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Piloted simulator evaluation of low speed handling
qualities of the Flying-V

Riccardo Torelli
Technical University of Delft

Delft, Netherlands
riccardo.torelli.97@gmail.com

Abstract—The Flying-V novel aircraft design aims at reducing
fuel consumption by an innovative low-drag, fuselage-free geome-
try. However, possible issues related to certification requirements
have been noted regarding longitudinal handling qualities at low
speed, the pull-up manoeuver, and the flight path angle response.
This study aims at investigating these issues by means of piloted
simulations. With a mathematical model of the Flying-V based
on the vortex lattice method, a preliminary off-line analysis
of the handling qualities is conducted. A sensitivity analysis is
considered over center of gravity position (forward, nominal,
aft), approach speed (between 0.225 and 0.3 Mach), maximum
deflection of the control surfaces (between 20 and 30 degrees),
and flight control system (Direct Law or Pitch Rate Command).
The piloted experiments, supported by the preliminary analytical
assessment, show that the handling qualities provided by the
current design of the Flying-V with Direct Law at 0.3 Mach
are satisfactory with minor improvements related to aircraft
responsiveness. For lower speeds (0.225 Mach), the handling
qualities degrade due to a sluggish response, high compensation
workload, insufficient control authority, insufficient sight angle,
and tendency to pilot induced oscillations. Shifting the center
of gravity away from the nose provides larger control authority
at the expense of a minor reduction of responsiveness. Control
augmentation proves very effective at improving the handling
qualities. It is expected that the go-around certification standards
will be satisfied, but approach speed will remain critical for
controllability and safety.

I. INTRODUCTION

In the context of aircraft fuel efficiency, increasingly smaller
reduction of fuel consumption has been achieved via sub-
system optimization. ICAO has set the target reduction in fuel
consumption for the next 20 years [19], but the most recent
projections show that these goals are not expected to be met
at the current pace of improvement [18].

The Flying-V is a design for a fuel-efficient long-distance
travelling aircraft that is predicted to improve the current fuel
efficiency by 10-20%1. It is a flying-wing prototype with no
fuselage, in which everything, from crew to fuel and payload,
is stored in a single wing-shaped structure1. Its geometry
comes with the advantage of an improved lift-to-drag ratio
compared to conventional aircraft [25], at the expense of a
potentially unconventional maneuverability. In this regard, in
June 2020 a scaled model flight test was conducted1. The

1https://www.tudelft.nl/en/2020/tu-delft/successful-maiden-flight-for-the-
tu-delft-flying-v, 2020. Accessed: 20-04-2022.

Dutch-roll was found to be “wobbling”, and the longitudinal
handling qualities at high angles of attack were considered
questionable.

This research focuses on the full-scale model, for which
the small-scaled model analysis only provides approximate
qualitative results. It aims at three main contributions to the
Flying-V project:

1) analyse the handling qualities by means of off-line
analytical assessment and piloted simulations;

2) verify the opportunity of improving the handling quali-
ties by means of control augmentation;

3) understand the potential of compliance with aircraft
certification standards.

A preliminary analysis will be carried out to prepare useful
experiments and make predictions. Normally, this is done
by means of standardized handling qualities analysis criteria.
However, the Flying-V might have unconventional character-
istics, such that theory and relevance of the criteria should
be critically reviewed. By means of the off-line analysis, it is
possible to determine how the aircraft is expected to respond
during relevant maneuvers of longitudinal flight, in particular
pull-up and pitch tracking. The quality of the response can be
categorized into handling quality levels, and the overall results
of the analysis provide a prediction of the handling qualities.

A flight control system can have an impact on the handling
qualities of an aircraft. To complete the study of the handling
qualities of the Flying-V, augmentation should be considered
in the analysis as well. In this respect, a custom flight control
system is designed to deal with the possible issues that emerge
from the off-line analysis.

Regarding airworthiness certification, the regulatory au-
thorities demand compliance to a set of requirements that
should be taken into consideration during the aircraft design
iterations. As a consequence, understanding the relevant and
critical requirements is key for planning useful experiments
and contributing to the next steps of the design of the Flying-V.
The relevant regulations and the accepted means of compliance
should be selected carefully, since it is unclear whether the
Flying-V response can be classified as conventional.

Finally, piloted simulations complement and finalize this
assessment. They are intended to investigate the handling
qualities of the Flying-V, its compliance with the certification
requirements, and the capabilities of a flight control system



to improve its response. The flight task performed during
the simulations should exhibit the critical characteristics of
the Flying-V as they became apparent during the preliminary
analysis. To perform pilot experiments on handling qualities,
the Cooper-Harper approach [13] is used.

This paper is structured as follows. First, a review is
given on the context of the Flying-V, of the Certification
Requirements, and of the Evaluation of Handling Qualities
by means of piloted evaluation. Then, the system modelling
of the Flying-V is explained, which includes aircraft geometry
and aerodynamic model generation. The flight control system
is then introduced, which includes an explanation of the two
control laws considered in this study � Direct Law and Pitch
Rate Command. Control allocation and engine control are
here explained as well. Next, a summary of the preliminary
results follows from the off-line analysis of the Flying-V,
which sets the basis for the discussion of the result of the
experiments. Then the experiments are described, including a
thorough description of setup and rationale and a presentation
of the results. Finally, a discussion of the results and their
significance for the Flying-V project is given, followed by
some short conclusions.

II. BACKGROUND

A. The Flying-V
TU Delft, KLM and Airbus have been focusing on the

realization of the Flying-V ([28], [30], [4], [24], [25], [32],
[9]) since the first idea of Justus Benad in 2015 [3].

The aerodynamic model was first studied by Faggiano [9],
who analysed the first aerodynamic design and made the
prediction of 25% higher fuel-efficiency compared to reference
aircraft of the same class (e.g., A350); and by Garcia [28], who
worked on aerodynamic model identification from wind tunnel
experiments.

In collaboration with Airbus, Cappuyns [30] computed a
range of locations for the center of gravity based on the
longitudinal handling qualities which is narrower compared
to a conventional aircraft.

Palermo [24] and Pascual [25] worked on a 4.6% scaled
model of the Flying-V, with 3.06 m wing span, 2.76 m
length and 22.5 kg weight. They provided an analysis of the
longitudinal static stability and control characteristics of the
airplane for a large range of angles of attack (-10 degrees
to +35 degrees), and the data can be used as a first means
of validation of the full aircraft model used in this research,
as Overeem [31] did in his research on Flying-V system
modelling and control.

Rob Viet [32] also worked on the 4.6% scaled model. He
identified the optimal position of the center of gravity at 1.365
m behind the nose, stall speed of 14.8 m/s (again, for the 4.6%
scale model) at an angle of attack of 28.5 degrees and safe
stall of 19.2 m/s at 15.9 degrees angle of attack. For the full
model, the stall angle of attack is here assumed to be higher
than 21 degrees. This assumption was used to limit the validity
of the aerodynamic model up to 20 degrees of angle of attack

(Section III), and in the experiments to tune the stick shaker
(see Section VI).

Pascual [25] identified the optimal location of the engine
to reduce the lift-to-drag ratio of 10%. Such location is
the product of a compromise of controllability, structure and
probability of impact. The position of the engines in the model
used for this research comes from Pascual’s work.

B. Certification Requirements

The reference regulations for the Airbus A350, to which the
Flying-V is comparable in size, use and performance, are the
CS-25 published by EASA [6]. The corresponding regulations
by FAA are the PART-25.

The overall CS-25 requirements on controllability are as
follows:

• EASA CS 25.143: “Controllability and Manoeuvrability”:
(See AMC 25.143(a).) The aeroplane must be safely con-
trollable and manoeuvrable during Climb, Level Flight,
Descent and Landing.

To complement these requirements, the EASA “Acceptable
Mean of Compliance AMC-20” [2] and the corresponding
FAA “Flight Test Guide for Certification of FAR-25 Air-
planes” [8] provide operational procedures to demonstrate
compliance with CS-25.

From the AMC-20 and CS-25 combined, a few maneuvers
appear relevant based on the scope of this research and on
previous results:

1) Reach 3.2% climb during approach in landing configu-
ration (CS-25.119, AMC-20-6.5)

2) Pull-up to 1.5 g and pushover to 0.5 g in landing config-
uration (CS-25.143(j).1 and CS-25.143(j).2, AMC-20-
6.9.2(c))

3) Conduct full approach and landing/go-around multiple
times with different configurations (CS 25.143, AMC-
20-6.9.2(e) to (h))

4) Show trim in a number of configurations (CS-
25.161(c)(2), AMC-20-6.12.2)

5) Show static stability after achieving trim in a number
of configurations (CS-25.175(a) through (d), AMC-20-
6.14.2)

From this list, (1) and (2) (climb and pull-up performance)
have been previously observed as critical by Cappuyns [30].

Maneuver (3) is relevant due to the outcome of the 2020
scaled model flight, where potentially poor handling qualities
were observed and the landing failed.

Tasks (4) and (5) can be tested off-line and then confirmed
with piloted simulation, and relevant to confirm the viability
of the considered design.

For all these tasks, the requirement is that the handling
qualities are optimal during all the maneuvers and the airplane
must be safely controllable and maneuverable.

These regulations do not provide direct and measurable
methods to predict the compliance of an aircraft. However, a
so called “off-line” evaluation can be performed by analysing
the response of the aircraft against criteria that can be found
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from sources such as the “MIL-Handbook-1797 C” by the
American Department of Defense [5].

It is safe to assume that the Flying-V might use a certain
level of control augmentation and a Fly-by-Wire system.
The main consequence is that the regulatory authority might
demand some handling qualities requirements for the most
degraded control law as well, such as the Direct Law (or Me-
chanical Backup). Piloted evaluations of the non-augmented
Flying-V, as a consequence, are necessary to get the full
picture of its airworthiness potential.

C. Piloted Simulation Evaluation of Handling Qualities

A pivotal point in the history of handling qualities is the
publishing of a study carried out by George Cooper and
Robert Harper in 1969 [14], then revised in 1986 [13]. In
their work, handling qualities are defined as “those qualities
or characteristics of an aircraft that govern the ease and
precision with which a pilot is able to perform the tasks
required in support of an aircraft role”(Cooper, Harper, 1969,
[14], p. 31) and that they are “characteristic of the combined
performance of the pilot and vehicle acting together as a
system in support of an aircraft role”(Cooper, Harper, 1986,
[13], p. 1). Today, their work is commonly considered the
state-of-the-art for the evaluation of handling qualities with
test pilots based on the concept of pilot workload.

Analytical and numerical methods are combined in order to
predict the behaviour of an aircraft and assess its safety and
maneuverability. The goal is to predict the opinion of a pilot
regarding a vehicle by means of mathematical criteria.

In terms of the MIL-STD convention, the relevant off-line
assessment methods for the Flying-V are those for Class III
aircraft (large, heavy, low/medium manoeuvrability aircraft,
see CS-25) in Category C phase (takeoff, catapult takeoff,
landing, approach, aborted approach).

The Flying-V is a new prototype, and the criteria (such
as the MIL-STD) designed for standard aircraft might not
be suitable for the evaluation of its handling qualities. On
this topic, some attempts have been made to link the most
commonly used criteria to the handling qualities of a flying
wing (e.g., Ehlers [7], or Humphreys-Jennings, Lappas and
Mihai Sovar [16]), and more in general to specialize the
criteria on the evaluation of handling qualities in final approach
and landing (e.g., Frost, Franklin, and Hardy [11], Stoliker
[29], Field and Rossitto [10]).

