH WRZHU FRQWUROOHUY FRQWURO DLUFUDIW IURP
HILWLQJ WKH UXQZD\ DQG IURP HQWHULQJ WKH UXQZD\ XS WR DQ DO\
2Q0\D IHZ QDXWLFDO PLOHV DURXQG WKHDLUSRUW DUH FRQWUROOH!

F)LQDOO\ WKHJURXQG FRQWUROOHUYVY FRRUGLQDWH SXVKEDFN VWDU!

7KHVHGLIIHUHQW W\SHV RIDLUVSD F HV DXUHHY LW Bl QVOK\ DM B/KHHVGHLQ MK G Q@ [
DUHRIWHQ VSOLW XS LQWR ¥&I&\Q RUKH LRIWKHDPSGDGGY LV VSOLW XS LQWR
WKHQ FDQ EH FRPELQHG LQWR ODUJHU FRPELQDWLRQV

JLIXUH 9OHUWLFDO 6 FKHPDWLF RI WKB@®DLUVSDFH VWUXFWXUH >

7KH DLUFUDIW DUH KREB@BHIBQRYGIM DFRI QW RIERQVERQ WWROKHHUY FDQ GHYLDV
WKHVWDQGDUG URXWH LI WKH\VHHUHDVRQWR LQ FROODERUDWLRQ ZLW
DLUFUDIW IROORZ VW D&®TBEDW G XWRI X\ B IXUSHMRK WK HK H\ DUH XVHG WR VLPSOI
WKH VHSDUDWLR®&RI ZKWDHLFORMMR DOORZLQJ IRU WKH PHUJLQJ RI VWUHDF
GLIIHUHOW &RQWUROOHUYV DUH DOORZHG WR LQVWUXFW DLUFUDIW WR C
$UULYDO 5RXWH 67$%$5 1V WR PDLQWDLQ VHSDUDWLRQ RULQFUHDVH HIILF
VNLSSHG WR VKRUWHQ WKH IOLJKWWLPH RU D GHWRXU>XWDHYERDWVLIQHGC
WKH FKDUBWRIWKHMHG IRUDLUFUDIW LQERXQG WR 6FKLSKRO



%VVMZEP 4VSGIWW 1IWWEKIW

JLIXUH 67$5FKDUW IRU 6FKLS®RO DLUSRUW >

7KH WKBWWDUH 5,9(5 68*2/DQG $57,3 ,Q SULQFLSOH DOO LQERXQG ,QVW
WUDIILF LV DVYLEQNE®RQ WKHLU VFKHGXOHG URXWH ,Il UHTXLUHG KROC
XVHG WR GHOD\ DLUFUDIW EB$RAKHWKRID\GHL@QW SDWKHUQVHUH ZLWKDWHG L
PLQLPXPDOWLWXGHRI)OLJKW /HYHO )/ 7KHUHLVDQDGGLWLRQDO KR
DW 7KH ODWWHU LV XVHG LQIUHTXHQW O\ $ JK/HDKFOO! Gl DAVXSJHW W HQ B W 1D
DQG WXUQV PHDQLQJDQDGGLWLRQRI PLQXWHV WR WKH IOLJKWWLPH F
LV WUDYHUVHG $V SUHYLRXVO\QRWHG ZK H Q$P\@ KOH\UIFWHD WAU B WV H I WAHKCH
$& &WR33

%VVMZEP 4VSGIWW 1IWWEKIW

7KLY VHFWLRQ SURYLGHVDQRYHUYLHZ RI WKH GLIIBUHQAM PSHK/ROJIHV H[F
URFRQWURODQG WKHDGMDFHQW FHQWHUYV

(XURFRQWURO LV WKH 1HWZRUN ODQDJHU 10 ZKLFK HQWDLOV PXOWLSC
FDSDFLW\ DQG GHPDQG DQG EHLQJ D FHQWUDO FRRUGLQDWRU RI FRPPX
PHVVDJHV % % VHUYLFH 7KH ODWWHU HQWDLOV WKH GLVWULEXWLRQ F
FDO ,QIRUPDWLRQ 3DFNDJH $,3 VHUYLFHV DQG IOLJKW XSGDWH PHVVD,
PDLQWDLQV PXOWLSOH RWKHU GDWDEDVHV IRU RWKHU SXUSRVHV VXFK
GDWDEDVH

EXUUHQWOHFHLYHV WKH IOLJKW XSGDWH PHVVDJHVY WKURXJK WKH (7)06
IRUPD& ¥KH IRUPDW KDV TXLWH VRPH GDWDILHOGYVY LQ WKHIROORZLQJ S
ILHOGV DUH GLVHXVPHBVDPDDOHKFRQFHUQV D VLQJOH IOLJKW DQG IRU HDFK |
DUHJLYHQ (DFKGDWDILHOGLVY UHSHDWHGLQHDFKPHVVDJH



%VVMZEP 4VSGIWW 1IWWEKIW

+IRIVEP -RIJISVQEXMSR ERH 6SYXI
,QHYUI\PHVVDIJH VRPH JHQHUDO LQIRUPDWLRQ LV JLYHQ VXFK DV WKH F
FUDIWUHJLVWUDWLRQ DLUFUDIW W\SHDQG PHVVDJH WLPHVWDPS 7KH L
GHSDUWXUH DQG DUULYDO DLUSRUWYV WKH HVWLPDWHG RIl EORFN WLPL
ZD\SRLQWYV DOWLWXGHDQG SODQQHG WLPH 7KHDLUFUDIW FDQ GHYLDW

9THEXIW
()" PHVVDJHV DUHD FRQVWDQW VWUHDP RIGDWD RIDOO IOLJKWV LQERXQ
DLUVSDFH OXOWLSOH PHVVDJHV DUH SXEOLVKHG SHU IOLJKW 7KH ILUV'
WKUHH KRXUV EHIRUH GHSDUWXUH 8SGDWHV DUH SXEOLVKHGHYHU\ PL
%ORFN 7LPH 72%7 DIWHU ZKLFK HYHU\ PLOQXWHY DQ XSGDWH LV SXEOL
8SGDWHV DUHDOVR SXEOLVKHG LI WKHGHSDUWXUH SODQQLQJFKDQJHYV
HVWLPDWHG WLPH DORQJWKH URXWH LY FKDQJHG E\ PLQXWHV RUPRUH

JOLIKW 6WDWH &RGH '"HVFULSWLRQ
JLOHG ), JOLJKW SODQ ILOHG &8 KEHIRUH GHSDUWXUH
60RW $OORFDWHG )6 5HIXODWLRQ SODFHG QR VORW\HW DVV

6ORW ,VVXHG 65HJXODWLRQ SODFHG DQG VORW DVVLJQHG
7DFWLFDO $FWLYDWHG 7$ $VVXPHG DLUERUQHE\1HWZRUN 0DQI
6XVSHQGHG 681R NQRZQ SODQQLQJ IOLJKW QRW FDQFHOOHG
&DQFHOOHG &$)OLJKW FDQFHOOHG

$7& $SFWLYDWHG $$ &RQILUPHG DLUERUQH E\ $7&
7HUPLQDWHG 7JOLJKW FRPSOHWHG

7DEOH .H\ $7)0 IOLJKW VWDWHVY DQG WKHLU PHDQLQJV

%MVTSVX'SPPEFSVEXMZI (IGMWMSR 1EOMRK
OXOWLSOH DLUSRUWY QHDU WR 6FKLSKRO KDYHLPSOHPHQWHG &ROODER
RK'OLVWRLPSURYHHIILFLHQF\ SUHGLFWDELOLW\ DQG@ XTBRHW XDOLW\ RI
SURFHVV LY EDVHG RQ PLOHVWRQHVY DQG WKH FRPPXQLFDWLRQ RI WKH D/
IOLJKW 7KHPLOHVWRQHV DUHIRU H[DPSOH WKHDFFHSWDQFH RIWKHIOL
DQ RXWVWDWLRQ ,Q WKHRU\ WKH SUHGLFWHG GHSDUWXUHDVWIHPHYV E\ DI
PRUHDFFXUDWH WKDQ DKU®BRURNVHMMWKRXW WKH

7KH PLOHVWRQH FRP POX.QLY IR IQRUDYWEH VVDJIHY ZLWK VHYHUDO PHVVDJH V
HDFK XSGDWH WKH SUHGLFWLRQ RI WKH GHSDUWXUH WLPH VKRXOG EH LI
,QIRUPDWLRQ '3, LY'SRUN®RHEBDQQLQJLV NQRZQ DQ XSGDWH ZLOO EF
PHVVDJHV ZLWK WKH VDPH VWDWH FRXOG EH JLYHQ 7KH IROORZLQJ GLIII
&0 VWDWHV DUHJLYHQ LQ FKURQRORJLFDO RUGHU

OLOHVWRQH &'0 6WDWH 7ULJJHU 7LPLQJ

3UHGLFWHG 'HSDUWXUH 30DQQLQJ ,QIRUPDWLR)DI3JKW SOOQ3EEZPLVVLRQ + KELI
(2%7

(DUO\ 'HSDUWXUH 30DQQLQJ ,QIRBPMWIRQ ( '3)OLJKW SODQ IOLJKW DQG VORW |

7DUJHW '3, + 7TDUJHWHG 7 '3, W 7$5*(7(' K EHIRUH 72%7 RU GHSDUWXUH I
RXWVWDWLRQ

7DUJHW '3, + 6HTXHQFHG 7 '3, V 35(6(48(1&(" PLQ EHIRUH 72%7 EDVHG RQ Ut}
ILQHG 76%$7

$7& '"HSDUWXUH 30DQQLQJ ,QIRUPDWLRQ $7& '3, $&78%$/2))%/2&. 3XVK EDFN X

7DEOH .H\ &' 0 GHSDUWXUH SODQQLQJPLOHVWRQHV DQG WKHLU WULJJHUYV

&'0 DLUSRUWY DUH DOO PDMRU DLUSRUWYV LQ (U RKHI U WAK ID@VRYIH O M VY
SKLVWLFDWHG W\SH RIDLUSRUW WKH $GYDQFHG $7& 7TRZHU $$7 7KHVH
'"HSDUWXUH 30DQQLQJ ,QIRUPDWLRQ '3,(;3(&7(' DQG WKH $7& '"HSDUWXU
78$/2))%/2&. PHVVDJHV



%VVMZEP 1EREKIV

JRUUHIHUHXBDSWIRW LY VKRZQ WKDW IURP DOO LQERXQG WUDIILF WR 6FKI
10IURP&O DLUSRUW JYWMRODYRUW DQG IURPDVWDQGDUGDLUSR

LQDWRWDO RI RILQERXQG IOLJKWYV RULJLQDWLQJ ZLWKLQ 10 7KH

UHOHYDQW KR WORIQXKWK RKMKWHH I XUWKHU HOMERVWJIRMPHG XSRQ LQ

7KH ILIXUH EHORBHWKRZY ZKLFK DLU&RUDNYSKEDFIHSDELOLWLHY LPSOHPH(
WRIJHWKHU ZLWK D 10DQG 10UDGLXV DURXQG 6FKLSKRO 7KH 10UD
WKHFXUUHQW IUHH]JH KRUL]JRQ ZKLARKKENVGIGWHRIQSODLQHG ODWHU LQ

'SVVIPEXIH4SWMXMSR 6ITSVX
7KH)" PHVVDIJHV DOVR FRQWDLQ D GDWDILHOG LQ ZKLFKWKHHYHQWW\SH
SOHLVWKHSHULRGLFWUDQVPLVVLRQ 37 FKERWMKHHGIRWD BDQDW HGE ¥ FBVR(
5HSRUW &35 LV DOVR UHOHYDQW 7KLV HYHQW VKRZV WK@BW2WKH DLUFL
&21752N\VWHPV DQG WKHIORZQ URXWHDQG WKH WLPHVWDPSV DW WKH Z
XSGDW@EG7RB5GRHY QRW FRQWDLQ WKH FXUUHQW FRRUGLQDWHYV RI WKH L

,ERHSZIV 1IWWEKIW

1H[W WR)WRHVVDJHV WKHUH DUHDOVR WZR W\SHV RI PHVVDJHV UHFHLYH
$GYDQFHG %RXQGDU\ ,QIRUPDWLRQ $%, DQG $FWLYBWIPRIWUBYNDYH $&7
VHQW DSSUR[LPDWHO\ PLQXWH V&2 RKHEKP BGRYHULVW WEW D IHZ PLQ X\
EHIRUH KDQGRYHU %RWK PHVVDJHV FRQWDLQ LQIRUPDWLRQ RQ WKH SC
WKH IOLJKW %RWK PHVVDJHV DOVR DOORZ WKH FRUUHODWLRQ RI 6HFR(
IOLJKWSODQV DQG OHWV $PVWHUGDP $GYDQFHG $LUSDYDDMOFLARQWURO
VKRZ WKH DLUFUDIW RQ WKH UHOHYDQW GLVSOD\V

YVVMZEP 1EREKIV

7K$0$1LV D WRRO XVHG E\ DLU WUDIILF FRQWUROOHUV WR RSWLPL]JH WKF
D WUDIILFRYHUORDW SQRWKIEGHY D SODQQLQJ RIDLUFUDIW IRUHDFK UXQZ
D SODQQLEBHRIWU\ (XURFRQW R ®I1®N I WEHV RXBRZLQJ “7KH JHQHUDO REN
$UULYDO ODQDJHU $0$1 LV WR SURYLGH HOHFWURQLF DVVLVWDQFH LQ W
WUDIILFLQ D SDUWLFXODU DLUVSDFH WR SDUWLFXODU SRLQV& VXFK D'
$0$1 V\VWHPV JHQHUDOO\VWULYHWRFRPELQHDQGEDODQFHVDIHW\ FDS
DV DUHDV RI LPSURYHPHQW E\ IXQFWLRQLQJ DV D VXSSRUW WRRO DW Z
7KH VIVWHP SURYLGHV D VHTXHQFH ZLWK D VFKHGXOHG RU H[SHFWHG W1
GHVLJQDWHG FRQWUROOHU ZLWK LQIRUP®@WLRQ VKRZQ WR GLIITHUHQW V|

7KLV VHFWLRQ ZLOO SURYLGHPRUHLQVLIKWLQWR WBH LRSOGERRWYW® WLF
DLUFUDIW WR 6FKLSKRO DLUSRUW $GYDQFHG 6FKLSKRO $UULYDO 30DQC
WKH +XPDQ ODFKLQH ,QWHUIDFH +0, ZKBBE+OV WXWMHIULOWHHFGY RQW RUWM IGH
73 DQG WKHVFKHGXOHU

%1%2 KSEPW ERH FIRIhXW
$V SUHYLRXVO\VWDWHG WKH $0$1 KDV WKH JRDO RIFRPELQLQJVDIHW\ F
PHQW SHUIRUPDQFH DUHDV RI WKH DUULYDO SURFHVV ZKLOH NHHSLQJ W
DLUSRUW

7KHPDLQ SULRULW\EHKLQG VDIHW\$B3PRQW UR@OHUM GRR GARIP DQDILQ.
7KH $0$1 SURYLGHV D UHJXODWLRQ RQ WK DRREXEWQRI ZRWINKBRFDICQRW MH H
FRQWUROOHUV 7KLV FDQ EH VHHNB $3 WRHOS B L WDW K BIRIDRRRQW R LQER X
WKH$ DQG SODQ VXFK WKDW WKH LDERDQGEHLUFQGOMGOWBH/ WDEOH WU
> @ (IIHFWLYHO\ LWNHHSV DLUFUDIW GHOBWRQEGPLIQUPXP | BA DRI  WUALQN K
GHOD\ DEVRUSWLRQ WR W DN T® H EEBFRQWALRBGIOMKIN ZRUNLQJ ZLWK WKH
LW WR EH WUXVWZRUWK\ DQG SURYLGH YLDEOH SODQQLQJV UHVXOWLQJ
DQG VWDEOH (VWLPDWHG $SSURDFK 7LPH ($7@7V7 KOLW HIHIOX\L D YA FSHRQY W LAED!
DGKHUHQFH WR WKH $&&QR@VOUFEQ KBV YLDEOH LQ WHUPV RI ZRUNORDG

$V WKH VWUHDP RIDUULYLQJDLUFUDIW LY UHIJXODWHG WKHDUULYDO FD



%VVMZEP 1EREKIV

JLIJIXUH ODS RI WKH FXUUHQW 10 H[WHQGHG 10 DQG QHDU KRUL]RQ 10 KRULJRQV
FRQWULEXWLQJDLUSRUWYV



%VVMZEP 1EREKIV

LPSOHPHQWDWLRQ LV GRQH SURSHUO\ WKHLQWHU DUULYDO WLPH FRXO(
DUULYDO VWUHDP LV PRUHFRQVLVWHQW 7KLV ZRXOG LQFUHDVH FDSDFL\
> @ SDUWRI WKHGHOD\FDQ EH DE V R0 i RIXIDUBOH H U QVKDIFAK HB IQRLP S L
WKH HIILFLHQF\ DQG HQYLURQPHQWDO LPSDFW RI WKH DUULYLQJ WUDIIL
'HOD\ $EVRUSWLRQ //'$

7TGLIHYPIV

7KHVFKHGXOHU SURYLGHV WZR RXWSXWV SH(S$D 7WKHUDD @ G WEH\ODRIG LD Z K
WKH DLUFUDIW LV SODQQHG WRW R X\AKKHGRIZH DK\ DKLWK WWKH DLUFUDIW LV
WKHS$ 7KH ODQGLQJ VORW VH T X$H6® BLH/ WRHKGIIBW DYHHUIOLQY LPSOH LW LV FXUUH
JLUVW 6HUYH )&)6 EDVHG RQ WKH (VWLPDWHG 7LPH$6I$BOY 7KDIO (7$ FLC
FDOFXODW(RQRTWKHIV WKH (VWLPDWHG)7RPWL2NGHHG URQZD\DQG WKH /DG
,QWHUYDO /,9LV7EKHVHG RQ FXUUHQW ZHDWKHU FRQGLWLRQV DQG :DNH 7X
DQG LV XVHG LQ FRPELQDWLRQ ZLWK WKH JURXQG YI§H HG X\DRVE B R ¥LXGWHHIS
LV JLYHQ EHDRYWLR QS WDEOH LV JLYHREEHDRXMHMQWULHYV ZLWKRXW QXF
FRUUHVSRQG WR D UDGDU VHSDUDWLRQ PLQLPXP RI 10

7DEOH 5(&$7 (8 :DNH 7XUEXOHQFH 6HSDUDWL®Q OLQLPD LQ 10 >

/[HDGHU ; )ROORZHU : % & ' ( )
6XSHU 8SSHU+ [/RZHU+ 8SSHUO /RZHUO /LJKW

$ 6XSHU
% 8SSHU + +
& /RZHU + + +

8SSHUO + + + +
( /IRZHU DO + * * * *
) ILIKW + + * * +

7KHVFKHGXOHU SODQV WKHDLUFUDIWODQGLQJVHTXHQFH® QKGHSURYLGH
EDVLV)&YEOVFKHGXOH/,ADW& MG WR PDLQWDLQ VHSDU® WQ 8 @ IDFE RUKLIFKI W |
FDQEH VHARDWLRQ WKKBRI WKHDLUFUDIW LY ODWHU WKDQ WKH VORWWLP
WR WKH7KH 9LV GLVWDQFH EDVHG DQG QHHGV WR EH, B R\KH H WXIBMLR @ W
FDQ EH VHH®DRWLRQW LV EDVHG RQ WKH JURXQG VSHHGV DQG LW PXVW EF
ILQDO DSSURDFK

7TKH$7LV VLPSO\WKH VORWWLPH PLQXV WKH, $WHGW KW X QT IDAK &/XANULPHHQ W R
DSSURDFK PDUJLQ LV WZR PLQXWHYVY DOORZLQYE&RMNH33 S O WRLE P LKIXQYG H C
WZR PLOQOXWHVY$URKMWKBIOORZV IRUD ELW O$H&&DUUMSDFE D YR WIK €
7LPH7R/RVH 77/ RU7LPH7R*DLQ 77* LV FDO$SXONMRVKIHEO S B LW KVS\DDRYZI) D)
KDQGRYHUWKHDLUFUDIWDW WKHFRUUHFW WLPH )LQDOO\ WKHDSSURD
LIUHTXLVNMBVHPWLREHVH FKDQJHYVY ZLOO EH HODERUDWHG XSRQ

Tsiot = Tprevious + LIV timebased

LI (78Tt : Tsiot = ETA

LlVdistance
&DOFXODWHG *URXQG 6SHHG

LIV timebased =

EAT = Taiot  TiOLIKWWLPH ,$) 5XQ2zD\



%VVMZEP 1EREKIV

EAT window = Tslot + = 2minutes

TTL=TTG= EAT ETO IAF

7KH VFKHGXOHU DOVR WDNHV LQWR DFFRXQW WKH UXQZD\ FRQILJXUDWL]
LQ XVH WKHDLUF,SMWUHBPWZRHG RQ RQH UXQZD\ DQG WEMDHUFUDIW
SODQQHG RQ WKH VHFRQG UXQZD\ 7KLV FRQILIXUDWLRQ DQG ZKLFK UXQ
RIWKHDSSURDFK SODQQHU

, SVMASRW
7KHUH DUH WKUHH PDLQ KRULY&®R IV FRQVLGHULQJ WKH

$7KH (OLJLELOLW\ +RUL]RQ
$7KH)UHH]H +RUL]RQ
$7KH $FWLYH $GYLVRU\ +RUL]RQ

7KH (OLJLELOLW\ +RUL]JRQ (+ LV V$KHIKWRUD YR FIV T KX B QEGIKX K HV K H
VORW DQG FRUUHV SR Q G(I$Q J7\KHHF X M G XI DIQGW O\ CBL6RILD B G HE D W&y K H
PHVVDJH IURP WKH DGMDFHQW FHQWHUV 8SRQ FURVVLQJ WK$7)UHH]H +R
LV IL[HG IRU WKDW DL URFUNI VW7 K P LUV AR BA)NLRU MIRFK DLUFUDIW 7KH $F
$GYLVRU\ +RUL]JRQ $$+ LV ZKHUH WKH DLUFUDIW ¥ T&BVRAD (G HK FHHULHY W@ W IQN
($7SODQQLQJ &XUUHQWO\ WKLY ERXQGIFW $RIEPDRPMVWIQMVR FRQWDFW Z|
WKH DLUFUDIW LQERXQG WR 6FKLSKRO 2FFDVLRQDOO\ FRPPXQLFDWLRC
PRYHV WKH HISHPWMYKHU DZD\ 7KLV RFFXUV ZKHQ DLUFUDIW QHHG WR DE"

 WFDQEHQRWHG WKDW WKH KRUL]RQVFDQEHYLHZHGLQ WHUPV RIWLPH
LQ>®@ FOHDUO\VWDWHD GLVWDQFH 7KRXZ2RUNLDIAMAKNKW VRAWEBD@®W R IKRUL]!
LWLV OLNHO\WKDW D KRUL]JRQ HIWHQVLRQ ZLOO FRQVLVW RID WLPH KRU

BVENIGXSV]4VIHMGXSV
$73SUHGLFWYV ZKHQ DQ DLUFUDIW LV DW HDFK ZD\SRLQW DQG DW WKH UX
DW WKHRU72 ,$)LV UHOH$B®IW WR3RI$6$3KDV WZR SDUWV 7B 3Q@QGOQLQJ
HIHFXWBYHKH SODQINHNVHV VWDQGDUG VSHHGV bDQG WUDMHFWRULHV RI DL
DLUFUORPWWDFN DQIGRMMKHDFK DLUFUDIW I VSHHG LQVWUXFWLRQV KDYH E
HIHFXW3XWHY WKHLQVWUXFWHG VSHHG WR FDOBXODWH WKH VHFWLRQ WH

7KH PRGHO RBIXWKIE IDOOV VRPHZKHUH LQ EHWZHHQ WKH QRPLQDO DQG LQ
PHWKRG IRX@G LRPLQDO VSHHGV DQG DOWLWXGHYV DUH XVHG7 0RJHWKHU :
GHSHQGLQJRDWKHXQZD\ DQG D QRPLQD®) YRW WH XISUMRUDKILF FRQWUR O«
VSHHG LQVWUXFWLRQ LW ZLOO EH XVHG WR) FD O X &/F W IHQW KNHRDW KIHL YD D
73 SDUWLDOO\EDVHG RQ LQWHQW 7KHDLUFUDIW SHUIRUPDQFH LV EDVH
GLYLGHG DFFRUGLQJ WR DLUFU® | WK \S IHVDWQ/ERRISHUIDQVIRQ 0/ GDWDEDVH



%VVMZEP 1EREKIV

, 2 YOQER 1EGLMRI-RXIVJEGI

JLIXUH $6$3 GLVSOD\ H[I@ SOH >

7TKHO,R$6%$3LV VKRZQ LQ WZR IRUPDWY ORVW LPSRUWDQWO\ WKH IRUPDW
HIDPSOH RI WKLV GLV3DIXNUN XIKWRERZR SULPDU\UXQZD\V XVHGIRULQERX
VR FDOOHG (OHFWURQLF 'DWD 'LVSOD\ ('" LVVSOLW XSLQ WKUHH FROXP
RQHIRUWKH SKDVHG RXW UXQZD\WRJHWKHU ZLWK RWKHU UXQZD\V DQG
LQDVLPLODUIDVKLRQ WR WKHREVROHWH SDSHU,9)OVHKWRUYMULSY ™ ZLWE
(7$DQB7/RU7*LQ PLQXWHV ,Q WKH RWKHU UXQzD\V ED\ WKHDVVLJQHG U
LI WKH DLUFUDIW G R#)VWKRHVGIDBWDWIMX UH DLUSRUW LV VKRZQ 7KH ODWWH
GHSDUWV IURP 5RWWHUGDP IRUH[DPSOH

7KH FRORU RI WKH DLUFUDIW VKRZV WKH VWDWXV I LWLV EOXH WKHDL
VKRZV WKDW WKH DLUFUDIW KDV EHHQ SODQQHG DQG WKH SODQQLQJ K
WKH DLUFUDIW LV 8QGHYXRRDWNBRO® BLR UMWRYHY WKH GHOD\LQGLFDWLR
ODEHOVLQGLFDWHDLUFUDIWWKDW KDYHHQWHUHG WKHVWDEOH SODQQ
DLUFUDIW 7KH SUH SODQQHG DLUFUDIW LQ EOXH DUH QRW JLYHQ FRPPD
WKHLU SODQQLQJLVQRWIL[HG\HW 7KHVHDUHVKRZQ WRLQGLFDWH WK'F

> @
ODLQ UXQZD\VDQG,8fiVSHFWLYH&XUUHQW &RRUGLQDWHG 8QLYHUVDO
6WDWLF /DQGLQJ ,QWHUYDO $SSUR[LPDWH KDQGRYHU SRLQW

2WKHU UXQZD\VDQG KROGLQJ EPPQGLQJ VORW FKDQJH LI DOORFDWH
VZLWFKHG



%VVMZEP 1EREKIV

JLIXUH 6 FKHPDWLF RY$HAS$SBLHZ R

1RWH WMKXWHVKRZV $6#3+0, EHIRUH WKH LPSOHPHQWDWLRQ RI 5SHEDWHJF
7XUEXOHQFH &DWHJRULHV 5(&$7 7LPH %DVHG 6HSDUDWLRQ 7%6 7KHL
UL]DWLRQ KDV DSB$3 IRIGWRQUDJIH DOORZLQJ D KLIJIKHU FDSDFLW\ LQ ZLQ«
DPRXQW RI WLPH VHSDUDWLRQ LV GHFUHDVHG DW WKH UXQZD\

7KH VHFRQW\SH LV IRMAKPWUROOHUYV 7KHLQIRUPDWLRQ VKRZQ LV PXFK |
UROHLVWRRQO\JXLGHDLUFUDIWDFFRUGLQJWR WKH SODQQLQJLQ WKH
7KH GDWD LV VHESVN WR WKHVR EH VKRZQ RQ WKH PDLQ UDGDU GLVSOD\ ,\
DLUFUDIWWMD\@E WKH WLPH WR ORVH RUWLPH WRJDLQ LQPLQXWHV DQG V
WKHVHFWRU RI WKHFRQWUROOHU SBHDIGDIRW EIRMLEDRGHG RYHU WR

-RTYXW
JLIXUHJLYHV D JHQHUDO RY SHESDLQHES RBAKRIN WRISISSKVMWKH PDLQ VI\VWHP
RVI91/WR KDQGOH WUDIILF DQG ZRUSIBSBO VB A 2 ¥ RUKIHMUIRGDAL WHKUHHQ XV
FRQWUROOHUY ZKLOH DOVR EHLQJWKHPDLQ VI\VWHP IRUSKBLSURFHVVL
LOQWHIUBSYHBU WEKEFRQWUROOHUYVY 7KH DSSURDFK SODQQHU KDV D VHSD
(" 7KLV LV IXUWKHUWODHERFWILWRIPG LQ

$6$3WDNHV LQSXWV IURP VHYHUDO GDWDVRXUFHV WR FUHDWH D UHDOLV
WKH UDGDU FRUUHODW $B QWGOWBW.R XNE DFFXUDWH DLUFUDIW ORFDWLRC
SUHGUFWH&RA3DOVR XVHV DLUFUDIWDQG DLUOLQH VSHFLILF SHUIRUPDQF
VXFK DV FUXLVH PDFK GHVFHQW VSHHG DQG GLITHUHQW VSHHGV RQ ILQI
DQG H[SHFWHG IOLJKW OHYHOV

7TKH65GDWD LV FRUUHODWHG ZLWK WK H Y [DHES: 76 HIMAMD BHOWD Q0 W RIS FADKAH
RI GHSDUWXUHV LQ$KN UDHS WMKAHHG E\ WKH 5HYLVHG (VWLPDWHG 7LPH RI
PHVVDJH DIWHU FRRUGLQDWLRQ KDV EHHQ GRQH EHWZHHQ WKH FRQWUR



%VVMZEP 1EREKIV

:7& WR GHWHUPLQH WKH ODQ G795 UQ W WIEYDFOWSBIG W K H

7TKH3DOVR UHTXLUHV ZLQG DQG WHPSHUDWXUH LQIRUPDWLRQ EHLQJJLY
IRUWBS ZLWK WKH VRXUFH EHLQJ .RQLQNOLMN 1HGHUODQGYVY OHWHRURO
&LUFXLW ,QIRUPDWLRQ 6\VWHP &&,6

$FFRUGLQJWR WKH ZLQG FRQGLWLRQV SUHIHUHQWLDO UXQZD\XVH DV Z
DSSURDFK SODQQHU FKRRVHV D UXQZD\ FRQ I LYKABIVW H RS SAKRLY ALK/ SEORIHQGHL
DOVR GHWHUPLQHY, WEKLAKDRYEDUGO\GHSHQGHQW RQ WKH ZLQG DQG YLV
LV GRQH XVLQJ D 4XLFN5HIHUH@F H &KDUW 45& >

J)LQDOO\ FRPPDQGX&DRGHIBAFUDIW DUH DOV R W DMNBHAKHYW ® D A FSR)RF\WM V. QHAG
YLD WE$SV/\VWHP

AVEGXMGEP 9W|
,Q UHD®6BBLY PRVWO\ XVHG E\ WKH D S S$EREBBI FQUB@GHY VK SODQQLQJ
WKH DSSURDFK SODQQHU PR GVERQYVVDID)GFRSMABDR]HW VXFK WKDW WKH SO
W R

7KH FXUUHQW ZLQGRZ WR KDQG RYHU ML UFKRXN WK B® RVRPWQRWEKM BV DLP W
KDQG RYHU DLUFUDIW DV HDUO\ DV DOORZHG ZLWKRXW FRQWLQXRXV VSH
KDQGRY$BBMWR PLQXWHSERKRUIHRU7*ZKLFK WKH DLUFUDIW VWLOO KDV Z}
WKHB)LY DEVRUEHG$XQVW R B L Q VW U X$F3/8 LK@V RLRPXWHV PDUJLQ LV PRVWO\ L|
WR WEEFRQWUROOHUV DV WKH\DUH UHTXLUHG WR KDQG RYHU HDFK DLUF
IHZ ZD\V WR REWDLQ WKLV DEFXUDF\ )LUVW [$)WRIR Bl DWFUJ DWK B X O G DIJIL
EHSXWLQWRDKROGLQJ SDMW WM WM UKMXIDIVD DKW VKKK DOWLWXGH DQG SR\
)/ DVPRUHDLUFUDIWHQWHU WKHKROGLQJVWDFN 7KLV LV TXLWH IXHC
RIWKHSLORWVY DQG FRQWUROOHUV ,I| WKHSRVVLELOLW\LV WKHUH WKH L
GRZQ DQG SRVVLEO\GHFUHDVH WKH DOWLWXGH DQG WKXV "OLQHDUO\ D
WKDW WKHUH LV QRW D ORW RI GHOD\ WKDW FDQ EH DEVRUEHG LQ WKLV ZD
$ WKLUG PHWKRG LV YHFWRULQJWKHDLUFUDIW LQFUHDVLQJWKH SDWK O
JDLQ VRPHWLPH WKHFRQWUROOHUV DUHDEOH WR VSHHG XS WKH DLUFU
7KHVH DFWLRQV DUH XVXDOO\ GRQH ZKHQ DLUFUDIW DUH LQ WKHLU FRQV
DLUFUDIW LV VWLOO XQGHU FRQWURO DW WKH DGMDFHQW FHQWHU