Since it is not known yet to which extent the response of
the Flying-V is comparable to that of standard aircraft on
which the criteria are normally applied, the criteria that involve
fewer assumptions were preferred. A selection of these criteria
is used to perform a preliminary assessment of the handling
qualities in Section V:

• Phugoid damping ratio and time to double [16, 23, 15]
• Short period damping ratio [21, 16, 23, 15]
• Control Anticipation Parameter (CAP) [10, 21, 16, 23, 1]
• Bandwidth criteria [10, 21, 23]
• Gibson dropback criterion [10, 21, 23]

These are completed by a presentation of the preliminary
expectations related to the following topics:

• trim conditions (elevons deflection and angle of attack);
• impact of the Pitch Rate Command controller on the

handling qualities;
• compliance with the certification requirements;
• relevance of the preliminary analysis.
This preliminary assessment needs to be thereafter validated

and expanded by human-in-the-loop simulations, in which
pilots give specific feedback on the handling qualities
according to their opinion. This feedback is normally
collected in the form of rating, valuable to understand the
quality of the response of the complex pilot-aircraft system.
For this, the preferred rating scale is that of Cooper-Harper, a
useful framework to give a quantitative form to the qualitative
opinion of the pilots [14, 13]. It should be noted that the rating
exists only as a specific evaluation of the HQ during a certain
task, and not as an inherent characteristic of the sole aircraft.

III. SYSTEM MODELLING

A. Aircraft Geometry

In this project, the model used for analysis and simulation
is based on the same design iteration of the Flying-V that
was used for Cappuyns’ research [30]. It is motivated by
the findings summarized in the Background section, with the
addition of the engines positioned as proposed by Pascual [25].

The configuration chosen for this research is shown in
Figure 1; the control surfaces configuration is displayed in
Figure 2; and the design parameters are given in Table I.
Notice the three control surfaces on each wing: one is a vertical
rudder-like surface which serves as a rudder (see Figure 1),
while two surfaces serve both as elevators and ailerons (see
Figure 2), and are consequently called “elevons”. In an attempt
to increase the accuracy of this model, actuators and engines
are modelled in the form of first order lag transfer functions
with time constants equal to ⌧act = 0.1 s and ⌧eng = 5 s,
respectively, and rate limiters equal to lact = 25 deg/s and
leng = 38 kN/s, respectively. The limit for the deflection of
the actuator is an independent variable of the experiments of
this research (either 20 or 30 degrees, as explained later), and
the thrust limit for the engine is 379 kN, according to previous
Flying-V models (see Pascual [25]).

TABLE I
DESIGN PARAMETERS FOR FLYING-V CONCEPTUAL DESIGN.

FROM CAPPUYNS, (2019) [30]

Parameter Value Unit
Length 55 m
Wingspan 65 m
Height 17 m
Pax 314 -
Fuel Capacity 140.000 l
Cargo Capacity 160 m3

Design Mach number 0.85 -
Cruise altitude 43.000 ft
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Fig. 1. Flying-V, three view renders adopted from TU Delft; “Flying-V, flying
long distances energy-efficiently”, https://www.tudelft.nl/en/ae/flying-v/

In order to focus only on the longitudinal handling qual-
ities, no lateral-directional motion is included in the model.
This is accomplished by disconnecting the roll and yaw
controls, which are lateral side-stick deflection and rudder
pedals, respectively, so that no asymmetric deflection can be
commanded to the control surfaces.

B. Aerodynamics

In this section the generation and the validity of the used
aircraft model are discussed.

Airbus collaborates on the Flying-V project by providing
essential tools and data, such as the model for this research.
This aerodynamic model was generated through the ODILILA
software (see, for example, J. Benad [3]), an Airbus proprietary
tool for Computational Fluid Dynamics (CFD). The software
is based on the Vortex Lattice Method [17].

The validity of this model should be hereby discussed.
Vortex Lattice CFD is particularly attractive for the first design
iterations of an aircraft since it is light on a computational
point of view, relatively easy to implement, and provides
valuable insights on the dynamics of a body. However, it
comes with limited validity due to the baseline assumptions:

• The flow is assumed to be incompressible.
This is not a critical assumption, since in this research
the speed range considered is between 0.2 and 0.3 Mach
(landing speed is expected to be around 0.25 Mach), and,
up to 0.3 Mach, a fluid can be accurately considered to
have zero velocity divergence.
In order to get more accurate results, a compressibility
correction on the aerodynamic model data was applied by
ODILILA in the form of Mach-dependent compressibility
correction factors

• The flow is also assumed to be inviscid.
In a zero-viscosity fluid, boundary layer phenomena are
non-existent and no stall behaviour can be modelled. This
limits the validity of this research up to the stall angle
of attack, which can be speculatively considered around

21 degrees by comparison with reference aircraft and
previous studies on the Flying-V. In the future it will
be necessary to study stall phenomena and re-define the
validity of this research.
Furthermore, in an inviscid fluid no friction is created
with the lifting body. This has an impact on the drag
coefficient, that in ODILILA is only computed in the
form of lift-induced drag. In order to address this short-
coming, the model can be augmented by adding the
drag coefficient measured during the scale model flight,
Cd0 = 0.039. The validity of this augmentation is of
course to be investigated, in particular by understanding
how the small-scale model properties translate into the
full-model properties.

• Another assumption is that of irrotational fluid.
It implies that no vorticity is present in the fluid. The
regions where this assumption is not valid are not in
the scope of this research. Since the flow is ideal and
unspoiled, however, it should be remembered that this is
a somewhat optimistic model.

• The method also assumes a thin lifting body.
In this sense, the Flying-V is assumed to be represented
by an infinitely thin sheet over which the panels are
arranged in a lattice. As a result, the flow in the close
proximity of the body is not realistic, and the method is
not sensitive to form drag. This missing contribution to
the drag, however, is not expected to significantly alter
the outcome of this research, since the model is already
based on more critical assumptions. Nonetheless, future
studies should address these inaccuracies to confirm this
research.

• Finally, the Vortex Lattice Method is based on the as-
sumption of small angles.
This assumption is only valid if side slip and angle of
attack are small. In this research, side slip is set to zero
and thus it can be of course considered small; however,
the angle of attack is expected to be high in the part of
the flight envelope that involves approach and landing.
For this reason, the breakpoints of the model data are
particularly dense between 15 and 20 degrees of angle
of attack. The impact of this error on the results of this
research is not known yet, and its assessment is left to
future studies on more accurate aerodynamic models.

IV. FLIGHT CONTROL SYSTEM

The response of an aircraft to pilot inputs can be manip-
ulated by means of a Control Augmentation System (CAS),
which enhances and improves tracking and flying capabilities
of the aircraft. In this research, the piloted simulations will
also serve to explore the potential of an augmentation system
to improve the HQ of the Flying-V.

During the experiments of this research, a CAS was tested
to get some insights on the potential impact on the HQ of the
Flying-V. It is not in the scope of this research to optimize
the control system, but rather to explore the possibility to
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Fig. 2. Flying-V elevons dimensions. From Cappuyns, (2019) [30]

design a CAS that allows the current design of the Flying-
V to meet the certification requirements. In the future, more
complex approaches might be taken in consideration, such as
[33], where an automatic and efficient way to design a Flight
Control System for Flying Wings is researched.

The next sections explains the Control Allocation approach,
followed by the design of the two control laws that were
studied for the experiments of this research � Direct Law
and Pitch Rate Command � and an explanation of the Auto-
throttle system.

A. Control Allocation

The twofold action of the four elevons as both elevators and
ailerons raises a control allocation question on how to optimize
the use of control surfaces. In principle, the idea is to regulate
each actuator based on their control effectiveness either as
elevators or as ailerons. However, this would involve the
analysis of lateral-directional response of the aircraft, which is
not in the scope of this research; and accurate control surface
models, which is not available for this Flying-V geometry
since the size of the actuators is not defined yet.

To simplify this analysis and to study the full potential
of the four elevons for longitudinal flight, control is equally
allocated among the four surfaces. As a consequence, the
four deflections can all be addressed with a single actuation
angle, and pilot’s longitudinal control (both with Direct Law
and Pitch Rate Command) is mapped equally on all the four
elevons. This controlled deflection is always symmetrical,
which means that the four elevons are effectively used together
as a single elevator and never for roll control.

B. Direct Law
The first controller is a simple Direct Law. With this mode

engaged, the pilot has direct control over the elevons, resem-
bling the Mechanical Backup Law that Fly-by-Wire aircraft
are equipped with in case of flight control system failure.

The side-stick input is simply scaled by a linear gain that
yields proportional elevons deflection. Zero stick deflection
corresponds to zero elevons deflection. The neutral position
of the stick is moved to the deflection needed for trim in each
flight condition. Full-forward side-stick deflection yields full
pitch-down deflection of the elevons, and full-aft side-stick
deflection yields full pitch-up deflection of the elevons.

C. Pitch Rate Command
According to the preliminary analysis presented in Section

V, Pitch Rate Command emerged as a viable control approach,
since it should increase the controllable bandwidth range
and improve the HQ by acting on the short period mode.
Additionally, Pitch Rate Command is a rather standard control
system and pilots are generally used to it.

The block diagram of the Pitch Rate Command is shown
in Figure 3, which also includes the auto-throttle loop as
explained in the next paragraph. It consists of a single feedback
loop where the current pitch rate is subtracted to the com-
manded pitch rate and multiplied through a PID controller. The
pilot commands a pitch rate directly from the side-stick, and
the output of the PID controller is distributed to the elevons
via an allocation matrix. The PID was tuned to increase the
short period frequency as much as possible without reducing
damping. A number of tuning iterations were needed to make
sure that the augmented system does not cause jerky motion
in the aircraft due to sudden extreme elevons deflection. The
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final result is a system that commands very large initial elevons
deflection in order to cope with the slow short period, and then
returns to lower deflection levels after the on-set pitch rate has
been achieved. It consists in a high proportional gain (P = 17)
that provides initial responsiveness, an equal integral gain (I
= 17) that adjusts the steady state response to follow the input
after the initial reaction, and a null derivative gain (D = 0),
since it would fight against the proportional gain on the short
period frequency. The elevons allocation matrix controls all
the elevons symmetrically.

In general, for a control system a distinction can be made
between inner and outer control loops. Assuming that the
inner-loop is tuned properly, the outer-loop determines the
handling qualities, since it regulates the response type of the
augmented system. Notice that, for this prototype CAS, the
Pitch Rate Command consists of one single feedback loop that
works both as an inner-loop and an outer-loop � it controls
the actuators to track the commanded input, and it determines
the response type and the handling qualities.

D. Auto-throttle

As will be explained more in details in the Preliminary
Analysis section, the phugoid mode frequency of the Flying-
V was found to be unusually close to the slow short period
frequency. In order to focus on the short period response,
it was assumed that an auto-throttle system is available in
operational scenarios. As a consequence, an auto-throttle
system was included in the flight control system of this
experiment � measured airspeed is sent into a feedback
loop over the engine throttle, with a Proportional controller
(Pengine = 100 kN ⇤ s

2
/m) that provides constant airspeed

within the physical limits of a realistic engine. The engines
allocation matrix controls the two engines symmetrically, since
only longitudinal dynamics are considered.