7KHDSSURDFK SOD Q&#BU KRQWWRIOFDXWRPDWLFDOO\SODQV WKH DLUFUD
DQG FDOFXODWHV WKH UHVSHFWLYH GHOD\UHTXLUHG 7KHDSSURDFK SO
FRXOG EHGRQH LI RQHUXQZD\LV IDFLQJGHOD\ ZKLOH WKH RWKHU UXQZ]
VZLWFKHV WKH VORW RI WKH DLUFUDIW SUHIHUDEO\DV VRRQ DV WKH SOTC
DSSURDFK SODQQHU DOVR DUUDQJHV WKDW 3RS XS |OLOKWAFBQGH OLJIKW
VORW DQG DUH LQFOXGHG LQ WKH SODQQLQJ 7KLV UHTXLUHV LQVLJKW D
RUFRQWURO WRZHUV 7KHVH IOLJKWYV SSHDULQ WKH RWKHU” ED\ LQ WK

JURQW ORDGLQJ DOVR RFFDVLRQDOO\ RFFEXUV I WKH DSSURDFK SODQC
SODQQHG EH(RPHWBEKRGUWKXY KDYHWR VSHHG XS RUVKRUWHQ WKHLU UR?
QHU GHFLGHV WR IURQW ORDG PXOWLSHDLUFUDIW WKHIXQFWLRQ "H[SH
UHFHLYH D VORW PLQXWHEHIRUH WKHLU FXUUHQW VORW 7KLV LV GRQF
WKHUH FXUUHQWO\LV FDSDFLW\DYDLODEOH 6SHFLILFDLUFUDIW FDQ EH
XSWR PLQXWHV EHIRUHLWVYLQLWLDO VORW WLPH 7KLV FDQ EHDFKLHY
SDVV FHUWDLQ ZD\SRLQWV LQ WKHLUURXWH $0O0 RIWKHVHDFWLRQV DU}
DQG DUH QRW FDOFXODWHG E\ WKH VA\VWHP 7KH\DOVR RIWHQ UHTXLUH F
$&&

7TKHDSSURDFKSODQQHULVDOVRUHVSRQVLEOHIRUVHOHFWLQJWKHUXQ
LQ WLPH EORFNV LQ WHUPV RI WKH DPRXQW RI UXQZD\V UHTXLUHG IRU L
DSSURDFK SODQQHU WKHQ WDNHV WKH ZHDWKHU LQIRUPDWLRQ DQG GHW
DYDLODEOH IRU XVH DQG WKHQ VHOHFWYV ZKLFK UXQZD\V DUH LQ XVH IR
UXQZD\V FDQ EH VZLWFKHG SKDVHG LQ RU SKDVHG RXW :KHQ WKH FKDQ
SODQQHU WKH VZLWFK WDNHV SODFHDIWHU WKH FXUUHQW IUHH]H KRUL]
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LV SKDVHG RXWPRYH WRZDUGV WKH"SKDVH RXW" ED\ RQ WKH

)LQDOO\ WKHDSSURDFK SODQQHULV UHVSRQVLEOHIRUPD®®YILQJIDQG PF
7KH\ VKRXOG P3NED/QXEIBXVH WKH SODQQLQJ DSSURSULDWHO\ ZKLOH DO
PLVWDNHVY DQG RSWLPL]LQJWKH SODQQLQJRYHUDOO

*YXYVISI XLI %1%2
7KH FXUSDHQW6$3 KDV EHHQ RSHUDWLRQDO IRU D IHZ \HDUV ,Q WKH QHDL
SODQQLQJ KRUL]JRQ DUH UHTXLUHG WR PDLQWDLQ FRPSOLDQW ZLWK (XUR
WKH HIILFLHQF\RI WKHDUULYDO SURFHVV DFURVV PXOWLSOH ODUJHDLUS
RIWKH &3 UHTXLUHPHQWY ZKLFKDUH SDUW RIWKH6LQJOH (XURSHDQ 6N\
VA\VWHPV PXVW SURYLGH DUULYDO VHTXHQFH WLPH LQIRUPDWLRQ DQG DV
VIVWHPV WR D PLQLPXP RI QDXWLFDO PLOHV IURP WKH DUULYDO DLUS
DLUSRUWY LPSDFWHG E\ WKH HIWHQGHG $0$1 KRUL]JRQ XQOHVV D VKRUW
GHSOR\PHQW SUR®UDKAHLPSOHPHQWDWLRQ PXVW EH FRPSOHWHG EHIRU

ORUH LQVLJKW LQ WKH UHJXO@W ERQ EN WBQLRYIL B HEGSIRY WYV WKDW OLH !
KRUL]JRQ ,Q VKRUW LI WKHUH DUH DLUSR$OW YBEMEDWWH WXHL PD & VZDWKR §
SODQQLQJKRUL]JRQ WKH\FDQEHH[FOXGHG IURP FRRUGLQDWLRQ IRU WK|
LI WKH\ KDYH QRW EPBERHSHQWHE\ DUH X0 RISBGKHRQFHSWYV WKH $LU 7UD|
6HUYLFH $76 VKRXOG GLVSOD\ U'BO BDQEAW DRVG/XE WHRLQBWKGH WKH LQIR
DUULYDO SODQQLQJ 7KH ODWWHU LV PXWUHQWO\EHLQJLPSOHPHQWHG C

7KHUHTXLUHG KRUL]JRQ H{IWHQVLRQ ZLOO FDXVH VRPH SUREOHPV VLQFH
RXVO\ HIWHQGLQJ WKH KRUL]JRQ WR PLQXWHV KDV EHHQ WHVWHG DOW
$ IXUWKHU HODERUDWLRQ RQ SRS X8 FOMLIK@W YV LV JLYHQ EHORZ LQ

,Q WKH IXWXUH WKLV KRUL]JRQ HIWHQVLRQ LV D VWHS WRZDUGV D FURVYV
LVDVWHS WRZDUGY 7TUDMHFWRU\ %DVHG 2SHUDWLRQV 7%2 ,W DOO KDYV
UHGXFLQJ VDIHW\ULVNV LQFUHDVLQJFDSDFLW\ DQG IXWXUH@URRILQJV

(IWHQGL@OIMKRUL]IRQ LQWURGXFHYV VRPH LVVXHV )RXUP®BLQ LVVXHV FDC(

$3RS XSIOLJKWV GXH WR WKHLQDFFXUDF\RIHVWLPDWHG WDNHRII WLF
1 QDFFXUDF\LQ HVWLPDWHG IOLIKWWLPHV GXHWR D ORQJHU SUHGLFW

f7KH GLYLVLRQ RI DLUVSDFH LQFUHDVLQJ WKH DPRXQW RI FRPPXQLFL
VSHHG LQVWUXFWLRQV WRJHWKHU ZLWK WKHLQFUHDVHG DPRXQW RI
ZLWK

,QWKHQH[WVHFWLRQ DQLQWURGXFWLRQLVJLYHQ WR SRS XSIOLJKWYV
LV GLVFXVVHG LQ WKH QH[W FKDSWHU VLQFH TXLWH VRPH VWDWLVWLFD
7KH GLYLVLRQRIDLUVSDFHFDQ EHTXLWHD GLIILFXOW SUREOHP WR VROY
LV GLYLGHG LQWR WKH XSSHU DQG ORZHU DLUV SDFH8 $&KBIO\SK HQ DLW SD
LQJ %HOJLXP /X[HPERXUJ DQG D SDUW RI*HUPDQ\ ,QFUHDVLQJ WKH KRL
DGYLVRULHVY WR DLUFUDIW ZLWKLQ WKH KRUL]JRQ ZRXOG FUHDWH GLIILFX(
QRW FRQW 0 &EXRHDEARWKHU DGMDFHQW FHQWHU 7KH FRRUGLQDWLRQ ZR
LQFUHDVH WRIJHWKHU ZLWK WKH UHTXLUHPHQW 8%KR2R/XID® GRRGCGLR) BM L
VHW XS

7KH UDGDU UDQJH LV DOVR DRLLRQON XZ KV WHDEWO\GDWD IURP WKHLU RZQ
OLPLWV WKHLQIRUPDWLRQ WR WKH D F W% B 0D@IGHDRIDS LY IWHKFAREABISES UR[L P D
7KHUDQJHLV QRW ODUJHHQRXJKWR SURYLGHFRYHUDJHRIWKHUHTXLUH ¢
LI WBOI$ 1IUHH]H KRUL]JRQ LV H[WHQGHG 7KH FX U UHQ W D\SKSH) RWXIJ\W H6W D WY BitF
'LGH,QIRUPDWLRQ ODQDJHPHQW 6:,0 LVH[SHFWHG WREHLPSOHPHQWHG
/91/UHFHLYH85/GHOMWD I[URB RAVBKHDRWKHU RSWLRQ ZRKYO ® EVMWDR HAHO\ RQ
IURP DLUFUDIW WKDW DUH LQ DLU EXW QR ZVW RLQKHDSSDRIFHID § FH XL QL
()) PHVVDJI$B$IWR LPSURYH WKH SUHGLFWDELOLW\RIWKHDPRXQW RIDUU
ZRXOG DOORZ IRUWKHH[WHQVLRQ RI WKH IUHH]H KRUL]JRQ LQ WHUPV RI FI

7KKB:,0 SURJUDP ZKLFKDLPV WR H DB OW KORRXIFKUWIKDHOVIKDULQJ RI GDWD Ut



4ST 9T iMKLXW

JLIXUH 5DGDU UDQJH DW )/ DSSUR$IE@PDWHO\

DUULYDO DLUFUDIW FRXOG DOVR KHOS LQ WKLV OLPLWLQJ IDFWRU 36:,0
JRYHUQDQFH HQDEOLQJ WKH PDQDJHPHQW RI $70 LQIRUPDWLRQ DQG LWV
YLD LQWHURSHU D E@ H7KHUWQURHNWPDWLRQ VKDUHG LQFOXGHY URXWH DQG C
ZHOOSDY¥1DGYLVRULHY 7KLV LQIRUPDWLR Q6BKDRLIDII/AKRIXOHOD BRREX QL |
GLIIHUHQW VSHHG LQV®IBRF WXRKQWMRWRWKHUFDQ FRPPXQLFDWH ZLWK D
HDUOLHU LQVWUXFWLR®¥ WR DGKHUH WR WKHLU

4ST 9T iMKLXW

3RS XS IOLJKWV RFFXU ZKHQ DQ DLUFUD 90 $ VSQR\WY QIFF R XIQQNCHRSQ @ UELHF R/F
YLVLEOH ZKHQ WKH SODQQLQJKDVDOUHDG\EHHQIUR]JHQ 7KLVLVRIWHQ C
D QHDUE\ DLUSRUW NISVIL RXWY WKHHWKHH]H KRUL]JRQ ,1 WKLV KDSSHQV W
LVUHVSRQVLEOH IRUPDQXDOO\DGMXVWLQJWKHVHTXHQFHRIWKHDUUL?
ODQGLQJVORW WR WKLV SRS XSDLUFUDIW 7KHVORWLV DVVLIJQHGEDVH
SRVVDRBRPH 7KH UHVXOW LV WKDW WKH FRQWUROOHU DQG SLORW ZRUNOR
FKDQJHDQG WKH FKDQJHG 6FKHGXOHG 7LPH RI $UULYDO 67$% ZKLOH WKF
DGGLWLRQD@ GHOMDM$WEHKRULIRQ LV H{WHQGHG WKH DPRXQW RI SRS XS I
FDXVLQJ WKH SUREOHPV DVVRFLDWHG ZLWK WKHP WR EHFRPH PRUH SUR
VHFWLRQLIXUHVKRZV D VFKHPDWLF UHSUHVHQWDWLRQ LQ WKH $0$1 SUR
ZKLPHXUHVKRZY D VFKHPDWLF UHSUHVHQWDWLRQ IRU D SRS XS IOLJKW
VDPH EHWZHHQ ERWK IOLJKWV WKRXJK WKH GHSDUWXUH DLUSRUW LV QF

&XUUHQWO\ RI VFKHGXOHG IOLJKWY DUH SRS XS IOLJKWY¥0 ,I WKH KR
WKLV ZRXOG LQFUHDVH WR LI RQO\ WKH IUHH]H KRUL]JRQ LV FRQVLGH



4ST 9T iMKLXW

JLIXUH 'LDJUDP RIQRUPDO $0$1 VHTXHQFH

DLUSRUWV DUH EDUHOURXWWGILGEGM RAMNIKHK FRXOG JLYH LVVXHV ZLWK WKH H!
,QVWUXPHQW '"HSDUWXUH 6," SUHGLFWLRQFEF®OWMHU ORRN LV WDNHQ D\

JLIXUH 'LDJUDP RI SRS XS IOLJKW $0$1 VHTXHQFH

7KH 3RS XS IOLJKWV DUH QRW FDXVHG E\ WKH DLUFUDIW WDNLQJ RII ZLWK
LQDFFXUDF\LQ WKH SUH GKHWODE RXWKH RI WKLV SW6 BWR GR§ FiBDXVHEY W

WKH DLUFUDI®IBEQ IMXBILQJ XQWLO DIWHU WDNHRII $ IXUWKHU LQYHVWLJD
LEKDSWHU



A4VIZMSYW 6IWIE

7KLV FKDSWHU DLPV WR DQVZHU WKH UHPDLQLQJ SUHOLPLQDU\ UHVHDUF
EDFNJURXQG IRU IXUWKHU UHVHDUFK )LUVW WKH SUHYLBRX¥LUWVHDUFK |
GLVEXVWHRNLRBQVFXVVHY SUHYLRXVO\ XVHG PHWKRGV RI PHDVXULQJ WKF
OHJLVODWLYH DFDGHPLF DQG UHDO ZR U\DHF BV IRNQJ WRDUQWBKIIEW\KY R € Q JL Y H C
GLVFXVVHV SRVVLEOH PLWLJDWLRQ VWUDWHJILHY 7KH LQIRUPDWLRQ LC
LW GLVFXVVHV VSHFLSIOBY RGP XOBDWLRQN DQG KRZ WKH\ FREPSIDIQH WR WK F
VHFWLRQLQDWHRWLRILVFXVVHV SUHYLRXV UHVHDUFK LQWR WKH SRVVLEI
HQ URXWH

9RGIVXEMRX]

$V H[SODLQHG S WHIVFMRDR&RS. @S DLUFUDIW DUH SULPDULO\ FDXVHG E\ XQF
WLPH DW)WKMH SURFHVV EHIRUH WKH GHSDUWXUH RIDQDLUFUDIW KDV D O
YXUWKHUPRBBFWXWDF\ LQIOXHQFHV WKH SUH G FAKLR® DG FYXUDE \L B VK MMVIKY-
LQIOXHQFHG E\ SLORWDQG FRQWUROOHU LQWHQW

3UHYLRXV UHVHDUFK KDV SUHGRPLQDQWO\ IRFXVHG RQ3WHKHR R QWKH WDLQ
&23 WKH DLUFUDIW EHFRPHYV »Q63REFARQW ISR DIRKAKXQFHUWDLQW\ EHW Z |
WK&R3DQ@E)LV PXFK ORZHU DV WKH FRQWUROOHU LQWHQW L$)XQGHU FR
FDSWXUHV WKH XQFHUW DSOGW \78 HEGHY D@MWRRTW R B W LI\ WKH GLITHUHQW L
UHSUHVHQWDWLYHPDQQHU WKH XQFHUWDLQW\LQ WKHSUHGLFWLRQV LV
SODQQLQJ XQFHUWDLQW\ WKH GHSDUWXUH URXWH XQFHUWDLQW)\ DQG
ZLOO DOORZ WR PHDVXUH WKH LQIOXHQFH RI WKH GLITHUHQW VRXUFHV R
H[W HQEa8G

9RGIVXEMRX] MR %VVMZEP 1IWWEKIW
BUHYLRXVUHVHDUFK KDV H[DPLQHG W K$0%QZKILUONHDVVR XG UHDQ Y. DI W MVRWMK
WKHDUULYDO SURFHVV @KBVHYMBUWK 1RWHG W&IBX QEQUMOD 1 QW 85 W DWK H
OHVVDJH )80 PHVMMIMWVVDJIJHV DUH RQO\ XS &6 MYLD WHWKEN PRUH WKDQ |
PLQXWHV IURP WKH SUHYLRXV HVWLPDWLRQ UHVXOWLQJLQDVLJQLILFD
DUULYD DWW MWHK DQ XSGDWH ELDV +RZHYHU D YDOLG FRQFOXVLRQ FD
RQ DUULYDO WLPHV RI DLUERUQH DLUFUDIW DUH PXFK PRUH DFFXUDWH
VDPH ORRNDKHDG WLPH 7KLV LQGLFDWHY WKDW WKH XQFHUWDLQW\ FD X
ODUJHU HIITHFW RQ WKH WRWDO XQFHUWDLQW\ WKDQ WKH WUDMHFWRU\ S|
LQIOXHQFH RQ SUHGLFWLRQ HUURU Z K\LKDFHM DRIQR W IV & D WIHH WD M/ QH [C5YOHDQ FHH

&EXUUHQWOHVVDJIHY DUH XVHGIMMBB/ XBCRQYRZ MMKYVDIHY SURY_EGHG E\

52&21752/7KHVH PHVVDJHY DUH DOVR XSGDWHG LI WKHUH LV D SUHGLFWI
PLQXWHV IURP WKH SUHYLRXV PHVVDJH DV ZHOO DV HYHU\ PLQXWHYV Z
'3, LVDOVRLQFOXGHG LQ WKLY GDWDVWUHDP LIDYDLODEOH 7KLV UHVXC(



9RGIVXEMRX]

> @ :KHQ FRPSDU}BG WRWPRPHHY WKH IUHTXHQF\RIWKHVH XSGDWHV KDV
RQ WKH XQFHUWDLQW\ RI DUULYDO WLPHV ZKHQ WKH DLUFUDIW LV DLUER
HDFK SHULRGLFDO XSGDWH 7KHVH PHVVDJHV ZHUH XWLOL]B®3LQ WKH LQ
SUHVHQWHEEW R ¥HOHFW XQFHUWDLQW\ IHDWXUHV IURP LQ RUGHU WR LQ)
7KH)' PHVVDJHV ZHUH X@ HWGLIQFH WKHVH ZHISH D YBH @IDBMYNDLW VKRZHG WK
WKH DPRXQW RI XQFHUWDLQW\ LV GLIIHUHQWLDWHG E\ WKUKHIHDWXUHYV
VWDWH 7KH PRVW DFFXUDWH SUHGLFWLRQ LV ZKHQ WKH DLUFUDIW LV DL
WK&R23 7DFWLFDO $FWLYDWHG DQG )OLJKW 30DQ )LOHG IOLJKW VWDWHV
FRPSDUHG WR DLUERUQH IOLJKWV 7KH XQFHUWDLQW\LQFUHDVHV LI WKH
IOLIJKW &WDHMKXY. SSHG DLUSRUWY SURYLGH PRUHDFFXUDWH SUHGLFWLRQ
GXHWR WKH GLVWLQFWL&RQ E MWD MHHZKG OHHWWH@W RQ JURXQG 7KH SUHGL
LV XVHG WR JHQHUDWH SUREDELOLW\ GHQVLW\ FXUYHV DV D EDVLV IRU IX
LQFOXGHV D SRUWLRQ RI&2KBHDIQE KKK \XK SPBRWEIBLORW LQWHQW

:KHQ FRPSDULQJ WKH SUHGLFWLR@ BQURULWDISKFVWRPDW WKHISUHGLFW
VHHP PRUH DFFXUDWH ZKLFK ZRXO(¢' ERFHE XD WHR/ WKHI YWNHRBRPRUH WKH VH!
RI&'0 YHUVXV QRQ &0 DLUSRUWV LV PDGH ZKLFKLQ FDVHRI &0 DLUSRUW
DFFXUDWH SUREBPWURYMRWLPHYV

7JRFRQFOXGH WKHRZBDBKVOEVWOWLDO ODUJHO\GXH WR GHSDUWXUH S
RWKHU UHVHDUFK FDQ VKR Z W K D %0 5WSKDM ®UPFOOMREH H HRIZMWRIQ SUHYLRXV
KDV RQO\LQYHVWLIJDWHG WKH FRPELQHG LQDFFXUD¥% KX\Q WIKG BASKOH W X U H
7KHLQGLYLGXDO HIIHFW RI WKH GHSDUWXUH SODQIQLRQNIMRZ Y KH LQGLY |

BVENIGXSV]4VIHMGXMSR
7REHDEOH WR TXDQWLI\WKHDFFXUDF\RI D WUDMHFWRU\ SUHGLFWRU D
RI D WUDMHFWRU\ SUHGLFWRU )LUVW RI DOO WKH VWDWH Rl WKH DLUFL
WLPH VSHHG DQG DLUFUDIW FKDUDBW R KH\V\@ MWAHVQW RK\WKHP DYV WUDIILF F
DLUFUDIWDQG SLORWYV RIWHQ WKURXJKWKHDXWRSLORW GHWHUPLQHW
FRQGLWLRQV DQG HVSHFLDOO\ZLQG FDQ LQIOXHQFH WKH VWDWH RI WKH
NQRZQ WR WKH WUDMHFWRU\ SUHGLFWRU DQ HUURU LV SURSDJDWHG

7TKH FXUUHQW3D@OXY KDV DFFHVV WR DFFXUDWH LQIRUPDWLRQ DERXW WK
WKURKGIKXK7KH DLUFUDIW FKDUDFWHULVWLFYVY DUH HVWLPDWHG 7KH LQWH
WKURXJK WKH IOLJKW SODQ DG REGVWHWWERNBXYHQWRM WKH PDLQ LVV
WUDMHFWRU\$8$BIGL P RXRH RI VWDQGDUG YDOXHY 7KHVH YDOXHV DUH
GLYLGHGLQWR GLIITHUHQW DLUFUDIW W\SHV DQG DLUOLIXH\H\DW &HE\EH> D W F
VWDQGDUG VSHHGVY WKURXJKRXW WKH SUHGLFWLR)XQ5L®FIOXGH QU GLKNHH BU
WKDW WKH DLUFUDIW VSHHG LV QRW WKH VDPH DV WKHVWDQGDUG VSHHG
191/ FRQWUROOHU HI[HFXWHV D VSHHG LQVWUXFWLRQ@ "WHBEQYWHXFWHG
LPSURYHG VLIJQLILFDQWO\NLIWKHLQWHQW RI WKHDLUFUDIW RURWKHU F/|
WKH DLUFUDIW VKRXOG EH WDNHQ LOQWR DFFRR® WX ZBE F K7 KIHOLG @W/IHNHDO RL |
DLUFUDIW GXULQJ GHVFHQW VXFK DV 7RS 2I '"HVFHQW 72' DQG GHVFHQW
WR WKH JURXQG XVLQJ $XWRPDWLF '"HSHQGHQW 6XUYHLOODQFH &RQWUD
(33 7KLV ZRXOG JUHDWO\ UHGXFH WKH LQDFFXUDF\ GXULQJ WKH FUXL\
LV XVHG /r@:w®eHh@ 2WKHU YDULDEOHAS WKW DEYMXIHKHOAH)G DQG DLUFUDI
DFFXUDF\

7TKHUHVHDU@BKSIURYLGHY VRPH GBWPBFXQ D FWEXHD/Z2BDQWEKHKH PD[L
PXP DOORZDEOH HUURU LV VHFRQGV ZKLFKZRXOGEHTXLWK®D ORZ PD!
DQG &® HODERUDWHG WKDW HUURU B8FRQVLGHUHG ZKHQ XVLQJ

 WLVNQRZQ WKDW WKHGHSDUWXUH URXWH SHUIRUPDQFH LV TXLWHGLIIL
WKHFRQWUROOHUVDQG DLUFUDIW DQG WKH GLITHUHQFHLQ SHUIRUPDQ
DFFXUDF\RILVQKWHKH GHSDUWXUH SKDVH VLQFHPLQRUGHYLDWLRQV WR WK
ODUJHU HIIHFWV LQ WHUPV RI IOLJKWWLPH WKDQ GXULQJ FUXLVH )XUW|
GXULQJFOLPELVNQRZQD ORWOHVVDFFXUDWHO\WKDQ GXULQJFUXLVH
VWDWH HVSHFLDOO\PDVV DQG RSHUDWLQJ SURFHGXUHV 6(LQFH TXLW



INIEWYVMPRK2AIVISVQERGI

$0$1KRUL]JRQ WKH GHSDUWXUH URXWH SHUIRUPDQFH$0G ESQIMDQQAI\ LV T
DVDLUFUDIW ZKLFK DUH VWLOO FOLPELQJRQ WKH GHSDUWXUH URXWH PL.
HUURU ,IDW OHDVW WKHDLUFUDIWLQWHQW LV NQRZQ GXULQJWKLYV SKD\
,W FRXOG EH SRV$ BESYA3GADMADHIRU WKLY LI LWLV DYDLODEOH

KHQ ORRNLQ@ D®WR WKH 28 RKHOMWKH UFUDIW LV FRQILUPHG DLUER U
$FWLYDWHG IOLJKWVWDWH DQG D SUHGLFWLRQ KRUL]JRQ RI PLQXWHV
IRXQG 7KH ER[SORW VKRZQ VKRZV ZKLVNHUV DW DSSUR[LPDWHO\PLQXV
DQG TXDUWLOHV O\LQJ DW DSSUR[LPDWHO\PLQXV DQG SOXV PLQX
JLYHV VRPH VRUW RI UHIHUHQFH QXPEHUV IRU WKH ODWHB GRM MWV LIDW I
GLIIHUHQFHVLQ LQWHQW DQG SHUIRUPDQFH

,Q SUHYLRXV UHVHDUFK L Q)0 R IVEK W R BIKOPWQRMWWEKHH Q H [ \@HIQQ/G@¥BI O ©

UHGXFHWKHHUURURIWKLYV SUHGLFWLRQ D8PKGE K DN ISR WKIHLQHJ H\RIZBIY FiH
QRW HOLPLQDW® BRGMUQRONESWVRBNVR LQFUHDVH VLPXODWLRQ ILGHOL\
DQG VWDQGDUG GHYLDWLRQ LQ WHUPV RIDLUFUDIW VSHHG '7KLV ZDV ED\
GDWDEDVH +RZHYHU QRLQYHVWLJDWLRQ KDV EHHQ GRQH RQ WKH HIIHF'
WKHUH LV QR LQIRUPDWLRQ RQ WKH HIIHFW R IVKLHD SIUMIGH. FIW IV RIQ BIFJK) RQ W
GHSDUWXUH XQFHUWDLQW\ HIIHFWV DQG VROXWHEQRWKDY EHHQ GRQH ZL\

IIEWYVMRWOWAIVISVQERGI
(YDOXDWLQJWKH SHUUBUPD® 6B @D DAW VBESIWHTXLUHYV D VWUXFWXUHG DS
.H\ 3HUIRUPDQFH $UHDV .3% DQG .H\ 3HUIR URDUFHSHUQ\CHFWWR UK .GHYHO |
DWLRQDO JRDOV VXFK DV FDSDFLW\ HIILFLHQF\ SUHGLBWDEL@KM HQY
PHDVXUDEOH TXDQWLWLHV XVHG WR DVVHVV KRZ ZHOO WKH VA\VWHP PHHW

,Q>@ WKHLPSOHPH®WDWLMVRNHPIMW &KDQJVKD $LUSRUW LQ &KLQD LV DQD
WXUBGHOHFWLRQ PHWKRGRORJ\ 7.R&VWAXSD FLWXWHGIH FLGIKWF\ HQYLURQP
SUHGLFWDELOLW\2D GG/ WKHQVVIHDHRWAM WK WKHVW LGREXGHOSAYM G UULY
WKURXJKSXW FDSDFLW\ XWLOL]DWLGRAH FRQWPROQADZPISORDEK LQWH
MHFWRU\ FRKHUHQFH 7KUHH VFHQ®OU$IURY Q@M EHORRPSHGIPHLQRMHGE D
PDWX$0ME 7KH3, UHSUHV HQWIWKHIRUPDQFH EXW DOVR LQFORXGHV KXPDQ
KDYLRU :KLOH XVHIXO IRUHYDOXDWLQJ UHDO ZRUOG LPSOHPHQWDWLR
VLPXODWLRQ EDVHG VWXGLHV

6LPLOD W@ M YD ONIWBYG DLUVSDFH UH FDWHJRUL]D.BA FQ SN E QW F FRYDW D
HIILFLHQF\ DQG HQYLURQPB,QWFOKB N HOHKWMOEDRKYW SR WKBFFHSWDQFH L
ILQDO DSSURDFKLQWHUYDO DQG WD[L LQWLPH 7KHDQDO\VLVLVDJDLQ
PHDVXUHV FRPELQHG V\VWHP DQG KXPDQ SHUIRUPDQFH

,Q FRQWUDVW VV@XBQBADUNHEDVHG RQ VLPXODWH G QLIS OHRH QWEWLRQV
SHUIRUPDQFH LV HY BOXMRWHHGVS\HIFQJLF WR VA\VWHP HIILFLHQF\DQG FRQWU
LQFOXGH

$$YHUDOS® QXPEHURIDLUFUDISVN DBGXGAKWQQUHQHUJ\ FRVW
$1XPEHURIGLVWXUEHG GHYFHQWR GAK HHG GKWHLQJ GHVFHQW

$+, QWHUDUULYDO VSDFLQJIRUDVVHVVLQJFDSDFLW\

$+6HTXHQFH VWDELOLW\ PHDVXUHG E\ SRVLWLRQ FKDQJHYV
$67$UHYLVLRQV6DYGHUDHWHQFHY DQG DIIHFWHG DLUFUDIW IRUDVVHVYV

/1'$ LV GHILQHG DV WKH SRUWLRQ RI GHOD\ WKDW FDBQBQGEWHKXWRHEHG
TXLUHVLQVWUXFWLRQV VXFKDVGRJOHJV RUKROGI$QH Y LV WRXQNE HGGILH DM
LQFUHDVHG ZRUNORDG DQG VHTXHQFH LQVWDELOLW\ 3RVLWLRQ FKDQJH
RI WZR VORWY FRXQWHG DV WZIR PKBQIBIVW IFKX¥BPIUO\ VHQVLWLYH WR SR
SODQQLQJ VWDELOLW\NZLWKLQ WKHIUHH]JH KRUL]JRQ

,Q >@ VLP.BODWUH XVHG DGGLQJ D EUHDNGRZQ RI VSHHG FKD®JHV E\ ORF
DQG PDJQLWXGH « NQRW RU+ NQRWYV



%1%2 ,SVM "SR )\XIRWMSR

7KHUHVHDUFK SUH® HWEe XD \WHY D GHEXQFKHU IRUDUULYLQJ WUDIILF XV
RI GHOD\HG DLUFUDIW WRWDO &H3O/DRS)DYB G XKD WEBM IGRPDN KLOH
PRUH VSHFLILF WR WKH GHEXQFKHU FRQWH[W VRP$OBHSHILIRWPRRGEHE VXS
HYDOXDWLRQ

)LQDOGA WLPXORQVWHYIBDQANH VIVWHP DQG UHSRUWY RQO\RQ WRWDO GHOD\
ZRUNORDG RU VH T X.B3 VFIHUHWO/EHL® L W\

%1%2 ,SVM*"SR )\XIRWMSR

$V VWDWHKEVRFWLRWKH KRUL]RBQRUPXKMW EH HITWHQGHG WR FRPSO\ ZLWK
8QLRQ (8 UHJIJXODWLRQV 7KLV UHTXLUHPHQW LV IRUPDOL]J]HG XQGHU 5H.
DV &RPPRQ BURMHFW 2QH &3 ZKLFEMPBOCODYHVONKKRVU MW R VKRXOG Ut
OHDVW QDXWLFDO PLOHV IURP WKH DUULYDO DLUSRUW 7KLV H[WHQV
SUHGLFWDELOLW\RIDUULYDO VHTXHQFLQJE\DOORZLQJHDUOLHU GHOD

6LQJOH (XURSHDQ 6N\ $70 5SHVHDUFK -RLQW 8QGHUWDNLQJ 6(6$5 VXSSRI
LPSOHPHQWDWLR Q& X)LGWULRHY&ED OO EH XVHG ZKHQ LW EHFRPHV DYDLOTC
WKH FXUUHQWO\DYDLODEOH LQIRUPDWLRQ VKDULQJ VI\VWHPV VKDOO EH
XS WR10IURP WKHDUULYDO DLUSRUW GRHV QRW SURYLGHEHQHILWYV GXH
PHQWY VWLSXODWH WKDW HYLGHQFH RU D MXV Wk IWRDBMDRWHIGV VRE R YW W F
WKLV UHGXFHG KRUL]RQ FDQ R ® ®&EHFXWRIGVL @ R WALKFMAKG UDO 7KH JXLGH
WKDW ZKHQ DYDLODEOH DQGGCHKHPOIG XKW XEBE8 WIRKHQWHJIJUDWH LQ KRUL]F
WKS0$1 $ IORZ FKDUW DV EKIR\Z Q KRZHXLUH

JLIXUH ,Q KRUL]JRQ GHSDUWXUHV DS@URDFK IORZ FKDUW>

3UHYLRXV VLPXODWLRQ EDVHG VWXGLHV FRQILUP ERWK WKH SRWHQWLD
VRFLDWHG ZLWK KRUL]®@ @ SIHWHIQ ¥ DR@ \ + Y D O X D W G 34 KUIHHHHW HKEWLLRR R | W
DQG DQDO\]JHG WKH LPSDFW RI SRS XS IOLJKWV 8VLQJ WKH %OXHG6N\ DLU
UHVHDUFKHU LPSOHPHQWY D FXVWRP $0$1 PRGXOH $0$1 5HVHDUFK 6LP X!
WZHOYH WKUHH KRXU SHDN WUDIILF VDPSOHV LQ IDVW WLPH 7ZR SODQQ!