V. HANDLING QUALITIES PRELIMINARY ANALYSIS

The theory introduced in the Background section was
applied to the model explained in the System Modelling
section to predict the handling qualities of the Flying-V. The
experiments were then designed based on this preliminary
analysis, with the purpose of maximizing the value of the
piloted simulations for handling qualities research.

For the application of three criteria (Control Anticipation
Parameter, Gibson Dropback and Gibson Flight Path Angle),
a so-called “short period only” approximation was used. The
dependency of the equation of motions on the angle of attack
was eliminated, cancelling the exchange between dynamic and
potential energies that causes the phugoid eigenmode. This
way, the phugoid mode was excluded from the response of
the aircraft. The purpose of this approximation is to extract a
clean representation of the short period mode, on which the
mentioned criteria are based.

In the following subsections, the main findings of this
preliminary analysis are presented.

A. Handling qualities assessment

1) Phugoid: Over the different configurations of CG po-
sitions and airspeed provided by the aerodynamic model, the
phugoid resulted to be overall good and in the recommended
limits (MIL-F-8785C: Phugoid damping ratio levels, Class III,
CAT C).

On average among the different aircraft configurations, the
phugoid mode had frequency

!ph = 0.135 rad/s,

damping ratio
⇣ph = �8.92e� 03

and time to double

� ln 2

⇣ph!ph
= 575, 6 s,

which is Level 3 according to MIL-F-8785C, the “time to
double” being positive yet very large. All the configurations
fall into this Level based on this criterion.

2) Short period: The damping ratio of the short period
mode is within the recommended limits, ranging between 0.58
(forward CG, 0.2 Mach) and 0.8 (aft CG, 0.3 Mach). MIL-F-
8785C: Class III, CAT C places a short period damping of the
range 0.35-1.30 into Level 1 handling qualities.

However, the short period frequency resulted too slow in
all the configurations, ranging from 0.72 rad/s (aft CG, 0.2
Mach) to 1.53 rad/s (forward CG, 0.3 Mach). An overview of
the short period frequency as a function of CG and airspeed
is shown in Figure 4.

This raises two main questions. The first one is what impact
will the short period mode have on the handling qualities.
On this regard, common handling qualities criteria such as
the “short period thumbprint” (Roskam [27]) predict that the
aircraft will exhibit a “very slow response, large control motion
to maneuver, difficult to trim”. This prediction will be central
to the piloted experiments.

The second question is whether the short period is so slow
that it would be affected by the phugoid in some relevant
way. The preliminary analysis showed that, in particular at
slower airspeed configurations, the phugoid gets in the way
of the short period early in the initial response. Auto-throttle
effectively separates the two modes.

3) Control Anticipation Parameter: The Control Anticipa-
tion Parameter results for three configurations (forward CG
and Mach = 0.3 (green); nominal CG and Mach = 0.25 (black);
aft CG and Mach = 0.2 (red), corresponding to fastest, average
and slowest short period frequency) is shown in Figure 5.
Notice that this assessment is based on the short period only,
as mentioned at the beginning of this section). The slower
the short period frequency, the lower the HQ predicted with
the CAP criterion. The fastest configurations fall well into the
Level 1 boundaries, while slower configurations degrade into
Level 2.

This confirms the interest in the pitch tracking piloted
simulation task to investigate the degradation of the han-
dling qualities in case of slower configurations. In particular,
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Fig. 3. Block diagram of the Control Augmentation System, including Auto-throttle (upper control loop) and Pitch Rate Command (lower control loop).

Fig. 4. Natural frequency of the short period of the Flying-V. Forward CG,
Mach = 0.3 (green); nominal CG, Mach = 0.25 (black); aft CG, Mach = 0.2
(red). .

the focus is on understanding whether the pilot is able to
comfortably interpret the response of the Flying-V from its
first pitch acceleration in its slower configurations, since the
interpretation of the Control Anticipation Parameter for the
slower configurations suggests that this might be a source of
poorer handling qualities.

Compared to the short period thumbprint, the Control An-
ticipation Parameter predicts overall better handling qualities.
However, this has to be interpreted under two observations.
First, the Control Anticipation in this case was computed on
a short period only approximation, and the consequences of
this approach are not clear. In this sense, the accuracy of this
criteria should not be taken for granted. This is particularly
true considering that the response of the Flying-V might not
be accurately represented by this criterion, which has been
tested on classical aircraft geometries. Second, on the other
hand, it should be considered that the short period thumbprint
is only an indication of the expected aircraft response � it
does not provide handling qualities level expectations. This
being said, the two criteria should be considered together,

Fig. 5. Control Anticipation Parameter. Forward CG, Mach = 0.3 (green);
nominal CG, Mach = 0.25 (black); aft CG, Mach = 0.2 (red). Elevons actuator
dynamics included.

supporting the expectations of an overall sluggish aircraft
(short period thumbprint) that should provide satisfactory
handling qualities regarding the predictability of the response
(Control Anticipation Parameter).

4) Bandwidth Criteria: The Flying-V shows Level 2 HQ
according to the Bandwidth criterion, as shown in Figure 6,
due to a limited control bandwidth with 45 phase margin
limits. However, a feel system and more realistic actuator
dynamics might have a negative impact on the real controllable
bandwidth. More in-depth interpretation of this assessment is
given in MIL-STD P.244.

5) Gibson Dropback criterion: According to the Dropback
criterion (Figure 7), the CG position is expected to have a
clear influence on the handling qualities, with the response
of the aircraft changing from “sluggish” (aft CG) to “abrupt
bobbling tendency” (forward CG), the nominal CG being the
closest to the satisfactory area. However, the validity of this
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Fig. 6. Bandwidth criterion. Forward CG, Mach = 0.3 (green); nominal CG,
Mach = 0.25 (black); aft CG, Mach = 0.2 (red). Elevons actuator dynamics
included.

criterion depends on the short period frequency due to the way
the dropback is computed, which is based on the pitch attitude
difference between the moment the stick is released and the
steady state.

Fig. 7. Gibson dropback criterion. Forward CG, Mach = 0.3 (green); nominal
CG, Mach = 0.25 (black); aft CG, Mach = 0.2 (red).

6) Trim: In general, the elevons deflection needed for trim
is high and it reduces the pitch-up control authority. This is
the case, in particular, for forward CG positions and slower
airspeed configurations, for which safety and controllability
is uncertain. In Table II, the elevons deflection (Defl) and
the angle of attack (AoA) at trim are shown for certain
configurations (three CG positions, and speed ranging from
0.2 to 0.3 Mach).

At 0.2 Mach, in particular, the AoA is very close to the
boundary of (assumed) validity of the aerodynamic model.
The amount of elevon deflection with forward CG is very
high (21.7 degrees), which would make part of the piloted

experiments not viable with 20 degrees of maximum elevons
deflection. Furthermore, 0.2 Mach airspeed, which corre-
sponds to 133 kts, is expected to be quite lower than the
design landing speed of the Flying-V. For these reasons, it
was decided to not include the configurations with 0.2 Mach
airspeed in this study, leaving it for future research when a
more accurate aerodynamic model will be available together
with more information on the final geometry of the Flying-V
(including landing speed and elevons effectiveness).

TABLE II
TRIM CONDITIONS � ELEVONS DEFLECTION AND ANGLE OF ATTACK

Forward CG Nominal CG Aft CG
Mach Defl AoA Defl AoA Defl AoA
0.200 21.7 20.1 13.2 18.6 4.6 17.1
0.225 16.5 15.7 9.7 14.5 3.0 13.4
0.250 12.9 12.6 7.4 11.7 1.9 10.7
0.275 10.3 10.3 5.7 9.6 1.2 8.8
0.300 8.3 8.6 4.6 8.0 0.8 7.4

For future control allocation design, it would be insightful
to find the minimum control deflection needed for satisfactory
handling qualities. It was then decided to explore the handling
qualities for 20 degrees of maximum deflection, which is the
minimum needed to trim all the configurations at 150 kts; and
for 30 degrees, which is the realistic limit for control surface
deflection, taking into account that part of the control authority
must be left to the lateral-directional control channel. With 20
degrees of maximum deflection, control saturation issues are
expected due to the limited control deflection left at 0.225
Mach and forward CG, which is 3.5 degrees.

B. Control augmentation

Due to the evident correlation between short period and
predicted handling qualities, a Pitch Rate Command controller
was tuned specifically to address the bad qualities of the short
period mode. In Table III a comparison is shown of damping
and frequency of the short period mode between Direct Law
and Pitch Rate Command.

TABLE III
SHORT PERIOD FREQUENCY (RAD/S)

DIRECT LAW (DL) VS PITCH RATE COMMAND (PRC)

Forward CG Nominal CG Aft CG
Mach DL PRC DL PRC DL PRC
0.200 1.03 4.83 0.89 4.48 0.72 2.822

0.225 1.17 5.91 0.99 5.60 0.80 5.27
0.250 1.29 6.80 1.10 6.46 0.87 6.13
0.275 1.42 7.64 1.20 7.27 0.93 6.89
0.300 1.55 8.44 1.31 8.05 1.02 7.64

Overall, it is predicted that the Pitch Rate Command mode
will successfully improve the short period of the Flying-V,
providing noticeable improvements in the handling qualities
as well. In particular, all the configurations are expected to be

2Overdamped short period � two real poles with frequency wn1 = 2.82
rad/s and wn2 = 5.91 rad/s.
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improved up to the same level, in such a way that pilots might
not be able to tell two augmented configurations apart.

C. Certification Requirements

According the preliminary analysis, three main concerns can
be raised regarding the certification requirements introduced in
the Background section.

First, it is unclear whether the Flying-V provides acceptable
handling qualities and good maneuverability as for EASA CS
25.143 in all the configurations. In fact, some configurations
are predicted to require heavier workload from the pilot,
mainly due to the bad short period frequency.

Second, it is preferable for certification purposes to provide
good handling qualities, or at least to guarantee controllability
and safety also with low-augmentation control laws, such
as the Direct Law. Based on the preliminary analysis, it
is expected that the Pitch Rate Command will reduce the
workload significantly, and it is to be confirmed whether this
improvement is necessary for the pilots to safely control the
Flying-V.

Finally, Cappuyns [30] identified some critical disadvan-
tages of the Flying-V as compared to some analysis criteria
and to EASA Certification Requirements. According to his
work, the pull-up manoeuver (CS-25.143) is critical for the
Flying-V, since [30, p. 42] “when elevons 1 and 2 were
deflected to their maximum deflections in approach, the loss
in lift was so significant that the aircraft could lose up to tens
of meters of altitude and initially go significantly below 1 g”.
Based on the preliminary analysis here presented, however, no
specific evidence was found of this unusual response of the
Flying-V during a pull-up maneuver. Nevertheless, dedicated
experiments will be part of the piloted tests, in order to further
investigate Cappuyns’ findings.

D. Relevance and validity of the preliminary analysis
It is important to notice that the preliminary analysis so far

discussed is based on a considerable amount of assumptions.
It is assumed that the response of the Flying-V is comparable
to that of standard aircraft, and that the off-line analysis
criteria, normally used on standard aircraft, are applicable on
the Flying-V as well. In particular, most of the analysis criteria
are based on a clear separation between phugoid and short
period modes, which might not be the case for the Flying-V
based on the current model.