10 DQG DQ H{WHQGHG 10 KRUL]JRQ LQ FRPELQDWLRQ ZLWK WKUHH VF|
FOXGHDEDVHOLQH PHWKRG0 P WWADI\W MW RWVIQQMLFLSDWH RIl EORFN WLPH
PHWKRG WKDW HVWLPDWHY WKH SUREDELOLW\RWSRI$S %S0! GBLGIKIWQ/FESV H C
7RZHU RUVWDQGDUG

7KH UHVXOWVY LQGLFDWH WKDW KRUL]JRQ H[WHQVLRQ VLJQLILFDQWO\ LQ
DLUFUDIW HQWHULQJ WKH IUHH]H KRUL]JRQ DIWHU WKH VHTXHQFH KDV EH
KRULIRQWR XQGHUDQH[WHQGHG RQH :KLOH WKLV LQFUHDVHV FRQW L
DUULYDO VHTHOFQIEIWMHK LVLRQV LQFUHDVLQJ IROG DQG SRVLWLRQ F
VL[ +RZHYHU WKHUH LV D QRS [DEQDGHWRI\G RPVGIHODLGRVW E\ DQG UHV
7KUHH GLIITHUHQW VFKHGXOLQJ VWUDWHJILHY ZHUH WHVWHG)8RQH XVLQJ \
PHVVDJHVY DQG RQH XVLQJD KHXULVWLF UHODWLRQ EHWZHHQ DLUSRUW \



%1%2 ,SVM "SR )\XIRWMSR

VKRZ WKDW LI WKH QXPEHU RI SRS XSV LV ORZ RULIDGKHUHQFH WR VFKI
KRUL]JRQ SHUIRUPV ZHOO LQ FD¥® RH\S\OIIGIYL GFRXUIYGLU LQ WKH SUHVHQF
XQFHUWDLQW\ WKH SHUIRUPDQFH JDLQV DUH RIIVHW E\ XQDFFHSWDEOH L
KHXULVWLF VFKHGXOLQJDSSURDFK GLG QRW SURYH EHQHILFLDO

7KH IHDVLELOLW\ RILPSOHPHQWLQJ FURVVY ERUGHU DUULYDO PDQDJHPH
,$)LV UHVHDUFIHG KR UJHVHDUFK IRFXVHV RQ WZR RSHUDWLRQDO DGMXVYV
$0$1SODQQLQJKRULIRQDQG WKH XVHRID WLIJKWHUDSSURDFK PDUJLQ V

7KHVWXG\HYDOXDWHV SH'$| RIHPTIXGIFRHF XWVQDELOLW\ WKH H[WHQW RIWUDI
QXPEHU RI GLVWXUEHG GHVFHQWY 7KH UHVXOWV VKRZ WKDW H[WHQGLQ
UHGXFWLRQ LQ GLVWXUEHG GHVFHQWQDRGLY GPRUHDMHE@/LYH GHOD\ |
DW KLJKHU DOWLWXGHV +RZHYHU WKHVH EHQHILWY FRPH DW WKH FRV\
UHIOHFWHG E\ D KLJKHU QXPEHU RI6/%0 KN Q¥ HRRQK\D ZKHNVBIQQAJH FDXVHG E\
IOLJKWY GHSDUWLQJ IURP LQ KRUL]JRQ DLUSRUWVY 7KH HIITHEFW RI WKH UH
DQG LQFUHDVH LQ VHTXH&TH i K DWVURIYWIQGPRUH SURQRXQFHG LQ WKH 1
WKH 10 KRUL]JRQ 7KH 10 KRUL]JRQ IXUWKHU LQFUHHDS$HBWNTROYFHG
ZLWKRXW D VLIJQLILFDQW GHFUHDVH'$Q GLVWXUEHG GHVFHQWV DQG

7KH LPSDFW RI D WLIKWHU DSSURDFK PDUJLQ SURYHG LQVLJQLILFDQW
QRW QRWDEO\ LPSURYH VHTXHQFH VWDELOLW\ RU GHOD\ PHWULFV LW C
LQVWUXFWLRQV LQGLFDWLQJLQFUHDVHG ZRUNORDG IRU FRQWUROOHUYV

WRWKDQ@&@>VXSSRUW IXUWKHU UHVHDUFK WR UHGXFH WKH LPSDFW RI WK
VWDELOLW\ DVQR VDWLVIDFWRU\ PLWLIJDWLRQ VWUDWHJ\WR SRS XS I10L

6LPLODWOVYKRZY WKDW WKHGHSDUWXUHWLPHXQFHUWDLQW\RQDQ H[WHC
WDO HIITHFW RQ WKH SHUIRUPDQFH 7KLV UHVHDUFK KDV EHHQFRQGXFWHC(
DLUWUDIILF LQFOXGLQJ GHSDUWXUH XQFHUWDLQW\ 7KH KRUL]JRQ XVHG
EHLQJHYDOXDWHG 7KHILUVWLVVFKHGXOLQJDLUFUDIW XVLQJWKHLUSL
WR RQO\VFKHGXOH SRS XSDLUFUDIWRQFH WKH\EHFRPHDLUERUQH 6LP
WKHFRQFOXVLRQ LV WKDW SUHSODQQLQJ SRS XSIOLJKWOUHLLY GHWULPHQ

$ KXPDQ LQ WKH ORRS VLPXODW®RWR. VGYUHVA IQMD MG IVQK:H RSHUDWLRQDO
5RXWH $UULYDO ODQDJHU (Q 5RXWH $0$1 DW 7RNLR +DQHGD 7KLV V\VW
FRQWUROOHUV E\ LVVXLQJ VSHHG FRQWURO DQG UXQZD\DVVLJQPHQW L(
70$ HVYVHQWLDOOSESHL®Q DGSUR[LPDWH KRUL]JRQ Rl 10 ZDV XVHG LQ WK

7KH VA\VWHP ZDV HYDOXDWHG XVLQJ WKH (6&$3(/LJKW VLPXODWRU XQGH!
GLWLRQV LQFOXGLQJ QRUWK ZLQG FRQILIXUDWLRQV DW 7RN\R +DQHGD
DQG HDUO\ VSHHG FRQWURO ZHUH HYDOXDWHG 7KH HDUO\ VSHHG FRQW
GHFHOHUDWLRQ ODFK DWDQHQWU\ SRLQW

7KH UHVXOWYV VKRZ WKDW WKH SURSRVHG VIVWHP FRXOG OHDG WR D UHG?
VHFRQGV LQ KLJK WUDIILFE VFHQDULRV )XUWKHUPRUH WKH QXPEHU RI L
FUHDVHG E\ 4XHVWLRQQDLUHV FRQILUPHG WKDW WKH ZRUNORDG KDG
UHJXODU KRUL]JRQ 7KLV VWXG\ FRGDISURR WIKRWY & RW N K®LYGI SRH W LY H LF
WKH SHUIRUPDQFH ZKHQ KXPDQV DUH XVLQJ WKH VIVWHP ,W LV QRWHG W
WUDIILFE

/IRQGRQ +HDWKURZ FXUUHQWO\ HPSOR\V DQ HIWHQGHG KRUL]JRQ FURVYV
%RUGHU $UULYDO ODQDJHU ;0$1 7KH V\VWHP LV GHVLJQHG WR DEVRUE L
HQ URXWH PLQLPL]JLQJKROGLQJIJD®G UHGXFLQJIXHO EXUQ >

KHQ SUHGLFWHG KROGLQJGHOD\VDW +HDWKURZH[FHHG VHYHQ PLQXWH
VXFK®3%&DUH UHTXHVWHG WR LVVXHD VSHHG UHGXFWLRQ XVXDOO\EHW
WLRQ 7KHLQVWUXFWLRQV RFFXU DW 1D | URIP GRHO®R Q BEVYR WEKHIR Z\>W U D
IURP WKH KROGLQJ VWDFNV WR WKH FUXLVH SKDVH (DUO\RSHUDWLRQD
PDGH E\ WKH VA\VWHP UHGXFLQJWKH IXHO EXUQ E\DSS@R[LPDWHO\ W R

WPXVWEHQRWHG WKDW WKH SURFHGXUHV DW/RQGRQ +HDWKURZDUH PX
WR DEVRUE GHOD\ $V PXFK DV R1 10 1@ KXWV ROLLQU WK T WW/IBHNQ S LQJ T XL



IMXMKEXMSR 7XVEXIKMIWJSV 4ST 9T *PMKLXW

DPRXQW RI WLPHLQ WKH VWDFN ZKHQ WKH\ GR® DBKSLWRA DRBW M\CKH SBRE KB
HDVLHU WR LPSOHPHQW Y HIULV XV NWKBIVW § BKRDFKO 7KH VWDFNV DUH XVF
SRVVLEOH GHOD\LV SURDFWLYHO\UHGXFHG DQG WZR ODQGLQJ UXQZD\
FDXVHV WKH GHOD\ SHU DLUFUDIW WR VWD\ PXFK ORZHU WKXV QRW SURY
ZKHQ LQERXQG )XUWKHUPRUH QRW D0G@® DRLQUG\UW KW D UHFSDUW RIKWMLD U |
EHIRUHWKH 10 KRUL]JRQ 'XHWR WKH PLQXWH WKUHVKROG LW LV FHU\
WR DEVRUE GHOD\

IMXMKEXMSR 7XVEXIKMIW JSV 4ST 9T *PMKLXW

&XUUHQWO\ SRS XS IOLJKWYV DUH DFFRPPRGDIWAKR EFPAD/MKKHD R O M U Q WHRUWRM
IOLIJKW LQWR WKH VHTXHQFH 73UWMN QV WRKQ YRADRXXEGWDSOH IOLJKWV 1 WKH
WKHDPRXQW RI SRS XSIOLJKWV DOVRLQFUHDVHYV WKXV UHTXLULQJD PL

6FKHGXOLQJ SRS XS WUDIILF XVLQJ WKHLU SUHGLFWHG GHSDUWXUH WLF
> @ @DQ@> ,Q SUHVHQFHRI XQFHUWDLQW\LQ WKDW SUHGLFWLRQ WKH
VWUDWHJI\ WR PLWLIJDWH WKH QHJDWLYH HITHFWV RI SRS XS WUDIILF ZDV

7TKHUHVHDUBKUEHV¥YHDUFKHV D G\QDPLF ,QERXQG 3ULRULW\6HTXHQFHU ,36
IOLIJIKWVHTXHQFLQJIURPD QHWZRUNDLUOLQHYV SHUVSHFWLYH 7KHUHYV
WKH VROXWLRQ LW SURYLGHV FRXOG DSSO\DVDPLWLIJDWLRQ VWUDWHJ\

TR PLWLIDWH WKH GLVUXSWLRQ FDXVHG E\ VXFK ODWH DSSHDULQJ IOLJK!'
QLVP NQRZQ DV WKH &DOFXODWHG 7DNH 211 7LPH &727 QRANVOIOREWHG GF
WKHDLUOLQH WR DVVLIJQ D SUHIHUUHG WDNH RIl WLPH WR WKH IOLJKW |
VHTXHQFH EHIRUH WDNHRII 7KH UHVHDUFK QRWHYV WKDW WKH DFWXDO W
RIWKH 2VREIGBVR EH DEOH WR ILW LQ WKH VHTXHQFH DFFXUDWHO\

7KH G\QDBEPRGHO UHFDOFXODWHY WKHDUULYDO VHTXHQFHDW IL[HG LQW
LWUREXVW WR FKDQJHV LQ IOLJKW VWDWXV LQFOXGLQJXSGDWHV WR GH¢
KRUL]JRQ 7KLV UROOLQJXSGDWHPHFKDQLVP FRQWUDVWYV ZLWK WUDGLW|
LV RIWHQ IUR]JHQ ZHOO EHIRUH VXFK IOLJKWV EHFRPH YLVLEOH 5HVXOWYV
VKRZ WKD3VBPRIGHH O UHGXFHG RYHUDOO IXHO FRVW PLVVHG FRQQHFWLRQV
WR D ED\JBPSIDBS URDFK

$ SUREDELOLVWLF GHEXQFKLQJ F®& QF R\ I WRURBGRYMHBW IQHH I THFW R1 WK F
WKH SHUIRUPO @GP RVTRA GHEXQFKHU ZRXOG RS H)U IPWMN RIDJIBI YD GO BVEHWH L Q
LQJD SUREDELOLW\ RI D WUDILI$H BXQUFIKI DLFUEYQ K DWGMKIHQHG DV DW OHLE
DUULYLQMBDA WKHQ HDFK RWKHUVY VHSDUDWLRQ PLQLPXP 7KH GHEXQFK}
EDVHG RQ WKLV EXQFKLQJ SUREDELOLW\ WR DE\R$ E ZGH®DI HHDHILOD O DK H
VOLJKWO\SRVLWLYH WKRXJK LW ZRXOG QRW SURYLGH HQRXJK LPSURYHI
SRS XSVWR D VDWLVIDFWRU\ H[WHQW

BUHYLRXV UHVHDUFK DW 6WRFNKROP XVLQJ DQ 5HTXLUHG 7LPH $W 57$ V
SRS XS IOLJKWV IURP UHJLRQDO QHDUE\ DL U $RG WY XKED/USUL B @@ BRRGEDHNEH
DFWXDO IOLJKWV FRXOG DEVRUE GHOD\DW WKH JDWH ZKLOHFDOFXODWL:
,$)RQ W8 +RZHYHU D VLJQLILFDQW LQFUHDVH LQ FRPPXQLFDWLRQ EHW:
WR DFFRPPRGDWH WKLW\GKID OEBIVUV@E®BQYREDWBYHVWLIDWHY WKH LP
RE7$LQ DQ H{IWHQGHG $0$1 FRQWBMW LIRMG ZKHQ FURVVLQJ WKH IUHH]H K|
WR WDNHRII IRU SRS XSV ,Q VLPXODWLRGY$OWNVQJI GR MY W YV LFADOHWEKRIZ QF
UHGXFH WKH GHYLDWLRQ IURP VFKHGXOHG VHTXHQFHV DQG OLPLW WKH I
VWLOO EH VHTXHQFHG HITHFWLYHIN$EUDR VLW Q LGHISID LHDXWE O$Q )OLIKW 0
6\WWHP )06 FDOFXODWHG GHSDUWXUH ZLQGRZ FRXOG PDNH VXUH WKDW F
IOLJKW GHSDUWLQJDW D WLPH LQBZEK 7KK LPVD EQ @ G G K @ B/ PHRRV BVBKWM L R Q

VWUDWHJI\ LV WKH SRVVLELOLW\ WR DEVRUE GHOD\RQ JURXQG PLQLPL]L
WKDW LW ZRXOG UHTXLUH TXLWH VRPH D G 618! RQUIHNR/PP R B § D WWRIQ EH
'HSDUWXUH ODQDJHU '0$1 LQWHJUDWLRQLVLPSOHPHQWHG )XUWKHUPF
DFFRUG)Q& WMDR WUXFWLRQV ZKLFK ZRXOG UHGXFH WKH SUHGLFWDELOLW
WR PDLQWDLQ VHSDUDWLRDV BORMRODMWBORPPHQGHG UHVHDUFK LQWR D 7D



%1%2 WMQYPEXMSRW

77% ZKLFKLV YHU\VLPLOBU$SLQ WKHRU\ WR WKH
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$VQOQRWHG LQ SUHYLRXV VHFW B INZ KHHMHDIUPRKODDMWRYYKKDYH EHHQ PDGH
FRQGXFWHG PXOWLSOH WLPHV @ RM¥ R UWHYVE@ DQ PKOEKHBOXBWHG GLITHUHQ
$0%$1 RU SHUIRUPHG UHVHDUFK E&$1ZHD B UDHIPBKWURGDRU UHVHDUFK LQWR |
7KHFRPPRQDOLW\RI WKH SUHVHQWHG UHVHDUFK LV WKW LMMKWMKBDOW |IHD
VLPXODWLRQ DQG WKHUHDUH UHFRPPHQGDWLRQV PDGH WR LPSURYH WK
RYHUYLHZ SHU UHOHYDQW UHVHDUFK RI WKH VLPSOLILFDWLRQV DQG WK
PHQGDWLRQV PDGH UHOHYDQW WR WKLV UHVHDUFK

BVENIGXSV]4VIHMGXMSR
7KH UHVHDUBKDL@G®>PLQLPL]HG WKH 7JUDMHFWRU\ 3UHGLFWLRQ@ HUURU LG
LV EDVHG REXWKB$6@3> @ :KHQ FRPSDUHG WR WKH DLUFUDIW SHUIRUPDQ
XVHG WKHUH PD\EH TXLWH D @LQ®W HFVD/QK\DMUWRKU B PLJKWOESH DQ HIIHF\
LQ FRPELQDWLRQ ZLWK ®@RSVKS DORHRPWW SSHHG RIIVHW DQG GHYLDWLRQ W1
LQ WKH 73 DOWKRXJK RQO\ RXWVLGH RI WKH 'XWFK ),5 7KLV PHWKRG LV C
SOLFLW\ DQG PLPLFV FRQWUROOHU DFWLRQV ZLQG DQG RWKHU XQFHUW
LQYHVWLIJDWHG LQGLYLGXDOO\ RQO\DV SDUW RI WKH WRWDO UHVHDUFK

$V QRWNGEWVHFWLARKH DSSUR[LPDWH HUURU XVHG E\ FRQWUROOHUYV LV LC
> @ KDV FDOFXODWHG WRBMUWRMY ZRUWWHKHFRWHK VHFRQGY ,W FDQ EH QR\
WKDW WKH SUHYLRXV UHVHDUFK KDV IRFXVHG PDLQO\RQ HQ URXWH 73 LQ
LOWURGXFH WKH PDLQ HUURUV LQ WKH SUHGLFWLRQV 7R FRRQFOXGH W
PRGXOHRIWKH $DMWMPQEKXK®NQRZQ EXW DVVXPHG WR EHPXFKVPDOOHU W

$QRWKHU7BDMRDWHG VLPSOLILFDWLRQ LV WKH DVVXPSWBRQ RAJWWR ZLQ
ODUJH EXW FRQVWDQW DQG VLPLODU IRUDOO DLUFUDIW DQG WKH DFFXL
WKDQ WKH PDJQLWXGH RI WKH ZLQG 7KHUHIRUH LPSDFW RQ $0$1 SHUI
VPDOO FA >@ DQG@> DOWKRXJK LW GRHV KDYH DIDHAXEWFR Q R WHK M WHI D |
VFHQDULRIODKMHXUDF\ LV UHGXFHG LI ZLQGAAGCRUN\VQFMWLYEQRB WRISHUIHF
PRGHO )XUWKHUPRUH WKHDLUFUDIWEHKDYLRUHVSHFLDOO\ZLWK UHV S
GHSHQGHQW RQ ZLQG

8VEJhG 7TGIREVMS

7KHWUDIILFVFHQDULRV LQ SUHYLRXV $0$1 VLPXODWLRQVIRFXVRQLQER
6FKLSKRO 7KH VFH&® DUHRARRIPGYLVHG RI WKUHH KRXU SHULRGV EDVHG R
GD\WWLQ WKH VXPPHU RI 7TKHRII SHDNSHULRGVDUHQRWLPSOHPHQWH!
LQ>@ DUHHVVHQWLDOO\ WKKDNDRBOXKIVAHIEPDOOHU EDWFKHV RI ZHVWH
GRQH VLQFH WKH SUHVHQWHG UHVHDUFK LY PXFK PRUH FRPSXWDWLRQDC
SUHSDUDWA RRWHV WKDW LQYHVWLIJDWLRQ LQWR RII SHDN SHULRGV FRX
RIWK$0$1 6LQFHSWEH.V PRVW EHQHILFLDO ZKHQ WKHDUULYDO IORZ LV YH
FDSDFLW\ WKH RIl SHDN SHDN SHULRGYVY VDWXUDWLQJD VLQJOHUXQZD\D
RI'WKH $0%$1

$QRWKHU DUHD RI VLPSOLILFDWLRQ K [@VEMBEEW WH RIQUIFUDIM MR BHEY J >
LQ WKHLU VFHQDULRYV ZLWK WKH DVVRFLDWHG DLUFUDIW SHUIRUPDQF#
7KH HIITHFW LV OLNHO\ QRW YHU\ ODUJH DOWKRXJK LW @HIGDX\F BV MG H L
GLIIHUHQW DLUFUDIW W\SHV WKRXJK QRLQYHVWLJDWLRQLV GRQH LQWR
GLVFXVVHG VLPXODWLPRRY XWHFB QGMGZKLFK ZRXOG EH UHDOLVWLF ZLW#
W\SH &XUUHQWO)\9DVGX¥BBLDYV GHVABWER® LQ

2Q0H RI WKH PRUH HITWHQVLYH VLPSOLILFDWLRQV LV WKH RPLVVLRQ RI GH:
SUHYLRXVO\FLWHG VRXUFHV GLG QRW WDNHGHSDUWXUHV LQWRDFFRXQ\
WUDIILF ZRXOG UHVXOW LQ D PXFK PRUH FRPSOLFDWHG®WVFIHHFRXOIGR ZKLO
OLNHO\EH QHDUO\LGHQWLFDO 7KLV ZRXOG EH EHFDXVH RI WKH DUULYD
I[IURP HDFK RWKHU RXOY LK RXWIKHTXLULQJ $7& LOQVWUXFWLRQV 7KH GH



%1%2 WMQYPEXMSRW

WKH RSWLRQV RI GHOD\ DEVRUSWLRQ LQ $&& DLUVSDFH ZKHQ YHFWRULC
VLPXODWLRQV

,Q FRQWUDU\ WR WKH UHDO OL | RAKOLSWXMWHDQ DNUD) &/LEDMW 8 BWSQY HFWR U H
WR HQVXUH VHSDUDWLRQ DW WKH UXQ ZD® LD \EK H7 ¥ HPKFOIMDWRIGR@V ERRHQ®
VLPSOLILFDWLRQ LV WKDW WKH LPSOHPHQWDWLRQ ZR$OSIEZRXAE®H H[WH
RFFXU %RWK KDYH XVHG VLPSOH IL[H@URMXQVHD WIR WRM QRWDBLP XODWLC
SRUWLRQ RI WKH VFIO®DRXBG EMKEHPXODWHG LW LV OLNHO\ WKDW WKH F
WKH QXPHULFDO UHVXOWV DV DQ\FKDQJHV DUH GLOXWHG E\ WKH HQODU
WKH 70$ RSHUDWLRQV PLJKW QRW EH XVHIXO LQ WHUPV RI REWDLQLQJ QX
E\>@ WKHIL[HG URXWHV WRZDUGV WKH UXQZD\DUH RIWHQ D®UHDG\ FRC
ZLWKLQ D VHFRQG DSSURDFK PDUJLQ 7KHLPSOHPHQWDWLRQ RI WKHV
OLIHDLUVSDFH LV DOV&I1DURWXHHDIRD/GSBFH UHGHVLJQ SURJUDP

J)LQDOO\@@WKH XQFHUWDLQW\ LQ WDNHRII WLPHV RI SRS XS DLUFUDIW ZC
ZKLFK ZRXOG EH YDULHG WR VWXG\ WKH LPSDFW RI WKLY GHOD\ 6LQFH W
PRGHO VWXG\LQJWKHHIIHFWV RI WKHYDULDEOHLV VLPSOLILHG ZKLOHL
RIDVWRFKDVWLF SURFHVY 7KHHIIHFWV RIWKLV VLPSOLILFDWLRQRQ $0¢
VSHFEFXODWLRQ ZRXOG VXJIJHVW WKDW LQFOXGLQJ QHJDWLYH GHOD\ PLJK
SHUIRUPDQFH LQ VLPLODU FLUFXPVWDQFHYV

TMQYPEXMSR
$IHZUHODWLYHO\PLQRU VLPSOLILFDWLRQV KDYHEHHQ PDGH WR VKRUW
WLRQDO FRVW RI SUHYLRXV VLP X @D WLKRHQWL P RO HWIHRSDIHUFQY B IW RQO\ HQV
DW D UDGLXV RI 10 WR UHGXFH WKH FRPSXWDWLRQDO FRVW )XUWKH
UHGXFHG IURP +]WR +] ZLWK RQO\YHU\PLQRU HIIHFW RQ WKH VLPXODW
PDQFH

%8' -RWXVYGXMSRW

$7& LQVWUXFWLRQV DUH TXLWHD FRPSOLFDWHG SURFHVVWR PRGHO LQ D
RQDGDLO\EDVLY E\FRQWUROOHUV DUH FUHDWLYHDQG GLIILFXOW WR P
RQHQVXULQJVHSDUDWLRQEHWZHHQDLUFUDIW ERWKLQ WKHVDPH SKDV
RIWUDIILF 2QH RIWKH VLPSO® | 5% DWIGEQV WIRGCQRM)GHFRQIOLFW DLUFUDI
GXHWRWKHLPSOHPHQWDWLRQ EHLQJ GLIILFXOW LIDQDFFXUDWH UHSUF
EHLQFOXGHG )XUWKHUPRUH WKHHIIHFW RI WKHFRQWUROOHU LQVWU X}
VPDOO 7KHVLPXODWLRQV GR SUBMUGKWHESTSIURDERGPDWIWRHY VHW WR
DQG ZRXOG SURYLGHIRU VHSDUDWLRQ DW WKH UXQZD\

2WKHU VLPSOLILFDWLRQV DUH PDGH LQ WKH VROXWLRQV LQ WKH $0$1 SU
FXVVHG DOO GR QRW DOORZ VR FDOOHG IURQWORDGLQJ RU DG KRF UXQ:
WKHVH VLPSOLILFDWLRQV LV WKDW WKH $0$1LQ DOO VLPXOPUBLRQV SHUIF
VFHQDULRV ZLWK DQG ZLWKRXW SRS XSV +RZHYHU WKHUHPLJKW EH GLII
VFHQDULRV 6SHFXODWLQJZRXOG VXJJHVW WKDW LQ WKH FDVH RI PDQ\ S
WR WKH FRQWUROOHU WKHUH FRXOG EH PRUH RSSRUWXQLWLHV WR HIIL
VHTXHQFH

)LQDOG@ DVVXPHG WKDW D VSHHG UHGXFWLRQ RI VKRXOG EH SRVVLEO
GHVFHQW LQ WHUPV RI SODQQHG VSHHG 7KLV DVVXPSWLRE YRLEKWO\ G|
XVHG VSHHGV EDVHG RQ DLUFUDIW SHUIRUPDQFH DQG WKHLU PD[LPXP UD
SURYLGHIRUD PRUHLGHDO VROXWLRQ HVSHFLDOO\LQ XSSHU DLUVSDFH

UHGXFWLRQ PLJKW EH PRUH EHQHILFLO®0$QLY \RFSHYUDWLIRRIQDDK LFK D Q

6IGSQQIRHEXMSRW
> @ UHFRPPHQGYV WR I XUW¥Xd5U & QY HRVUWP DIDAWHHG XULQJ RII SHDN SHULRGV
LQFUHDVH WKH DFWLRQV DYDLODEOH WR WKH VLPXODWHG FRQWUROOHU
WKH DG KRF FKDQJLQJ RI UXQzZD\V 7KHVH UHFRP P ¥Q G\JRN HRVK\WH D ZH \D K W\F
VXJIJHVWLRQRILQYHVWLIJDWLQJD GHOD\WKUHVKROG WR UHGXFH WKH DF
DQG DSSO\LQJ GLVFUHWH VSHHG LQVWUXFWLRQV LQVWHDG RI FRQWLQX|



(IPE] % FWSVTXMSR4SWWMFMPMXMIW

WKUHVKROG DQG GLVFUHWH VSHHG LQVWUXFW LROG\ BIHUDWYIHRQN L, B/OZA\O
OLNHO\ EH ZRUWKZLOH WR LQYHVWLJIOWHMKH WKSWKRHRQWO \RLRE & RQMLR)
DPRXQW RIVLPXODWHG FROQWUROOHU DFWLRQV UHTXLUHG

,WLVDOVR UHFRPPHQGHG WR WU\ WR UHGXFH WKH DPRXQ@%&RRUDGLR WL
ZKLFK WKH SUHYLRXV UHFRPPHQGDWLRQV PLIJKW@DRYRGHDP RE PO QIGF DX
VLPXODWLRQ WR EHDGDSWHG WR RWKHU DLUSRUWYVY VLQFH WKH SHUIRU
KXEV )LOQD&@ OHPRPPHQGV WRUHVHDUFKWKHDVVLIQPHQWRI7DUJHW 7LPF
WR VROYH WKH SHUIRUPDQFH GHJUDGDWLRQ DVVRFLDWHG ZLWK WKHVH |
DUHSODQQHG EHIRUH WKHLU WDNHRIITDQGDVVLIQHG D VORW LQ WKH VHT
WKH\HQFRXQWHU D SRVLWLYHRU QHIJDWLYH GHOD\ 7KLV VROXWLRQ FRX
RIWK$0$1 WKRXIJKD FORVHU ORRN PXVWEHWDNHQDWDLUFUDIW WKDW FL
WR EHLQJ GHOD\HG WRR PXFK

JXUWKHUPRUWHO¥R UHFRPPHQGHUQROXENQAQXWXUH UHVHDUFK DV ZHOO DV
HITHFWV RI WKHVH HUURUV

(IPE] % FWSVTXMSR4SWWMFMPMXMIW

> @ KDV LQYHVWLIJDWHG WKH SRVVLELOLW\ RI GHOD\ DEDOVMRERMLRQ LQ X
DLUFUDIW LQERXQG WR 6FKLSKRO 7KH H[SHULPHQWDO SDUW RI WKH UH
VLPXODWRU 7KLVUHVHDUFKDSSURDFKHG WKHDUULYDOPDQDJHPHQW Sl
FRQVLGHULQJ WKH UHTXLUHPHQWY RQ WKH UHVW RI WKHDLUVSDFH WR E
XSSHU DLUVSDFH +RZHYHU LW SURYLGHV LQVLIJKW LQWR WKH GHOD\ SR
YHU\UHOHYDQW W H] WKHRQUGELRQ WIKH RSWLRQV SURSRVHG LQ WKLV UHVH

WKHVSHHG RIWKHDLUFUDIW WRGHFUHDVH WKHDOWLWXGH E\ IHHW
DFRPELQDWLRQRIDOOWKUHH 7KHVHDUH QDPHG OLQHDU GHOD\ GURSS
7TKHUHGXFWLRQ RIDOWLWXGHLQ WKHUHVHDUFK LY VHW DW IW ZKLOF

PD[LPXPFUXLVHUDQJHPDFKRIWKHVSHFLILFDLUFUDIW 7KHUHODWLRQV
PD[LPXP GHOD\ SHUPHWKRG DUHWKH IROORZLQJ /LQHIDU GUHRPDS IDPRXQW
WR VHFRQGVGHWRXULQJWR VHFRQGWBONY D GCVGHMRIDOBULQD OO\

WXUWOLQJ DPRXQWV WR VHBB@EKEY SHYV DFERQIGW RIKBROUUHQW HVWLPDWL|
SRVVLEOH GHOD\DEVRUSWLRQ XVHG E\ FRQWUROQYHBERQU®Y BHOXWH SHU

JWKHLY VHW DWW LW FDQ EH HVWLPDWHG YHU\URXJKO\WKDW DLUFUDIW FR

VHFRQGV LI OLQHDU GHOD\ LV XVHG VHFRQGV LI GURSSLQJ LV DSSO
WKXPE Rl WKH FRQWUROOHUV LV XVHG 7XUWOLQJRU GHWRXULQJ FRXOG
FRQVXPSWLRQ

,WFDQ EHQRWHG WKDW WKH PD[LPXP UDQJH VSHHG LV XVHG LQ WKLV UHYV
UHDOLVWLF WR DFKLHYH IRU DLUFUDIW EXW WKH DFWXDO UHDOLVWLF O]
VSHHG LV QHDUO\DOZD\VORZHUWKDQ WKHPD[LPXPUDQJHVSHHG ,I WKH
EHXVHG VXFK WKDW WKHDLUFUDIW GRHV QRW UHTXLUH KROGLQJ RU D OR

7KH UHVHDUFK DOVR HYDOXDWHV WKH LPSDFW RISSRSQHPEQRMH. DQ WKHPM
RI ZRUNORDG DQG IXHO HIILFLHQF\ 7KHUH L\ &RMH UMSXFM VYRR ZQ L ® WK
SUHVHQWHG UHVHDUFK IRUWKH GURSSLQJDQG WXUWOLQJ GHOD\ DEVRU
WKH GHVFHQW WDNLQJ SODFH DW DQ HDUOLHU VWDJH 7KH OLQHDU KROC
GHWRXULQJ FDXVHV D VOLJKW LQFUHDVH 7KH DXWKRU QRWHV WKDW “H
HIILFLHQW WKDQ GHOD\ DEVRUSWLRQ PHDV X U® VAVRZKNN & W QLW KD Q FEAH®Q FD
WKDW WKH SUHVHQWHG UHVHDUFK RQO\LQYHVWLJDWHG WKH UHVXOWV L
WKH XSSHU DLUVSDFH LV LPSOHPHQWHG LW FRXOG UHVXOW LQ IHZHU KR
UHGXFH WRWDO IXHO EXUQ ,W VKRZV WKDW IXUWKHU UHVHDUFK LQWR W|
DUH GHOD\HG HQ URXWH YHUVXV ORZHU OHYHO GHOD\ LV UHTXLUHG

7TKHFRQWUROOHU ZRUNORDG LQFUHDVHV VOLJKWO\RYHUDOO XVXDOO\U
HI[FHSW IRUORZ VHDVRQ LQERXQG SHDNV 7KH ZRUNORDG FRXOG WKHQ Et
7TKHVH ILIXUHV VKRZ WKDW WKH ZRUNORDG RIFRQWUROOHUYVY FRXOG LQFL
WUDIILFFRQWURO FHQWHUV PDNLQJLW UHOHYDQW WR UHMWHBUFK IXUWK!