These, together with all the assumptions and the inaccura-
cies of the aircraft model (explained in the System Modelling
section), are reasons to consider the preliminary analysis lim-
ited both in relevance and validity. The goal of this analysis is
to draw preliminary conclusions in order to design meaningful
piloted experiment, all in the perspective of providing insights
for the proceeding of the design process of the Flying-V. It
should not be expected that the real aircraft will fly exactly as
predicted here.

Additionally, it should be noted again that this study does
not include roll control, neither in the preliminary analysis nor
in the piloted experiments. This has two main implications.

First, the overall workload for the pilots is lower than in real
flight. In real operations, the workload might be higher due
to possible lateral-longitudinal coupled dynamics [20], and to
the necessity for the pilot to focus on both longitudinal and
lateral motions. Second, the elevons deflection range is all
available for longitudinal control. This has an influence on
the interpretation of the results related to control authority,
since in real operations part of the deflection range will not
be available while used up for roll control purposes.

VI. EXPERIMENT

A. Objectives and hypotheses
The first objective of the experiment was to support and

possibly expand the conclusions of the preliminary analysis.
This was done according to the Cooper-Harper methodol-
ogy for aircraft handling qualities research, explained in the
Background paragraph � the handling qualities were explored
by means of piloted simulations, with pilot tasks specifically
designed for this purpose.

Based on the observations of the preliminary analysis, it
was expected that the aircraft response was overall sluggish,
mostly due to the short period mode being slow and requiring
considerable compensation.

The second objective was to investigate the potential of
compliance with EASA certification standards by means of
pilot-in-the-loop evaluations. In particular, according to previ-
ous results the critical requirements were those regarding the
go-around scenario and the pull-up manoeuver performance.

As a hypothesis, it was expected that the Flying-V would
comply with the standards on the pull-up performance, since
the 3.2% rate of climb could always be achieved with ease,
controllability was provided during the entire maneuver (in-
cluding pull-up, climb, and level-off), and the lag between
pitch angle and flight path angle was not excessive. The
requirement on controllability over ±0.5 g pull-up and push-
down was also expected to be satisfied.

However, it was predicted that in the slower scenarios
the pilot might have limited pull-up control authority, which
could result in reduced safety. Additionally, it was questioned
whether the high pitch angle and the subsequent high sight
angle from the cockpit would be a source of discomfort or
danger according to the pilot.

At the same time, another goal of this experiment was
to provide insights for future design iterations on which
configurations might be a source of issues for the compliance
with certification standards on longitudinal maneuverability.
In these regards, the experiment was intended to prove that,
in general, the Flying-V is safe and maneuverable, with and
without control augmentation. However, safety concerns are
expected for those configurations in which sufficient control
authority is not provided.

The third objective of the experiment was to study the
sensitivity of the handling qualities on three design parameters:
position of center of gravity, maximum deflection of the
elevons, and approach/landing speed.
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The preliminary analysis suggested that the forward center
of gravity would be associated with better handling qualities,
since it provides a faster short period frequency. However,
it comes with reduced control authority and slightly lower
damping. It was also noted that the short period for the aft
center of gravity is associated with a slight overshoot to
control input, whereas the forward center of gravity produces
a stronger tendency to drop-back. As a consequence, another
goal of the experiment was to identify the preferred trade-
off of control authority, short period damping and frequency
according to the pilots.

For the maximum deflection of the elevons, the objective
was to prove that in some configurations 20 degrees are not
sufficient to provide satisfactory control authority to the pilots,
whereas 30 degrees are enough.

Regarding the approach/landing speed, the experiment is
meant to prove that the handling qualities decrease signifi-
cantly with speed, warranting a landing speed closer to 200
kts than it is to 150 kts.

Finally, the fourth goal of the experiment was to prove that
the flight control system with the design that was explained in
the Flight Control System paragraph can successfully improve
the handling qualities of the Flying-V. The experiment was
also intended to show that all the configurations are success-
fully improved by control augmentation.

B. Method
1) Subjects and Instructions: Subjects A, B and C par-

ticipated in the experiment (Table IV). They were not com-
pensated financially for their participation. They were all in-
formed with an experiment briefing. This consisted in: a short
introduction to this research and its context; a presentation
of the main aspects of this design iteration of the Flying-V; a
complete explanation of the apparatus (the SIMONA Research
Simulator, as explained below), including the Main Instrument
Panel (MIP) display; a detailed description of the tasks.

TABLE IV
EXPERIMENT SUBJECTS INFORMATION

Subject Credentials
Pilot A Flight Test Engineer, National Test Pilot School US
Pilot B Technical pilot (airliner)
Pilot C Research pilot (airliner/business jet), retired

2) Apparatus: The experiment was carried out in the
SIMONA Research Simulator (SRS) [12]. The simulator is
equipped with a six-degree-of-freedom motion system. Only
the right seat was used. A light-weight outside world display
system provides a collimated 180-degree horizontal by ±20-
degree vertical field of view. Three DLP projectors project
high-resolution computer-generated images onto a rear pro-
jection screen, which are then displayed on the large shell
around the simulator which functions as a collimating mirror.

Motion cueing was provided by filtering the virtual motion
of the aircraft through a washout filter. The washout filter
was based on an updated version of the filter developed in

Fig. 8. SIMONA Research Simulator

the context of handling qualities experiment in collaboration
with Boeing (see Gouverneur, [12]). It included a low-pass
filter for tilt-coordination, and it was tuned specifically for
these experiment in order to optimize the use of motion
space during the pitch-tracking tasks. The motion filter is
tuned as in Table V. Note that only the longitudinal degrees
of freedom are included in the filter (x, z, ✓). The reference
point for cueing was set at x = -26.26 m, y= 0 m, z = -1.2075
m from the aircraft nose.

A side-stick was available for longitudinal control only.
The SRS is equipped with a fully electric side-stick that runs
a control-loading admittance display as for a mass-spring-
damper system. For this experiment, in the case of Direct
Law control (see the Flight Control System paragraph) the
control-loading system responded as a single spring system
with constant k = 3N/deg; with Pitch Rate Command control
the control-loading system responded as a single break-out

3DOF - Degree Of Freedom; Ord. - filter order; K - gain; !n - 2nd order
natural frequency; ⇣ - damping; !b - 1st order break frequency.

10



TABLE V
SRS MOTION CUEING FILTER SETTINGS3

High-pass filter Low-pass filter
DOF Ord. K !n ⇣ !b Ord. !n ⇣
x 2nd 0.5 1.5 0.7 - 2nd 3.0 0.7
y - - - - - - - -
z 3rd 0.5 2.2 0.7 0.2
� - - - - -
✓ 1st 0.5 1.4 0.7 -
 - - - - -

spring system with constant kbo = 50N/deg up to 3N , and
a single spring with constant k = 3N/deg after. For both
control laws the side-stick could be deflected up to 18 degrees
forward and aft. For Direct Law the side-stick neutral position
would change proportionally to the elevons deflection at trim;
for Pitch Rate Command the side-stick neutral position would
always be in the center, regardless of elevons deflection at
trim. A stick-shaker with magnitude A = 5N and frequency
! = 20Hz was included to communicate the hypothetical risk
of stall above 21 degrees of angle of attack and prevent pilots
from flying the aircraft outside of the validity boundaries of
the aerodynamic model.

Since auto-throttle was always engaged and lateral-
directional motion was not included in this experiment, no
additional control device was used such as throttle lever or
rudder pedals.

A separate display was used to show task-specific data. For
all the experiments, it had the following elements, displayed
in Figure 9 with the relative letters in red:

• A - Load factor indicator (g)
• B - Airspeed indicator (kts)
• C - Airspeed indicator (Mach)
• D - Pitch ladder (deg)
• E - Pitch attitude marker
• F - Flight path marker
• G - Altitude indicator (ft)
• H - Additional information, including elevon saturation

percentage (“Ele”), Pitch Tracking task adequate and
desired scores (“Ade” and “Des”), and angle of attack
(“AoA”).

3) Task Description: Pitch Tracking - The first task was
Pitch Tracking. Subjects were asked to use the side-stick to
control the four elevons. The current pitch angle was shown
on the MIP by means of a pitch angle indicator on the pitch
ladder, and the desired pitch angle was shown by two squares,
also on the pitch ladder, see Figure 10. One square, 2 deg wide
and red, represented the “Adequate” performance of ±1 deg
error from the desired target pitch angle, which was in the
center of the square. The other square, 1 deg wide and yellow,
represented the “Desired” performance of ±0.5 deg error from
the desired target pitch, which was also in the center of the
square. The subjects were instructed to use the sidestick to
keep the current pitch angle inside the larger red square to turn
it to green and raise the score in “Adequate” performance; and

Fig. 9. Arrangement of information in the MIP.

inside the smaller yellow square to turn it to green and raise
the score in “Desired”.

Fig. 10. MIP detail � Pitch tracking target. The larger square, yellow in the
real MIP, corresponds to Adequate score; the smaller squares, red in the real
MIP, corresponds to Desired score.

The target pitch angle was provided by a time-dependent
signal made of a sequence of ramps and steps. Five different
signals were designed � four for training purposes, and one for
measurement purposes. All the signals were designed so that
they would include at least: a large pull-up ramp that resembles
a rather aggressive go-around maneuver; a higher frequency
series of captures and ramps that represents quick attitude cor-
rections during approach and landing; a combination of large
(⇠ 8 deg) and small (⇠ 2 deg) attitude changes, in an attempt
to explore the handling qualities and the maneuverability of the
aircraft as explained in the Objectives paragraph; maneuvers
up to ±0.5 g, inspired by the certification requirements on
acceleration and controllability.

A score of 68% Adequate and Desired performance was
communicated as a goal for the pilots. This percentage was
chosen after preliminary tests, where the objective was to find
a proper score that is both feasible and challenging enough
for the pilots to actively enter the control loop during the
experiments.

The two “Adequate” and “Desired” squares turned green
when successfully tracked by the pilot, and the scores in both
“Adequate” and “Desired” tracking were shown to the pilots
during the training sessions as a real-time feedback of their
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performance. During the measurement run (after the training
is done), the scores were only displayed at the end of the run,
so that the pilots would fully focus on the tracking task. Each
target signals (training and measurement) lasted 90 seconds.

During the entire simulation, auto-throttle would always be
engaged to let the pilots focus solely on side-stick control.

In Figure 11 an example of the measurement run is given.
For each configuration, this is the tracking task that was pro-
posed to the pilot after completing the training run(s). The red
and green lines define the limits for “Desired” and “Adequate”
performance respectively, while the blue line represents the
pitch angle of the aircraft as controlled by the pilot.

Fig. 11. Tracking task for the measurement run, delimited by the “Desired”
performance limits (grey lines) and the “Adequate” performance limits (black
lines). An example of pilot-controlled pitch angle is also given (dashed line).

Go-Around - The third task was the Go-Around. This task
can be described in four different steps.

First, the aircraft was initialized in a �3 deg slope descent
towards the runway, and the simulation was started in this
trimmed conditions at 500 ft. In this phase, the pilots were
simply asked to observe the flight conditions and focus on
aspects such as pitch angle and sight angle during approach.

At 190 ft the pilots were instructed to perform a go-around.
The procedure consisted in a call from the pilot (that would
verbally communicate the start of the go-around), followed by
a pull-up to a target rate of climb of 3.2% (required by the
EASA Certification Standards). As a reference for the pilot, a
yellow dot in the center of a red square was displayed on the
pitch ladder in the MIP, see Figure 12, to communicate the
target flight path angle attitude. The dot and the square would
turn green when the flight path angle would be higher than or
equal to the target rate of climb of 3.2% (that corresponds to
2.4 deg).