(IPE] % FWSVTXMSR4SWWMFMPMXMIW

DSSOLFDWLRQ

,QFRQYHUVDMWISRIOVZZIANKQRWHG WKDW IRUDLUFUDIW IURP %UXVVHOV D G
JLYHQ WR DQDLUFUDIW XVLQJ VSHHG DQG YHFWRU LQVWUXFWLRQV $ QH
FRXOGDOVREHHQVXUHG WKURXJKJLYLQJDLUFUDIW  GLUHFWHU FOHDUD(
WKH VKRUWHVW BEDIKIWSDWHK EQIRUH DR)UW K X§ ODW WHKHGHOD\V FRXOG EH

IURP RWKHU GLUHFWLRQV



AVIPMQMREV] *MR|

+SEPERH®%TTVSEGL SJ4VIPMQMREV] 6IWIEVGL

7KH JRDO RI WKLV FKDSWHU LV WR DQVZHU WKH SUHOLPLQDU\ TXHVWLRQ)\
FXUDWHO\UHSUHVHQW WKH GLIIHU i$0Q3$\ WLAPHOXDWFRIW VD QIGOWR. 8 U i @ HD@W W |
VROXWLRQV WR WKH SRS XSDLUFUDIW $ SRS XSDLUFUDIWLVDQLQERXQ
O0DQDJHU DIWHU WKH IUHH]H KRUL]JRQ KDV SDVVHG 380bY @REVPHINVV HD UFK
VDJHV ZKLFK VKRZ TXLWH D OD Y J5E KX QG DRV LARQGWHUMLRWU OB KRYZHQU FK LC
WKOWGDWD KDV VPDOOHU SUHGLFWLRQ HUURUV 7KRXJK WK)L% UHVHDUF
ERXQGD&2ARDKLOH WKH PDLQ HUURU LV REVHUYHG LQ WKH SUH GHSDUW XL
LQWURGXFHG E\D GHYLDWLRQ IURP WKH SODQQHG GHSDUWXUH URXWH L
WK$0$1SHUIRUPDQFH GXH WR QHDU KRUL]RQ GHSDUW X3NKE F HLUQ\DIDLAAWW K
HVSHFLDOO\ GXH WR XQNQRZQ DQ &7%0Q6 RO\ WRFOQBEIRHESW R RWHRWR D F
FXUDWHO\ TXDQWLI\WKH HUURU LQWURGXFHG GQ WIX HV H QMHMMLIIDIW KW |
IROORZLQJVHFWLRQV 'XHWR WKHWKUHH GLVWLQFWO\ GLITHUHQW IOLJK
VSOLW XSLQD SUH GHSDUWXUH SKDVH DGHSDUWXUH URXWH SKDVH DQG
LV DJDLQ VSOLW XSLQ D RXWVLGH })5 DQOCHQNYOCBW,BBKIV$BEHD UHD G\ X\
DQG RWIHKIHU\WWHPV DQG WKXV ZHOO NQRZQ ZLWKLQ WKH RUJDQL]DWLRQ
WKH FXUUHQWO\ XVHG VIVWHPV ZK L$PK PIORHW B(WL B D V. MHIUQ D Q

,Q’HFWLR® LVVKRZQ WKDW PDQ\DLUFUDIW GH $031W ® HWD B ROHGKLRPLSLC R ODRA
WKDW WKHUH FRXOG EHDLUSRUWY DW ZKLFKDLUFUDIW WDNH RII PRPHQW)\
WKDW WKH XQFHUWDLQW\LQ WKH GHSDUWXUH UR X Vi Bl SFIR6KSO0GL MQN © G Bi QY IKHH \
XQFHUWDL®WERXMIOHW\ LQWR PXOWLSOHDVSHFWY DOORZV IRU WKLV XQF
UDWHO\LQ WKH VXPWQRIRKIRZY WKH VLPSOH IRUPXOD IR SERK Y&IWD\O HUU
ZKLOHXUHVKRZV D VEKHPDWLF UHSUHVHQWDWLRQ RI WKH SUHGLFWLRQ H

E $)= E73L0)sE73rxwvLdHE BSDUWXUA FRXKOWHRI



(EXE7IPIGXMSR 4VSGIWWMRK ERH *MPXIVMRK

JLIXUH 6 FKHPDWLF UHSUHVHQWDWLRQ RI SUHGLFWLRQ HUURU LQ GLIITHUHQW .

JLUWWFWLRQYHY DQ LQWURGXFWLRQ DERXW WKH GDWD VHOWERQRQ SUF
GLYHV GHHSHU LQWR WKH SRS XS RFFXUUHQFH ZKH QWKW \ISRIURL] VG HV YD
UHVSHFWLYH GHSDUWXUHHODBRWIW HWKERRWKH XQFHUWDLQWLHV LQ ¢
EH DEOH WR TXDQWLI\ WKLY DFFXUDWHO\ LQ IXUWKHUH®DERODWHRQRQ BG
VLPLODULQYHVWLJIJDWLRQ LQW R MAKLERKPEW Y W X WHMKRIXINGD @WALO/HR | WK H X
LQ WUDMHFWRU\ SUHGLFWLRQ RI WK FVH.QROZRGHF MW 8 ROAWH R XIV) V& BI\R SW L R C
DQG VSDFH WKDW FRQWUROOHUV KDYH WR DEVRUE GHOD\ DQG ZKLFK PLV
RIXQFHUWDLQW\DQG UHVXOWLQB38HHSGHILAWURQ GIFHURUNM W@ WKIFRQVLGH

(EXE7IPIGXMSR 4VSGIWWMRK ERH *MPXIVMRK

7KH IROORZLQJ VHFWLRQV DUH DOQ'ECDW® BQ PYREGOGRENGD WD VSDQV

IURP XS WR $ SLSHOLQH ZDV VHW XS WR SURFHVV DQG FRP
UDZ GDWD LV PRUH WKDQ JLJDE\WHV DQG WDNHV D ORQJWLPH WR DQDC
IOLJKWY QRW UHOHYDQW WR WKH DUULYDO PDQDJH U, ¥ $NKGLW FXIVMHAGY V L
EHIRUWHRWLR(Q' GDWD LV GLYLGHG LQWR PHVVDJHY DQG PXOWLSOH PHV
$Q H[DPSOH PHVVDJH FD'Q EFKIRXGOW® LV FKRVHQ VLQFHAMW IERBKDLODEC
IRUWKLVY UHVHDUFK EXW DOVRLQ RSHUDWLRQDO FRQWH[W ,WDOVR FRQ
XQFHUWDLQW\DQDO\VLV RI WKH WDNHRII WLPHVY GHSDUWXUH URXWH WLF
2WKHU DYDLODEOH GDWD ZRXOG KDYH OHVV DYDLQODEDDWI\ RU ZRX0OG QR

, QWKHSLSHOLQH HDFKPHVVDJHLVUHDG DQGLIWKHDLUFUDIWLVLQERX
WKHUHVSHFWLYH IOLJKW $IWHU SURFHVVLQJD PRQWK RI GDWD WKHVH
GULYH $IWHU SURFHVVLQJ WKH HQWLUH GDWDVHW WKHUH LV D IOLJKW
DLUSRUW 7KHVHFDQ WKHQ EH SURFHVVHG IXUWKHU IRUDQDO\VLV 7KH I
IRUD VWDWLVWLFDO DQDO\WVLY VXFK DV DFWXDO WDNHRII WLPH RU WLP
IOLJKW LV SURFHVVHG DJDLQ WR FDOFXODWH SUHGLFWLRQ HUURUV ORR
LQGLYLGXDO PHVVDJH DQG ILOWHUHG DJDLQ WR RQO\ VWRUH UHOHYDQ\
DUH WKHQ VWRUHG LQ D GDWDIUDPH IRUHDV\ SORWWLQJ 7KH HUURUYV LC
WLPRWRO®OUH DOVR FDOFXODWHG DQG VWRUHG LQ DVHSDUDWH GDWDIUD
VWRUHG LQ SLFNOH IRUPDW IRUHDV\DFFHVV %HORZ DVFKHPDWLF UHSU

JLIXUH ()' SURFHVVLQJ SLSHOLQH



4ST YT3GGYVVIRGI[MXL ZEV]MRK *VII*l ,SVM~SR

JLIXUH )OLJKW GDWD SURFHVVLQJ SLSHOLQH

$IHZILOWHUV DUH XVHG RQ WKH GDWD WR HQVXUH WKDW WKH UHOHYDQV
EHORZ GLYLGHG SHUDQDO\VLV 7KHUHVXOWY RI WKLY GDWD DQDO\VLVTE L

$O00 IOLIKWV FRQVLGHUHG DUHLQERXQG WR 6FKLSKRO
JLOWHUV IRUWKH GHSDUWXUH SODQQLQJWLPHHUURUDQDO\VLYV

7KH SODQQHG IOLJKW GXUDWLRQ LV OHVV WKDQ KRXUV

7TKHUH LV DQ $FWXDO 7DNHRII 7LP K 3SPHVVBHHFLILHG LQ D

7TKHIOLJKW KDV QRW EHHQ FDQFHOHG

7KH (VWLPDWHG 7DNHRII 7LPH (727 OLHV ZLWKLQ KRXU RIWKH PH
JLOWHUV IRUWKHGHSDUWXUH WUDMHFWRU\ SUHGLFWLRQ WLPH HUUF

7KH SODQQHG IOLJKW GXUDWLRQ LV OHVV WKDQ KRXUV

7KHUH LV RQH FRPPRQ SRLQW DERYH )/ DQGEHORZ)/ LQERWK
DQG IORZQ GHSDUWXUH URXWH

7TKHUH LV RQH FRPPRQ SRLQW DERYH )/ DQG EHORZ)/ LQ ERWK"
DQGIORZQ GHSDUWXUH URXWH IRUIOLJKWV IURP %UXVVHOV

JLOWHUV IRUWKH FUXLVHWUDMHFWRU\ SUHGLFWLRQ WLPHHUURU DQ

7TKHUH LV D WHUPLQDWLRQ PHVVDJH IRU WKH IOLJKW
7TKH SODQQHG URXWHDQG IOREZRAIURXWH ERWK FURVYV D

6LQFH WKLY UHVHDUFK $SWVW$RBYWHFXBRKWRKOHWKH FKRLFH LV PDGH WR RQO
LQERXQG WR 6FKLSKRO )XUWKHUPRUH SRS XSIOLJKWV GHSDUW QHDU 6
LQFOXGHDLUFUDIW ZLWK D SODQQHG IOLIJKWWLPH RIOHVV WKDQ WZR KR
GHSDUWXUH URXWH HUURUV DQDO\VLY 7KHRWKHU ILOWHUV HQVXUH WKI
7TKHFRPPRQ SRLQWLVFKRVHQDERYH)/ DQG)/ IRU%UXVVHOV VLQFHW
WKHPDMRULW\ RI WKH GHSDUWXUH URXWH ,I DKLJKHUDOWLWXGH ZHUH
WKHUH XVXDOO\ZRXOG QRWEH D PDWFK EHWZHHQ WKH SODQQHG DQG IOF

4ST YT3GGYVVIRGI[MXL ZEV]MRK *VII*l ,SVM2ASR

7TRILYHDQLQGLFDWLRQ RI WKHLPSDFWRILQFUHDVLQJWKHIUHH]H KRUL
VKRZV WKH DPRXQW RI LPSDFWHG IOLJKWV LI WKH IUHH]JH KRUL]JRQ ZRXC



4ST YT3GGYVVIRGI[MXL ZEV]MRK *VII*l ,SVM~SR

10 WR 10 ,WLV QRWHG WKDW WKLV DQDO\VLH0 i ¥ ZRRINH LRI OL WWDHD F H
EDVHG VIVWHP 7KRXJK WKH JRDO RI WKLV VHFWLRQ LV WR VKRZ WKH U
VWUDWHJILHV IRU SR $ XESIHIQKIW\R QP B QW

JLIXUHVKRZV D PDS ZLWK WKH FXUUHQW 10 UDGLXV WKH SURSRVHG H[V
UDGLXV RI 10 SORWWHG 7KHODWWHU LVIRUUHIHUHQFH WR ZKLFK DLU
DLUSRUWY )XUWKHUPRUH WKHUHOHYDQW D&'OSRWBEWY DUH SORWWHG W|

7TDEOHVXPPDUL]HVY WKH PDMRU DLUSRUWY WKDW FXUUHQWO\ OLH ZLWKLC
WULEXWH WR SRS XS WUDIILF ,Q WKLY WDEOH LWLV FOHDU WKDW 'XVVI
SRS XSFDXVLQJDLUSRUWY ZLWK PXOWLSOHIOLIJKWY GDLO\ ZKLFK UHV X
I1RWHWKDW 'XWFK DLUSRUWY HVSHFLDOO\5RWWHUGDP FRRUGLQDWH G|
DUHQRWFRQVLGHUHG SRS XSV

7DEOH 'HSDUWXUHV IURP FXUUHQW LQ KRUL]JRQ DLUSRUWYV 10

$LUSRUW $LUSRUW 1DPH RI')OLJKWYV RI)OLJKWV 'LVWDQFH>10G@

("'/ 'XVVHOGRUI &'0
(%%5 %UXVVHOV &'0

(+5' S5RWWHUGDP 67$1'$5"

(+(+ (LQGKRYHQ 67$1'$5"

(+** (HOGH 67$1'$5"

(%$: $QWZHUS 67$1'$5"

(+%. ODDVWULFKW 67$1'$5"

(%/* [LHJH $'9$1&('$7&7:5
2WKHU DLUSRUWYV 67$1'$5"
7RWDO

"KHQ WKH KRUL]JRQLVH[WHQGHG WR 10 DGGLWLRQDO DIYDERBWY EHJILQ
VKRZV WKH LQERXQG IOLIJIKWV [URP WKH DLUSRUWYV WKDW OLH EHWZHHQ '
ZRXOG DOO EH FRQVLGHUHG SRS XSDLUFUDIW LI WKH KRUL]JRQ ZHUH WR E
RI SRS XS IOLJKWV GRXEOHV ZKLFK JUHDWO\LQFUHDVHV WK QHJDWLY|
$0$1DV VKRZQ E® >7KH WRWDO DPRXQW RI SRS XSV ZRX0OG PRUH WKDQ GR
IOLIJIKWV LQERXQG WR 6FKLSKRO

7DEOH $GGLWLRQDO GHSDUWXUHV IURP HfIWHQGHG $0$1 LQ KRUL]JRQ DLUSRUWYV

$LUSRUW $LUSRUW 1DPH RI'Y)OLJKWYV RI'Y)OLJKWV 'LVWDQFH>10@

(/1; IX[HPERXUJ 67$1'$5"
(*6+ 1RUZLFK 67$1'$5"
(' %UHPHQ $'9$1&('$7&7:5
(*66 BWDQVWHG $'9$1&('$7&7:5
(*0& BRXWKHQG 67$1'$5"
(. &RORJQH 67$1'$5"
2WKHU DLUSRUWV 67$1'$5"