After the pull-up, the pilots were instructed to climb up to
500 ft, keeping a rate of climb higher than or equal to 3.2%.

Finally, the pilot was requested to level-off at 500 ft,
bringing the flight path angle back to zero.

During the entire simulation, auto-throttle would always be
engaged to let the pilots focus solely on side-stick control.

Free Pitch Capturing - Pitch tracking was followed by a
session of free pitch capturing. During this part of the experi-
ment, the pilots were requested to capture a succession of pitch

Fig. 12. MIP detail � Pull-up target. The dot in the center of the square,
yellow in the real MIP, corresponds to a 3.2% rate of climb.

angles, alternating between +5 deg and �5 deg capturing. This
task was intended as an occasion for further discussions of
the handling qualities of the Flying-V, in order to confirm
and integrate the results of the Pitch Tracking task. For this
purpose, the tempo of capturing was free, in the sense that the
pilots were free to chose their pace for the alternation between
the two target pitch angles. This allowed for more freedom for
the pilot to form his opinion on the handling qualities of the
aircraft compared to the pitch tracking task. The task would be
repeated for different configurations for about just 30 seconds
each in order to encourage comparative feedback between the
handling qualities at different center of gravity position, speed,
maximum elevons deflection and control augmentation.

4) Independent Variables: Following the objectives of this
experiment, the independent variables were four:

• The center of gravity would span three positions, namely
forward, nominal, and aft;

• the trim speed was set to two alternative values, namely:
– 0.225 Mach (⇠150 kts, ⇠277 Km/h)
– 0.3 Mach (⇠200 kts, ⇠370 Km/h)

• the deflection limit of each of the four elevons was set
to two alternative values, namely:

– 20 deg
– 30 deg

• the Flight Control System provided two different laws,
as explained in the Flight Control System section (IV):

– Direct Law,
– Pitch Rate Command.

5) Experiment Design and Procedure: A series of aircraft
configurations was considered by combining the four indepen-
dent measures just introduced (3 center of gravity positions,
2 initial speeds, 2 maximum elevons deflection and 2 flight
control laws), yielding 24 different configurations.

For the pitch tracking task all the 24 configurations were
analysed. For each configuration, one training session was
performed by default, and one additional training session per
configuration could be requested by the pilot. The training
sessions used a separated set of tracking references in a
randomized order. After the training, the measurement run
was carried out. One reference signal was used for all the
measurement runs. Both training and measurement runs lasted
90 seconds each.
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For the free pitch capturing task, all the 24 configurations
were analysed. For each configuration, no training was given
and each run was aimed at lasting about 30 seconds.

For the go-around task, only 6 configurations were taken
into consideration based on the research questions. They con-
sisted in the combination of the 3 center of gravity positions
and the 2 initial speeds, the other parameters being fixed (20
degrees of maximum deflection and Direct Law flight control).
Each run lasted about 60 seconds and was repeated once or
twice based on pilot feedback.

Instead of short experiments with many different pilots, it
is customary for handling qualities research purposes to prefer
longer, more in-depth experiments with fewer pilots. This was
also the adopted approach for this research � only three pilots
were involved in the experiments. The presentation order of
the conditions was determined before-hand and it was different
for each pilot. However, the Pitch Rate Command was always
simulated after the Direct Law, and the configurations with
30 degrees of maximum deflection were always presented
after those with 20 degrees. The ordering criterion was to
minimize the impact of learning effects, fatigue, and loss of
concentration.

After each pitch tracking measurement run, and after each
free pitch capturing and go-around run a number of questions
were asked to the pilots, as explained below in the Dependent
Measures paragraph. Additionally, the pilots were encouraged
to give verbal feedback as often as they felt like, not only as
a response to the questions.

Overall, each experiment lasted about 5.5 hours, approxi-
mately following the scheduling presented in Table VI.

TABLE VI
EXPERIMENT PLAN

Phase Task Duration
Reception and Briefing - 45 min

Simulation block 1 Pitch tracking - Direct Law 90 min
Brake 1 - 15 min

Simulation block 2 Pitch tracking - Pitch Rate Control 90 min
Brake 2 - 15 min

Simulation block 3 Go-around and Pitch Capture 60 min
Debriefing - 45 min

6) Aircraft Model: The aircraft model used was specifically
designed for this experiment. The modelling approach was as
explained in Section III.

7) Dependent Measures: Pitch Tracking - Three objective
measures were recorded for the pitch tracking task:

• Adequate score � the percentage of time that the pilot
managed to keep the aircraft pitch attitude between
±1 deg from the target pitch out of the 90 seconds of
each run. It was considered sufficient to score 68%, and
the pilots were not encouraged to score higher.
Adequate score is associated with a looser tracking ac-
tivity, requiring low to moderate precision from the pilot.

• Desired score � the percentage of time that the pilot
managed to keep the aircraft pitch attitude in between

the ±0.5 deg from the target pitch out of the 90 seconds
of each run. It was considered sufficient to score68%, and
the pilots were not encouraged to score higher.
Desired score is associated with a higher gain tracking
activity, requiring moderate to high precision from the
pilot.

• Side-stick and elevons saturation � the number of times
and the amount of time the pilot hits the side-stick stops
(two separate measures). This was measured in order
to investigate which configurations are more prone to
providing insufficient control authority, and to validate
the comments of the pilots regarding control saturation.

Two subjective measures were recorded:

• Cooper-Harper scale rating � quantitative rating from the
pilot on the handling qualities of the Flying-V relatively
to the specific tracking task. In line with the Cooper-
Harper approach to handling qualities, the rating was
in the form of an integer number in a 1 to 10 scale,
where 1, 2, 3 mean that the handling qualities are
satisfactory without improvement (Level 1); 4, 5, 6 mean
that the handling qualities are not satisfactory without
improvement but adequate performance is attainable with
a tolerable pilot workload (Level 2); 7, 8, 9 mean that the
aircraft is controllable but adequate performance requires
a non-tolerable pilot workload (Level 3); 10 means that
the aircraft is not controllable. For further explanation on
the scale, see [13].

• Pilot comments � qualitative assessment from the pilot
on the handling qualities of the Flying-V relatively to
the specific tracking task. This qualitative feedback is
complementary to the analysis of the Cooper-Harper scale
rating explained above.
The feedback was provided during verbal discussions of
the chosen Cooper-Harper rating. The comments from the
pilots were noted down by the experiment operator, and
later categorized in the following topics:

– Sluggish response
– Training
– Control saturation
– Airspeed
– Pilot Induced Oscillations (PIO)
– Elevons maximum deflection
– Pitch Rate Command
– CG position
– Control strategy
– Possible improvements

Go-around - For the go-around, two dependent measures
were considered:

• Pull-up performance � quantitative measure of the re-
sponse of the aircraft during the go-around. After the
call for go-around at 190 ft, a measure was taken of the
altitude loss during the pull-up and of the time required
to take the flight path angle from the descent glide up to
the target 3.2% rate of climb.
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• Pilot comments � qualitative assessment of the handling
qualities of the Flying-V for go-around operations. The
pilot was guided through a discussion of the handling
qualities by means of a list of open questions. These were:

– Overall, what was the workload for performing the
three sections of the task, namely
⇤ Pull-up,
⇤ Climb,
⇤ and Level-off?

– Did the sight angle have an impact on the task
in terms of feasibility of the task, workload, and
comfort?

– Did the pitch angle have an impact on the task
in terms of feasibility of the task, workload, and
comfort?

– Was the aircraft response too slow, sluggish?
– Was the aircraft response too quick, abrupt?
– Did you notice any unusual loss of altitude during

the pull-up?
The answers from the pilots were noted down by the
experiment operator.

Free Pitch Capturing - For this task, only qualitative
feedback was recorded. The pilots were encouraged to elabo-
rate on their opinion regarding the handling qualities. They
were guided through the discussion by means of a list of
observations, on which to express their level of agreement on
a 5-points Likert scale:

• The aircraft is difficult to control.
• There is overshoot in the response of the aircraft.
• There is dropback in the response of the aircraft.
• At least sometimes, the aircraft response is too slow or

sluggish.
• At least sometimes, the aircraft response is too quick or

abrupt.
• The aircraft tends to pilot induced oscillations.
• There is enough control authority for pitch capturing.
8) Data Analysis: The Cooper-Harper scale ratings, the

“Adequate” and “Desired” scores, and the qualitative assess-
ments by the pilots were interpreted altogether to form a
synthetic picture of the handling qualities of the Flying-V.
The three pilots’ different ratings and comments were analysed
both separately and comparatively in order to highlight their
sensitivity over the dependent variables, common trends and
disagreements. When possible, the results were compared to
the preliminary analysis.

Additionally, the following signals were logged at 25 Hz:
time, aircraft position and linear velocity, attitude and rota-
tional rates, angle of attack, flight path angle, pitch angle
error (only for pitch tracking), side-stick deflection, elevons
deflection, and engine thrust.

VII. RESULTS

The results of the experiments are presented in this section.
In the figures, the following terminology is used to refer to
the different configurations:

• 150, or 200 � airspeed, in knots;
• f, n, or a � forward, nominal or aft position of CG;
• 20, or 30 � maximum elevons deflection, in degrees;
• DL (Direct Law), PRC (Pith Rate Command).

A. Pitch Tracking

Fig. 13. Adequate performance score � Direct Law.

Fig. 14. Desired performance score � Pitch Rate Command.

1) Adequate score: The “Adequate” performance scores for
the Pitch Tracking task are displayed in Figure 13 (Direct Law)
and Figure 14 (Pitch Rate Command).

At 150 kts, forward CG and 20 degrees of maximum
deflection (first configuration in the figures), the scores were
lower than the other configurations. For all the other configu-
rations, the scores were between 75% and 89%. There was an
improving trend going from 150 to 200 kts and changing the
flight control system from Direct Law to Pitch Rate Command,
however there were too few participants to exclude learning-
curve effects.

Overall, the pilots could attain the adequate performance
for all the configurations, suggesting that tracking maneuvers
during approach and go-around are practicable at least down
to ±1 deg precision. Pitch Rate Command was not essential
to attain adequate performance, and it had a limited impact on
the scores (particularly at 200 kts).

Other than at 150 kts and 20 degrees of maximum
deflection, where the forward CG was associated with a lower
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score, no CG was found to have a remarkable impact on the
performance.

Fig. 15. Adequate performance score � Direct Law.

Fig. 16. Desired performance score � Pitch Rate Command.

2) Desired score: The “Desired” performance scores are
displayed in Figure 15 (Direct Law) and Figure 16 (Pitch Rate
Command).

On average, desired performance scores were lower than
adequate performance score by more than 12%. The score
with Direct Law is considerably lower than with Pitch Rate
Command, in particular at 150 kts.

With Direct Law, Pilot A always achieved a sufficient
desired performance (> 68%); Pilot B failed 1 out of 12
configurations (150 kts, forward CG, 20 degrees of elevons
maximum deflection); Pilot C failed 7/12 configurations (the
six 150 kts configurations; and 200 kts, forward CG, 20
degrees of elevons maximum deflection). At 150 kts the
variance among the pilot’ performances was the highest �
they performed the most differently. Compared to 150 kts, at
200 kts there was a clear improvement of performance and
success rate.