TRWDO DGGLWLRQDO
7TRWDO SRS XSV

7DEOHOD\V RXW WKH GHSDUWXUHV ZLWKLQ PLOHVIURP WKHH[WHQGHG K
DUHPDQ\IOLJKWY WDNLQJRIIMXVWRXWVLGHRIWKHIUHH]HKRUL]RQ ZKLF
FRXOG LQIOXHMO$SHSWKHRUPDQFH LQ WZR. YIDMVWRHRAFXUDWH LQ WKH GHSDL
SKDVH DQG WKXV LQFUHDVHV WKH XQFHUWDLQW\ )XWKHUPRUH LI WKH ¥
WKH SURSRMH® KH DPRXQW RI SRS XSV ZRXOG GUDVWLFDOO\LQFUHDVH
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JLIJIXUH ODS RI WKH FXUUHQW 10 H[WHQGHG 10 DQG QHDU KRUL]RQ 10 KRULJRQV
FRQWULEXWLQJDLUSRUWYV
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7DEOH '"HSDUWXUHV IURP QHDU HIWHQGHG KRUL]JRQ DLUSRUWYV 10

$LUSRUW $LUSRUW 1DPHI)OLIKWYV RI)OLJKWYV 'LVWDQFH>10@ $LU

(*11 +HDWKURZ &'0

(%1 & /IRQGRQ &L W\ $'9$1&('$7&7:5
" JUDQNIXUW &'0

(*.. IXWRQ 67$1'$5"

(**: *DWZLFN $'9$1&('$7&7:5
Yt +DPEXUJ &'0

("9 +DQQRYHU 67$1'$5"

(*1- +XPEHUVLGH 67$1'$5"

(*. % /IRQGRQ %LJJLQ +LOO 67$1'$5"

(*:8 5$) IRUWKROW 67$1'$5"
2WKHU DLUSRUWV 67$1'$5"

TRWDO DGGLWLRQDO
7TRWDO SRS XSV

$Q RYHUYLHZ RI WKH SEWFHRPBSRM. WQRBQ RI LQERXQG BREBOXSVYKUWILYHQ L
WDEOH VKRZV WK D W V0KHQIBB RXLQMB RUWY LV TXLWH VLIJQLILFDQW DQG WKL
XS IOLIJKWV JUHDWO\NLQFUHDVHV LI WK#H RRH LIF|RRSIRWVH WLHR@QGH OGVW R HV SHF
&'0 DQHS7/DLUSRUW WIASHV LV RI L GWRHHNAWDA HEXIH WHROWKH FK WKHRUHWLFD |
WKH GHSDUWXUH SODQQLQJ DFFXUDVFNFMWHGRRVHU ORRN LV WDNHQ LQ

7DEOH )OLJKWYV ZLWKLQ GLVWDQFH UDQJHV VKDUH RIWRWDO DQG VKDUH RI SRS X¢

$LUSRUW 7\SH + 10 1RUPDOL]HG + 10 1RUPDOL]HG + 10 1RUF

7TRWDO

&'0
$'9%1&('$7&7:5
67$1'$5"

)LQDOO\ DJUDSKLF UHSUHVHQWDWLRQ RI WKH VKDUH RINSR®LXIS IOLIKW\
XUH 7KHILJXUH VKRZV WKHPDMRIOLGEKHMR/\HRPIWPDMRU (XURSHDQDLUS
DW WKDW GLVWDQFH



*IEXYVI7IPIGXMSR

JLIXUH 3RS XSVDVDIXQFWLRQ RI)UHH]H +RUL]JRQ

*TEXYVI7IPIGXMSR

7R UHDOLVWLFDOO\ UHSUHVHQW $WHE RRMLH @ X'W K H UVADLHYB QIO YO@F H U W
QHHG WR EH UHSUHVHQWHG XVLQJD SUREDELOLW\GHQVLW\IXQFWLRQ E|
VHFWLRQ LV WR VHOHFW UHOHYDQW IHDWXUHV WKDW LQIOXHQFH WKH VW
IOLJKW SKDVHV

SBUHYLRXV UHVHDUFK KO8 HYMXQNXOFWEBBWIKH>@ 7KHVH VWXGLHV LGHQWLIL
HUDO IHDWXUHV B! IDQABBUEVWDR Q7KHVH ZHUH SUHGLFWL'R @ DRRRAIDWHD G
FODVVLILFDWLR& OIOWDIWHWNBWEHSDUWXUH DLUSRUW

7KH IOLIJKWVWDWH IHDWXUH LV RI PDMRU LQIOXHQFH RQ WKH DFFXUDF\ F
IOLJKW SKDVH EXW QRW GLUHFWO\ 6LQFH WKLV UHVHDUFK DLPV WR UH:¢
SRVVLEOH WKHGHFLVLRQ KDVEHHQ PDGH WR VSOLW XS WKH XQFHUWDLC
EXW QRWH[DFWO\DORQJWKHIOLIKWVWDWH IHDWXUH )OLJKWVWDWH GF
DQG VRPHLQDFFXUDFLHV RFFXUHVSHFLDOO\DURXQG WeKH IOLJKWVWDW

7KHSUHGLFWLRQ ORRNDKHDG WLPH GHILQHG DV WKHWLPHEHWZHHQ WKt
HYHQW LV RIPDMRULQIOXHQFH RQ WKHDFFXUDF\RI WKH SUHGLFWLRQV
LQWKHWDNHRII XQFHUWDLQW\ DVHYHQWYVY ZLWK PDMRU LQIOXHQFH RQ W
HDVLO\ VXFK DV SXVKEDFN GHOD\V $ KRUL]JRQ RI PLQXWHV LV FKRVHQ
WDLQW\ DW WKH HRHUMHPHOWHGUSRUW ZLWK GHSDUWLQJ SRS XS DLUFUDIW
EH PLQXWH 7KHORRNDKHDG WLPHLV QRW XVHG DV D IHDWXUHIRU PRGH
7KH GHYLDWLRQ IURP WKH ILOHG GHSDUWXUH URXWH LV PDLQO\GULYHQ
WKHWLPHDW ZKLFKWKH SUHGLFWLRQLVPDGH )RUHQ URXWHSUHGLFWL
DUHOHYDQW IHDWXUH DV WKH ORRNDKHDG WLPH LY GLUHFWO\LQIOXHQ
EHSUHGLFWHG

$QRWKHU IHDWXUH R& 'lOQROHDWHYW. ED WIKRHIQ RI WKH GHSDUWXUH DLUSRUW
SUHGLFW&RAVMOBIEOHG DLUSRUWY VKRXOG EH PRUH DFFXUDWH 7KLV LV |
PHVVDJHV VHQW ZLWK D WKHRUHWLFDOO\ PRUH DFFXUDWH SUHGLFWLRQ
DOVREHDQ HIITHFWRQ WKHGHSDUWXUH URXWH
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7TKHGHSDUWXUHDLUSRUW LWVHOIPLIJKWDOVRKDYHD PDMRULQIOXHQFH
WLRQ 7KH SUHGLFWLRQDFFXUDF\JUHDWO\GHSHQGV RQ WKH SURFHGXU|
PLIJIKW EH PRGHOHG GLIITHUHQWO\ WKDQ WKH DFWXDO SURFHGXUHV RU E
ORFDWLRQ DQG WUDIILF GHQVLW\ PLJKW DOVR EHRILQIOXHQFH

$ VXPPDU\RI WKH GLITHUHQW IHDW X\DHEOYAHOHFWHG LV VKRZQ LQ

7TDEOH 6HOHFWHG IHDWXUHYV SHU IOLJKW SKDVH IRU XQFHUWDLQW\PRGHO

JOLJKW 3KDVH JHDWXUH SDWLRQDOH
BUHGLFWLRQ /RRNDKHDG 7LPH /DUJH LPSDFW RQ XQFHUWDL
7TDNHRII FHVVHV PLQXWHUHVROXWLRQ XVHG

&'0 $LUSRUW &ODVVLILFDWLRQ &'0 DQG $%7 DLUSRUWYV SUR
RITEORFN PHVVDJH

'"HSDUWXUH $LUSRUWIHUHQFHV LQ SURFHGXUHYV LQIUDVWUXHF
KDYLRUDFURVV DLUSRUWYV

'"HSDUWXUH gROX%HSRUW &ODVVLILFDWLRQ $IITHFWV WKH DYDLODELOLW

PHVVDJHV
'"HSDUWXUH $LUSRUMOXHQFHYV W\SLFDO URXWLQJ VKRUWFX\
SOH[LW\
(0 sRxwH 3UHGLFWLRQ/RRNDKHDG 7LPH /RQJHUKRULJRQV OHDG WR L
DUULYDO DW ,$)
7DEOH 6 XPPDU\RI SURFHPYWN®DJIHV
OHWULF 9D O XH
'DWDVHW 2YHUYLHZ
'DWDVHW SHULRG W R

(OLJWE'OPHVVDJIHV

YOLJKWV SURFHVVHG WRWDO
7DNHRII 3KDVH (727 3UHGLFWLRQ
7RWDO )OLJKWV

YOLJKWV IURP VWDQGDUG DLUSRUWYV
JOLJKW\WRIURPUSRUWYV
YOLJKW\$$ORIPUSRUW V
'"HSDUWXUH 5RXWH 3KDVH
YOLJKWV XVHG

(Q 5RXWH 3KDVH &23 $QDO\VLV
OHVVDJHV SURF&¥3HBDIRW LV
YOLJKWV X28BQMO\VLV

7TDEOHSURYLGHV DQ RYHUYLHZ RI WKH GDWD XVHG LQ WKH FRPLQJ VHFWL
\HDU RI ()' PHVVDJHV LQ ZKLFK RYHU IOLIKWV LQERXQG WR 6 FKLSKI
PDWHO\ PLOOLRQHOLIJLEOHPHVVDIJHVY ZHUH SURFHVVHG RIZKLFK VXE'
LOQFOXGLQJWDNHRII SODQQLQJ GHSDUWXUH URXWH FRPSDULVRQ DQGH
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BUHYLRXV UHVHDUFK KDV VKRZQ WKDW WKH ODUJHY80 BQEBRWPHRXUFH LQ \
VDJHV LV WKH XQFHUWDLQW)\ LQ@Vi@H WHOINHWRHIFS\ALIRQQDLIPIV>WR LQYHVWLJIC
WR EHDEOH WR DFFXUDWHO\ UHSUHV H W HW \L QJIEKWDURH \PLRRUXHO W WD @ @ Q7K
KDYHEHHQ SURFHVVHG DQG WDNHRIIHUURUV FDOFXODWHG
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1IXLSHSPSK]
7KH WDNHRII SUHGLFWLRQ HUURU LV GHILGHEMD QW WHFLIIHUHQFH EHW ZH

(=Tg727 T(727

7KH ORRNDKHDG WLPH LV GHILQHG DV WKH GLITHUHQFH EHWZHHQ WKH (72

/IRRNDKHDO %7 TrHvvDIH

7KHVH YDOXHV ZHUH FDOFXODWHG IRU HDFK ()' PHVVDJH DQG JURXSHG L
5HVXOWV ZHUH WKHQ GLYLGHG E\DLUSRUW & 8FDQ & WIWDFIBMDILRY QR Q QT
DLUSRUWY ,Q WKHIROORZLQJILIXUHV D SRVLWLYHHUURU2FHDQV D GHO

-QTEGX SJ'"(1 %MVTSVX 8]TI
JLIXUHVKRZV WKH (727 SUHGLFWLRQ HUURU SHUPHVVDJH GLYLGHGE\&'O
VKRZ D VLIQLILFDQWO\ORZHU VSUHDG LQ SUHGLFWLRQ HUURUV SDUWLF
KHDG WLPH 7KLV FDQ EH DWWULEXWHG$R WIKHRBW\EDB¥YR BHYVRUP EHW
VWDQGDUG DLUSRUWY DOVR GXH WR RIIl EORFNUHSRUWLQJPHFKDQLVPV

7KH LQFUHDVLQJ VSUHDG LQ SUHG[LFWLR QM HSJOURWHCGCRAHUGUR 8/ RHI LQ PF
XSGDWHV DV PRVWRII EORFNPHVVDJHY KDYHEHHQ VHQW ZKLOH VRPH DI

JLIXUH (VWLPDWHG 7DNH 21l 7LPH (727 HUURU YHUVXV SUHGLFWLRQ OHDG W

'SRXMRYSYW )VVSVG6ITVIWIRXEXMSR
7R SURYLGHD FRQWLQXRXV UHSUHVHQWDWLRQ RI WDNHRII SUHGLFWLRQ
I[IURP HDFK PHVVDJH WLPHVWDPS XQWLO WKH QH[W IDDWWIH)D EXOWHHXSGDWH
HYVHQWLDOO\ VKRZV WKH HUURU SHU PHVVDJH WKXV GLVFUHWH 7R HQV
RXV zDb\ WKHHUURUY SHU PHVVDJH DUH UHSHDWHG XQWLO D QHZ XSGDW|
JLIXUH(TXDWLRWKRZV WKLV LQ PDWKHPDWLFDO IRUP 7RHQVXUHFRQWLQ
QRWORRNDKHDG WLPH WKHPHVVDIJHLV UHSHDWHG XQWLO WKH WLPHVW
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JLIXUH ([DPSOHRID SUHGLFWLRQ HUURURIDQDLUFUPIWH¥RDWH. QXRXV DQG GLVFL

Error = ATOT ETOT

Repeatedmessagess Range(Lookahead; Lookahead+ ( Thextmessage Tmessage ); 1)

(UURTg727 T(727

SHSHDWHG PHR&DeJ HRRRNDKHRBND KHH D& jw pHvvE pvvDad

7KHUHVXOWY RI WKH FRQWLQXRXV HUUIRU HX@QFWKRWQ | E DXQUEHHLYWWHHWQAQHD U
DFFXUDF\RI WKH WDNHRII SUHGLFW& RQD/LINSRYMKVKLQG KRB $PU WKRHD WR WK
DLUSRUWY DQG VRPHZKDW KLIJKH®$ZRHQSFRRP/SYD UMGLW P TKR FOHDU WKDYV
WKHHUURU LV UHGXFHG IRUHDFKDLUSRUW WASHZKHQ WKH ORRNDKHDG \
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JLIXUH &RQWLQXRXV (VWLPDWHG 7DNH 211 7LPH (727 (UURU YHUVXV SUHGLFWLRQ OHD

)JJIIGX SJ '(1 7XEXI

7KH WDNHRII WLPH HUURUV FDQ DOVR BEHOWMVSDW & HIRM Y S BIFIFRIHG LQJ WR
VKRZV WKH HUURUV VSO&W I MARWGL QUKMRIWKKOW FOHDUO\VKRZV WKDW \
EORFN" KLJKO\LQFUHDVHY WKH DFFXUDF\ RI WKH SUHGLFWLRQ ,WFDQE

FDXVHV&WKBQ&E$7HQDEOHG DLUSRUWY WR SURYLGH WRHDLQ VBHDQVIHORI DF
JLIXUHDQG SUHYLRXV ILIXUHV

JLIXUH 'LVFUHWH (VWLPDWHG 7DNH 21l 7LPH (727 (UURU YHUVXV SUHGLFWLRQ OHDG WL






	Preface
	Scientific Article
	Preliminary Thesis (Previously Graded)
	Abstract
	List of Figures
	List of Tables
	Acronyms
	Introduction and Research Proposal
	Background
	Airspace Design and Arrival Routes
	Arrival Process Messages
	General Information and Route
	Updates
	Airport Collaborative Decision Making
	Correlated Position Report
	Handover Messages

	Arrival Manager
	AMAN goals and benefits
	Scheduler
	Horizons
	Trajectory Predictor
	Human Machine Interface
	Inputs
	Practical Use
	Future of the AMAN

	Pop-Up flights

	Previous Research
	Uncertainty
	Uncertainty in Arrival Messages
	Trajectory Prediction

	Measuring aman Performance
	AMAN Horizon Extension
	Mitigation Strategies for Pop-Up Flights
	AMAN simulations
	Trajectory Prediction
	Traffic Scenario
	Simulation
	ATC Instructions
	Recommendations

	Delay Absorption Possibilities

	Preliminary Findings
	Goal and Approach of Preliminary Research
	Data Selection, Processing and Filtering
	Pop-up Occurrence with varying Freeze Horizon
	Feature Selection
	Uncertainty in Takeoff Planning
	Methodology
	Impact of CDM Airport Type
	Continuous Error Representation
	Effect of CDM State
	Analysis per Relevant Airport

	Departure Route Prediction Error
	Uncertainty in En-Route Trajectory Prediction
	Outside FIR
	Within FIR

	Solution Space
	Delay
	Speed-Up

	Proposed Solutions to Uncertainty
	Required Time At
	Delayed Slot Strategy
	Optimized Rescheduling
	Planning Off-block Flights
	Reducing Uncertainty

	Conclusion

	Research Design
	Relevance
	Methodology
	Traffic Scenarios
	Independent Variables
	Dependent Variables
	Controlled Variables
	Experiment Matrix
	Monte-Carlo
	Representation of Uncertainty in Simulation

	Simulation Setup
	Trajectory Predictor
	AMAN Module
	ATC Module
	Batch
	Prediction Errors
	Scenario Generation
	General Assumptions and Limitations

	Verification and Validation
	Current Development Status

	References