With Pitch Rate Command, Pilot A passed all the configura-
tions; Pilot B failed 1 out of 12 configurations (again 150 kts,
forward CG, 20 degrees of elevons maximum deflection); Pilot
C failed 2 out of 12 configurations (150 kts, forward CG, 20

degrees of elevons maximum deflection; and 150 kts, aft CG,
20 degrees of elevons maximum deflection). The improvement
identified at 200 kts compared to 150 kts is also apparent with
Pitch Rate Command, but the impact of speed was smaller in
comparison to that with Direct Law. The same can be noted
regarding the position of the CG � the score difference among
the different CG positions was less than with Direct Control.

Overall, the pilots seemed to struggle significantly more
to achieve a satisfactory score in the Desired Performance
compared to the Adequate Performance � controlling
the aircraft with a precision down to ±0.5 deg was more
challenging than ±1 deg.

3) Side-stick saturation: The number of times and the
amount of time the pilots hit the side-stick stops are shown in
Table VII. The amount of time is given as a percentage of the
task time (90 seconds). The configurations are listed according
to the same symbology used for the figures. Note that, at 150
kts with forward CG, Pilot C hit the side-stick stops both
with 20 and 30 degrees of maximum elevons deflection, but
the saturation time in the latter case was almost half of the
former case.

TABLE VII
SIDE-STICK SATURATION

NUMBER OF STOP-HITS (n) AND SATURATION TIME PERCENTAGE (%)

Pilot A Pilot B Pilot C
n % n % n %

DL 150 f 20 9 15.3 10 14.5 24 19.0
DL 150 f 30 0 0 0 0 10 10
DL 150 n 20 0 0 0 0 7 2.6
PRC 150 f 20 1 0.4 7 10.3 3 6.8
other configs.  3  1  3  1  3  1

Fig. 17. Handling Qualities Rating � Direct Law.

4) Cooper-Harper scale rating: The Cooper-Harper scale
rating is shown in Figure 17 (Direct Law) and Figure 18 (Pitch
Rate Command), again for the three pilots and for all the
configurations.

With Direct Law, the pilots gave quite different ratings.
Pilot A considered the Direct Law at 150 kts to be overall
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Fig. 18. Handling Qualities Rating � Pitch Rate Command.

not satisfactory without improvement, while at 200 kts the
handling qualities got an overall satisfactory rating; Pilot B
deemed the first configuration to require non-tolerable pilot
workload (150 kts, forward CG, 20 degrees maximum elevons
deflection), but called satisfactory without improvement most
of the other configurations (9/12 configurations), those at
200 kts being considered the best; Pilot C considered the
Direct Law handling qualities of the Flying-V to be not
satisfactory overall, requiring un-tolerable workload at 150 kts
and warranting improvements at 200 kts.

The CG position didn’t have a consistent effect on the
handling qualities rating with Direct Law. The pilots disagreed
on the best CG, each of them essentially giving a higher
rating to a different CG position. Pilots B and C, however,
agreed that the workload is intolerable at 150 kts with forward
CG and 20 degrees of maximum elevons deflection, and
Pilot A did not rate this configuration better than the other
configurations.

With Pitch Rate Command, the ratings were better overall.
All the pilots agreed that the first configuration (150 kts,
forward CG, 20 degrees maximum elevons deflection) was
not satisfactory without improvement, and Pilot B considered
the task to require intolerable pilot compensation. Pilot C
gave a rating of 4 to the two next configurations as well
(150 kts, nominal and aft CG, 20 degrees maximum elevons
deflection). All the other configurations, instead, were called
satisfactory without improvement by all the three pilots. All
the configurations at 200 kts were given a rating of 2 by all
the pilots.

The CG position had an even smaller impact on the handling
qualities than with Direct Law � other than the first config-
uration (150 kts, forward CG, 20 degrees maximum elevons
deflection), in fact, the CG did not have a clear impact on the
handling qualities.

The maximum deflection of the elevons only had an impact
at low speed, where the rating were overall better at 30 degrees
of maximum deflection. On the contrary, no correlation with
the handling qualities was identified at 200 kts.

5) Pilot comments: After each run, the pilots would explain
their Cooper-Harper rating with verbal feedback. The main
points are summarized in the following list:

• Sluggish response - With Direct Law, the aircraft is
sluggish � it requires large initial inputs and active
pilot compensation to perform any task. Pilots A and B
considered the aircraft to be acceptably sluggish, since
the workload related to compensation for slow response
is not excessive. Pilot C, however, stated that the aircraft
is actually too sluggish, and that he would not feel
comfortable flying it without extensive training or good
augmentation.

• Training - All pilots agreed that training will be helpful,
since it is necessary to understand the sluggish response
in order to compensate correctly. However, Pilots A and
B did not consider it to be mandatory in order to fly
the aircraft safely, while Pilot C stated that training
is mandatory and that, without training, pilots might
struggle to adapt to the sluggish response of the aircraft.

• Control saturation - The first configuration (150 kts,
forward CG, 20 degrees maximum elevons deflection)
received the worst rating overall. All pilots agreed that
the reason for such rating is the lack of control authority.
They had the feeling that they were lacking pitch-up
capability, which comes with a series of inconveniences
� impossibility to pull-up safely in case of emergency,
unsafe maneuverability in case of turbulence, uncomfort-
able feeling of hitting the side-stick deflection limits (with
Direct Law), higher workload required to complete the
pitch tracking task.
This control authority issue was identified both with
Direct Law and Pitch Rate Command.

• Airspeed - All the pilots agreed that the handling quali-
ties are significantly better at 200 kts compared to 150 kts.
The pilots used expressions such as “everything speeds
up nicely” to indicate that, together with airspeed, also
the pitch angle gets more responsive.
This impact of speed on the handling qualities was
identified clearly with Direct Law, and just mildly with
Pitch Rate Command. In fact, the Pitch Rate Command
benefits from airspeed less than the Direct Law does.

• PIO - Pilot A did not find any tendency to PIO. Pilot B
only suggested that this aircraft might have a tendency
to PIO due to the sluggish response, but did not feel any
PIO himself. Pilot C identified a significant tendency to
PIO, particularly at 150 kts and with Direct Law.

• Elevons maximum deflection - As mentioned, 20 de-
grees of elevons maximum deflection were not considered
enough for 150 kts and forward CG by any of the pilots,
independently of the control law. However, in all the other
configurations the pilots all mentioned that they would
like more control authority in order to feel more safe
and obtain better handling qualities, but none of them
said that 20 degrees were insufficient. In this sense, again
excluding the configuration at 150 kts and forward CG, 30
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degrees were appreciated for the increased authority but
they were not considered necessary. In fact, with Direct
Law at 200 kts Pilots A and C stated that 30 degrees of
maximum deflections are too much and that it actually
increased the workload (Pilot A) and the tendency to PIO
(Pilot C). This is most likely due to the way the side-
stick deflection is mapped into elevons deflection with
Direct Law � a scaling is used which is proportional
to the maximum allowed deflection. In other words, any
amount of side-stick input commands 50% larger elevons
deflection when the maximum is 30 degrees compared to
20 degrees.

• Pitch Rate Command - All the pilots gave very positive
feedback regarding the Pitch Rate Command. They men-
tioned that it “makes it much easier to track and hold”,
“helps fighting the slow short period” and “solves all the
problems”. With Pitch Rate Command, they stated that
they would not be able to tell the difference between the
configurations anymore � they all felt the same.
The pilots all agreed that they would like more control
authority and a possibly faster response.

• CG position - The three pilots disagreed on the impact
of the position of the center of gravity on the handling
qualities. Overall, pilot A preferred the aft CG, pilot
B preferred the nominal CG, and pilot C preferred the
forward CG.
Pilot A believed that he was mainly fighting against
dropback, and had a feeling that the aft CG generated the
smallest dropback. Pilot B found the forward CG to be
difficult to predict, and the aft CG to be too slow, hence
preferring the nominal CG. Pilot C stated that the short
period felt better-damped and faster with the forward CG.
Despite these preferences, however, they all commented
that the impact of the CG position on the handling
qualities was not pronounced.

• Control strategy - Pilot A stated that the aircraft requires
some compensation after releasing the stick. However,
as the CG shifted from forward to nominal and then
to aft, he would notice that a different control strategy
was viable � to “smoothly release the stick before
capturing”. He commented that he prefers this second
control approach, and that it was easiest to apply it with
aft CG and not really feasible with forward CG.
Pilot B said that he applied the same approach to all
the configurations � he applied two side-stick corrections
after each capture at 150 kts, and only one correction at
200 kts.
Pilot C described his approach as more “impulse-like”,
made of many full-stick inputs. He believed that the aft
CG made it more difficult for him to use this approach,
and 200 kts made it easier.
With Pitch Rate Command, all the pilots said that com-
pensation was minimal and that their approach essentially
consisted in releasing the stick just before reaching the
target attitude, hence correcting for the baseline sluggish-
ness of the aircraft.

• Possible improvements - When asked to explain why
they would give a rating of 2 in the Cooper-Harper scale
(as they did, in particular, for Pitch Rate Command at
200 kts), they all stated that the aircraft is almost perfect
as it is but that, in order to give it a score of 1, they
would require a more responsive short period and faster
dynamics overall.

6) Time logs: All the data from the runs have been stored in
time logs, as explained in Section VI. For discussion purposes,
it turns useful to consider two visualizations: a comparison
between Direct Law and Pitch Rate Command for the same
configuration, and a comparison between Pitch Angle and
Flight Path Angle for the same run.

In Figure 20, the time history of Pilot C pitch angle is
displayed for the same configuration (nominal CG, 20 degrees
of maximum deflection, 150 kts) and the two different control
laws, Direct Law (blue line) and Pitch Rate Command (purple
line). It can be seen that augmentation reduced the tendency
to oscillations and their amplitude.

Figure 19 shows flight path angle and pitch angle during
a tracking task (Pilot A, 150 kts, forward CG, 20 degrees of
maximum elevons deflection). There is no particular evidence
of unusual lag during high frequency sections nor during
slower sections of the task. Note that this configuration has
limited control authority � other configurations have even less
lag between flight path angle and pitch angle.

Fig. 19. Flight path angle (grey) lag behind Pitch angle (black). Tracking
task. 150 kts, forward CG, 20 degrees of maximum deflection.

B. Go-around

1) Pull-up performance: Regarding the go-around maneu-
ver, the approximate altitude loss after the “go-around” call
is shown in Figure 21; the time between the “go-around” call
and the instant when the climb rate is above 3.2% is shown
in Figure 22. Notice that the configurations considered for the
go-around maneuver were all with Direct Law and 20 degrees
of maximum elevons deflection, so the only two changing
parameters were speed and CG position.

The mean altitude loss was 8.6 m, with a minimum of 3.6
m and a maximum of 15.4 m. The mean time to achieve
3.2% rate of climb was 5.1 s, with a minimum of 2.9 s and a
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Fig. 20. PIO tendency comparison: Direct Law (black) and Pitch Rate Com-
mand (grey). Tracking task. 150 kts, nominal CG, 20 degrees of maximum
deflection.

Fig. 21. Go-around � Altitude Loss.

maximum of 8.1 s. It was not possible to identify trends in the
correlation between configurations and aircraft performance �
in all the configurations, altitude loss and time to pull-up were
limited and essentially only dependent on the reaction-time of
the pilot after the “go-around” call.

2) Pilot comments: After each Go-Around run, the com-
ments from the pilots on every configuration were collected
and the main points are summarized in the following list:

• Workload - All the pilots agreed that the workload was
really low during all the phases of the task.
Performing the pull-up to reach 3.2% rate of climb was
easy and only required some compensation to avoid
overshooting due to the sluggish response of the aircraft.
Maintaining a rate of climb equal or higher than 3.2%
during the climb phase was also very low-workload. In
fact, it was easy to understand how to hold the target
climb rate.
Capturing 500 ft was also considered easy, although
the workload was a bit higher due to the necessity of
controlling the flight path angle into a precise target (0
degrees in this case). In any case, all the pilots stated that
the flight path angle lagged behind the pitch angle just
as it does in standard aircraft.

Fig. 22. Go-around - Time to achieve 3.2% rate of climb.

When asked about their workload expectations in case of
manual throttle and more realistic go-around scenarios, all
the pilots agreed that they do not expect real operations to
be significantly more demanding than the simulations of
this experiment, supporting the validity of these results.

• Sight angle - Regarding the unusual sight angle (due to
the exceptionally high angle of attack during landing),
the three pilots raised different concerns.
Pilot A stated that he struggled to see the horizon and
that, in general, having such a limited sight angle made
him feel very uncomfortable. He mentioned that he would
not like to fly like that.
Pilot B was very concerned with potential air traffic, since
the limited sight angle made him feel unsafe and not fully
aware of the surroundings.
Pilot C explained that he was concerned for not being able
to predict when the landing gear would touch the runway,
since he was not used to the unusual sight angle.
Additionally, the three pilots agreed that the unusual pitch
angle made it difficult to understand when the capturing
at 500 ft had been executed correctly, and that being so
tilted in the air was “annoying but not unacceptable”.
All the concerns were significantly lowered at 200 kts,
although the pilots stated that they would still prefer to
have a better sight angle.

• Responsiveness - The pilots confirmed that the aircraft
responds in a rather sluggish way. They commented that
the aircraft is easy to maneuver for operational tasks
such as the go-around simulated in this experiment, but
concerns remained related to emergency scenarios, where
the handling qualities might be closer to those found in
the pitch tracking experiment.

• Loss of altitude - None of the pilots considered the loss
of altitude after the “go-around” call to be concerning or
unusual.

• Control saturation - The control saturation issue that
was evident in the pitch tracking task, in particular for
the configuration with 150 kts, forward CG, 20 degrees
maximum elevons deflection, was identified during the
go-around task as well.
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However, in this case Pilots A and C commented that they
were only “annoyed” by the limited control authority.
According to them, they could easily perform the go-
around task regardless of the limited pitch-up authority,
and they did not expect that real operations would be
hindered by the control authority.
Pilot B, instead, found the limited control authority to be
a real danger, since he believed that the go-around with
that control authority would not be possible in case of
any turbulence.

• Training - According to pilots A and B, training will
help to understand how much to pull-up in terms of pitch
angle during the go-around, and how to capture the target
altitude in a cleaner way.
Pilot C, considered training mandatory to fly this aircraft
in approach, since the unusual sight angle and pitch angle
require specific training and knowledge. In particular, he
stated that instrumental landing might be required, since
it is too difficult to control the vertical velocity of the
aircraft based on visuals and pitch angle.

C. Free Pitch Capturing
Free pitch capturing was useful to confirm the results of

the pitch tracking task. No new information was collected
during the experiment that was not already mentioned in the
pitch tracking section. In particular, pilots’ feedback on the
correlation between CG position and handling qualities was
confirmed, and the short period frequency and damping were
confirmed to be the main source of handling qualities issues
together with the limited control authority.

VIII. DISCUSSION

A. Handling qualities assessment

1) Short period and airspeed: The pitch tracking experi-
ment supports the findings of the preliminary analysis regard-
ing the correlation between short period and handling qualities.
Most of the negative comments of the pilots, in fact, were
related to the slow short-term response of the aircraft, and the
higher frequency associated with higher airspeed had a clearly
positive impact on the results of the experiment in terms of
rating, scores and comments.

As predicted based on the short period frequency, all the
configurations (regardless of speed and CG) are overall neg-
atively impacted by the sluggishness of the aircraft. This had
been estimated by means of the “short period thumbprint”
and of the Bandwidth criterion (Section V). In fact, even at
200 kts, the handling qualities resulted acceptable (on average)
with Direct Law, all the pilots would still complain that they
would prefer a faster response to side-stick input, and one pilot
even stated that he did not find the short period satisfactory
without improvement.

It should also be noticed that the short period frequency
difference between the configurations did not have a consid-
erable impact on the handling qualities � the whole range
falls into the same “sluggish” response, even for the fastest

configurations (forward CG, 200 kts). However, compared to
the expectations, airspeed has a larger impact on the handling
qualities level.

The experiment supports the preliminary analysis also in
terms of handling qualities level. Despite the sluggishness, in
fact, short period damping, control anticipation parameter and
phugoid frequencies all suggested that the handling qualities
would be between level 1 and 2, which they approximately
did.

The design landing speed so far has been estimated in the
130-200 kts range. This research has proven that the handling
qualities, at least according to this aerodynamic model, benefit
from higher speed in terms of aircraft responsiveness (short
period response) and control authority (see Control Saturation
section below). As a consequence, it is recommended that
future designs will take into account the degradation of the
handling qualities into Level 2 or even 3 when speed is
reduced, and, with this aircraft design and these control
surfaces, the design landing speed should be preferred to be
in the 175-200 kts range (closer to 200 kts than it is to 150).

2) CG preference and Gibson criterion: The main mis-
match between preliminary analysis and experiment results
is related to the sensitivity of the handling qualities over the
position of the CG. According to the preliminary analysis,
and in particular to the Gibson Dropback criterion, it was
expected that pilots would be able to perceive a different
response (dropback or overshoot) based on the position of
the CG (forward or aft, respectively). However, this was not
the case, and not even the Free Pitch Capture activity helped
at proving this prediction. Moreover, it was also expected
that the pilots would have a preference for the forward CG,
since according to the Gibson criterion a more dropback-prone
CG, in this case the forward one, can provide better handling
qualities compared to an overshoot-prone CG. However, this
expectation was not confirmed either, since each pilot preferred
a different CG position, for different reasons, and with low
confidence.

It is difficult to identify the exact reason of this mismatch.
The most probable explanation, however, is that the low short
period frequency of the Flying-V reaches its steady state quite
slower than usual aircraft (up to 8-9 seconds). Since Gibson
intends the dropback as a difference between the pitch angle
when the stick is released and when it reaches its steady state,
it is debatable whether this criterion is actually applicable to
this slow aircraft.

3) Control saturation and PIO: Based on this model, the
effectiveness of the control surfaces is sufficient in most con-
figurations. However, the preliminary analysis predicted that
the control authority might not be enough for safe longitudinal
maneuvering in the slower configurations with more forward
CG positions and 20 degrees of maximum deflection (Section
V-A6). During the piloted experiments, then, it was noted that
a limited control authority had a consistent, negative impact
on the handling qualities evaluation. It made the tracking task
difficult, since it required shorter reaction times to follow the
larger pitch-up ramps or otherwise the target attitude would be
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missed for the whole duration of the ramp. On top of this, the
pilots had a feeling of discomfort related to the side-stick end
stop, and concerns related to the capabilities of the aircraft in
case of turbulence and emergency pitch up maneuvers. They
confirmed the expectations of the preliminary assessment �
the limitations in control authority are most concerning at 150
kts with forward CG, where 20 degrees of deflection were
considered insufficient by all pilots. In this configuration, the
side-stick stops were hit the most times and the longest time
by all pilots, both with Direct Law and Pitch Rate Command.
This can be addressed either by improving the effectiveness of
the control surfaces; by studying an optimal control allocation
strategy; by limiting the minimum airspeed of the aircraft to
more than 150 kts, since at 200 kts the elevons were never
saturated; or by avoiding more forward positions of the CG,
since with aft CG the elevons were never saturated.

Regarding this control saturation problem, some additional
observations should be made. First, it should be noted that
the sizing of the control surfaces included in the aerodynamic
model is not final, since no dedicated studies have been
done on this topic yet. Together with the sizing, also the
validity of the aerodynamics around the control surfaces is
debatable. In fact, the data are only available for 1 degree
of deflection of each elevon, and the effectiveness for larger
deflections is extrapolated linearly. However, it is known [26]
that non-linear phenomena can take place around the elevons,
in particular at higher angles of deflection. As a consequence,
the effectiveness of the elevons should be further investigated.
Finally, it should be remembered that the approach airspeed
was here set at 150 kts in order to collect insights for future
design iterations. This speed was decided in comparison with
reference aircraft, such as the A3504 for which the landing
speed is 155 kts, but it is not definitive for the Flying-V.

On the other hand, a PIO tendency issue arises with larger
control deflections. As explained in Section IV, in fact, stick
sensitivity is raised by 50% when the maximum elevons de-
flection is 30 compared to 20 degrees. At faster configurations
in particular, but not only, it appeared that this increased
limit was excessive according to the pilots, with one pilot
even stating that the aircraft has evident tendencies to PIO.
However, it is uncertain whether this was due to the increase
stick sensitivity, or to the experiment sequence � in fact, all
the configurations with 30 degrees of maximum deflection
were simulated after the respective version with 20 degrees
of deflection.

In any case, it is safe to assume that this issue can be solved
with optimal mapping of control input onto elevons deflection
and with optimal control allocation.

B. Control Augmentation

Control augmentation proved very effective in improving
the handling qualities. All the configurations received a higher
rating and more positive comments with the Pitch Rate Com-
mand compared to the Direct Law, with the only exception of
those with insufficient control authority mentioned above.

4https://skybrary.aero/aircraft/a359

The Pitch Rate Command controller was tuned precisely to
improve the short period characteristics. Cooper-Harper rating,
pilots feedback, and simulation logs all prove that this goal was
achieved. The rating changed drastically from Direct Law to
Pitch Rate Command, and the improvement was consistent for
all the pilots. The reasons behind this improvement, according
to the pilots, is that the short period feels more responsive
with Pitch Rate Command. Additionally, as pilots confirm,
this control law helps at fighting PIO tendencies, reducing the
workload needed to hold on the target attitude. For example,
the smaller tendency to PIO is visible in Figure 20, Section
VII. Anyway, it is important to remember that this study was
not aimed at neither searching nor proving PIO proneness. The
conclusions related to PIO should be interpreted as advice for
future research and design, rather than technical claims that
would require specific experiments [22].

On the other hand, the main shortcoming of the Pitch Rate
Control law were clear. The pilots complained that they would
appreciate to be able to command a faster pitch rate. And
it can be seen, for example in Figure 20 again, that Direct
Law allowed for larger pitch rate commands. In fact, the limit
to the pitch rate controller were chosen in the design phase,
when it was noticed that higher gains would cause abrupt
accelerations, which caused discomfort.

Furthermore, a certain level of sluggishness was perceived
by the pilots also with Pitch Rate Command engaged. Despite
the good improvements on the short period achieved with
augmentation, it was still possible to identify the inherently
slow characteristics of the Flying-V.

Based on this experience, control augmentation should
be considered as an effective way to improve the handling
qualities of this aircraft. It is recommended that the flight
control system is tuned to speed up the short period, and that
optimal mapping is researched to make full use of the control
effectiveness of the elevons without causing the discomfort
connected with the mentioned abrupt accelerations. Linear
mapping was found sub-optimal for this purpose, and a better
system should map larger accelerations to larger side-stick
deflections.

C. Certification requirements

In order to meet the certification standards, some critical-
ities were identified related to the requirements on landing,
approach and go-around.

Good handling qualities have to be proven during these
phases. According to what has been discussed in the pre-
vious two sections, most of the related requirements should
be achieved with Pitch Rate Command, and with Direct
Law at 200 kts. In this sense, EASA requirements CS-
25.161(c)(2), AMC-20-6.12.2 (on trim demonstration), CS-
25.175(a) through (d), AMC-20-6.14.2 (on stability), CS-
25.143(j).1 and CS-25.143(j).2, AMC-20-6.9.2(c) (on accel-
eration capability) and CS 25.143, AMC 25.143(a) (on con-
trollability and manoeuvrability) are expected to be satisfied.

Some concerns were noted related to the limited sight angle.
The very high pitch angle limits the view of air traffic and
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runway, and it is difficult to determine the current attitude of
the aircraft based on the visuals. The issues arises from the
unusually large angle of attack required at low speed, caused
by the relatively low Cl↵ . If not with high lift devices, this
can again be solved by raising the minimum design landing
speed. In fact, at 200 kts the sight angle was better than at
150 kts; pilots reported that it was still unusual but safer.

Regarding the go-around maneuver, most of the concerns
raised in previous research were not applicable to this newer
model. In particular, pulling up does not cause significant loss
of altitude (during the simulation the largest loss was 15.4
m) and flight path angle does not lag behind pitch angle in
an unusual way, as was shown in Figure 19 Section VII. For
these reasons, CS-25.119, AMC-20-6.5 (on climb rate), and
CS 25.143, AMC-20-6.9.2(e) to (h) (on performing approach
and go-around) are expected to be satisfied.

On the other hand, some potential operational issues were
identified. The discussed control saturation issue makes it
difficult to get certification against EASA CS 25.143 (“Con-
trollability and Maneuverability”), and so does the necessity
of augmentation to obtain satisfactory handling qualities.

All considered, it can be expected that the certification
requirements will be easier to meet if:

• the CG position will be in the nominal/forward range,
since this grants larger control authority and better sight
angle at the expense of minor handling qualities deterio-
ration;

• the design landing speed will be in the range of 175 to
200 kts;

• larger control effectiveness will be granted with better
control surfaces.

Alternatively, in case these recommendations are not fol-
lowed, most of the problems might be addressed with ad-
justments, such as unconventional cockpits to improve the
sight angle; high-lift devices to improve Cl↵ , allow for slower
landing speeds, and reduce the required angle of attack;
unconventional control systems to make optimal use of the
available control authority.

The findings of this study are in agreement with many of
the results of precious research, in particular Cappuyns [30].
The risk of handling qualities degradation due to high angles
of attack at low speed was already known, and the previously
suggested CG limits are confirmed by this study. However,
more aft CG positions are here recommended compared to the
past, and more attention should be given to problems related to
control authority rather than the flight path angle, in particular
for certification purposes.

D. Future work

The aerodynamic model is a critical part of this research,
since it is based on a CFD method that does not guarantee
accuracy for high angles of attack. For this reason, this analysis
should be repeated focusing on the risk of stall and, more in
general, on the effects of flow separation on handling qualities
and performance of the Flying-V.

The aerodynamic model should be more accurate for the
control surfaces as well. This will allow for further studies on
control allocation, and more relevant research on the lack of
control authority that was evident throughout this research.

For future design iterations of the Flying-V, it should be
taken in consideration that more aft CG positions provide
slightly worse handling qualities, but that they come with
significant improvements in terms of sight angle and control
authority.

A better flight control system should be designed, possibly
following the insights obtained with this research. Further
analysis is required on allocation, control mapping, and alter-
native control architectures that were not considered here. The
goal should remain that of speeding up the short period, while
providing smooth control (as opposed to abrupt response) and
exploiting the entire available control deflection range.

According to this research, the Direct Law does not provide
sufficient handling qualities overall. In the future, it should be
made clear to what extent the Flying-V can rely on augmenta-
tion to meet the handling qualities certification requirements.

Pilot Induced Oscillations are a difficult topic in handling
qualities assessment. It can be difficult to identify PIO and
prove that an aircraft is PIO-prone. Specific techniques exist
for PIO identification, which however were not used during
this study. In fact, during the preliminary analysis there was
basically no evidence of PIO tendency. It is recommended
that in future works specific approaches to PIO assessment
are considered.

Finally, it should be noted that the phugoid mode was
essentially excluded by this analysis. The phugoid should not
be a source of issues since the damping is expected to be
very high and the mode itself to provide acceptable handling
qualities. Additionally, the auto-throttle proved effective at
cancelling the phugoid motion, and it is expected that an auto-
throttle mode will be available on the Flying-V. In any case,
a more accurate analysis should be carried out when more
realistic engines will be included in the simulation model.

IX. CONCLUSIONS

The piloted simulations, supported by the analytical pre-
liminary assessment, showed that at 0.3 Mach approach speed
the longitudinal handling qualities of the Flying-V are over-
all satisfactory with minimum improvements needed, mostly
related to the short period mode. For lower approach speeds
(0.225 Mach) the handling qualities degrade due to a sluggish
aircraft response, limited control authority, insufficient sight
angle, and tendency to PIO. More aft positions of the center
of gravity, instead, provide better sight angle, better control
authority, and only minimally reduced handling qualities. 20
degrees of deflection proved sufficient, but 30 degrees were
required for safe maneuvering at slow speed with forward CG.
The Pitch Rate Command controller proved very effective at
improving the handling qualities overall, but it does not solve
the control saturation problem. The certification requirements
related to the go-around performance should be satisfied, but,
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considering that the landing speed is expected to be lower than
0.3 Mach, new concerns related to controllability and safety
emerged. In the future, a more accurate aircraft model should
be used to confirm these results.
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1 The Flying-V

1.1 Introduction

The Flying-V is a design for a highly energy-e�cient long-distance airplane. It integrates the passenger
cabin, the cargo hold and the fuel tanks in the wings. It is shorter than an Airbus A350, but it has
the same wingspan. Compared to the A350, its improved aerodynamic shape and reduced weight are
expected to reduce fuel consumption by up to 20%.

According to earlier theoretical assessments, the longitudinal handling qualities of this v-shaped
aircraft might di↵er from conventional aircraft.

Pilot-in-the-loop evaluations are essential to the study of handling qualities due to their subjective
nature and to the complexity of the pilot-aircraft combined system. The experiments presented in
this briefing are part of an on-going research on the longitudinal low speed handling qualities of the
Flying-V by means of piloted simulations.

1.2 Research context

In 2015 Benad proposed the first concept of the Flying-V. The aircraft design was subject to a number
of iterations, which lead to the geometry analyzed by Cappuyns in 2019. Based on this geometry,
Airbus provided a new, more detailed aerodynamic model, which is used for the current research
iteration and for these experiments.

With this model, an o↵-line preliminary analysis of the handling qualities was performed, which
guided the preparation of the experiments presented here. Additionally, a flight control system pro-
totype was designed based on this analysis.

Then, the SIMONA Research Simulator of TU-Delft was integrated with the software necessary
to carry out the experiments related to this research.

The next step is that of pilot evaluations, which will complete the handling qualities research cycle
on this aerodynamic model.
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1.3 Flying-V model

For these experiments, the Flying-V will be simulated using an aerodynamic model of the full scale

aircraft. In particular, the Computational Fluid Dynamics data of the Flying-V dynamics have been
generated with the Vortex Lattice Method (VLM) approach, which only provides estimates of lift and
lift-induced drag for the given aircraft design. As a consequence, it was necessary to integrate the
VLM model with an additional zero-lift drag coe�cient, computed during the first small scale model
flight of July 2020.

The properties and the geometry of the Flying-V used in these experiments are summed up in
Table 1 and Table 2; Figure 1 and Figure 2 show the most recent render and the dimensions.

Table 1: Geometric properties of the Flying-V
Property Description Value Unit

Tdy Engine y location w.r.t. centre line ±5.6 m
Tdz Engine z location w.r.t. centre line 0.8 m
S Wing area 883.3 m2

c/MAC Wing Mean Aerodynamic Chord 18.7385 m
b Wing span 65 m
L Length 55 m

CGfowrard Center of gravity - forward limit for stability 45 %MAC
CGaft Center of gravity - aft limit for stability 57.5 %MAC

Table 2: Inertial properties of the Flying-V
Property Description Value Unit

MLW Maximum Landing Weight 2100000 kg
IxxMLW MLW Mass Moment of Inertia around X axis 3.4348 107kgm2

IyyMLW MLW Mass Moment of Inertia around Y axis 2.6843 107kgm2

IzzMLW MLW Mass Moment of Inertia around Z axis 5.9754 107kgm2

IxzMLW MLW Mass Moment of Inertia Cross Product around X and Z axes 0 107kgm2

Figure 1: Flying-V side view render and dimensions.
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Figure 2: Flying-V top view render and dimensions.

The model includes data for the deflection of six independent control surfaces: two rudders (left
and right), and four elevons (left and right inboard, which are 10.8m long in Figure 2; and left and
right outboard, which are 7.2m long in Figure 2). The two rudders will not be used during these
experiments, since they do not have a significant impact on the longitudinal handling qualities. The
four elevons, so called since they provide control authority both as elevators (for pitch) and as ailerons
(for roll), are all connected to a single control channel. In this sense, di↵erential control of the four
elevons is not part of this research, and all side-stick inputs will control the elevons uniformly.
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2 Standards and Regulations

One of the main interests of this research is to investigate the potential compliance with safety regu-
lations and standards. Following earlier results, this research focuses on:

1. go-around and aborted landing,

2. pull-up in approach and landing configurations,

3. trim and control authority in approach and landing configurations.

On these maneuvers, the following relevant standard as required by EASA (CS-25) should be
considered:

• EASA CS 25.143: “Controllability and Manoeuvrability”:

(See AMC 25.143(a).) The aeroplane must be safely controllable and manoeuvrable during
Climb, Level Flight, Descent and Landing.

The EASA “Acceptable Mean of Compliance AMC-20” (or the corresponding FAA “Flight Test
Guide for Certification of FAR-25 Airplanes”) expands the requirement above by providing operational
procedures to demonstrate compliance. By a combination of standard requirements and means of
compliance, the following set of maneuvers was chosen as critical for the Flying-V:

1. Reach 3.2% climb during approach in landing configuration (CS-25.119, AMC-20-6.5)

2. Pull-up to 1.5g and pushover to 0.5g in landing configuration (CS-25.143(j).1 and CS-25.143(j).2,
AMC-20-6.9.2(c))

3. Conduct full approach and landing/go-around multiple times with di↵erent configurations ( CS
25.143, AMC-20-6.9.2(e) to (h))

4. Show trim in a number of configurations (CS-25.161(c)(2), AMC-20-6.12.2)

5. Show static stability after achieving trim in a number of configurations (CS-25.175(a) through
(d), AMC-20-6.14.2).

5



3 Experiment overview

3.1 Experiment goals

The experiments are intended to:

• Assess the longitudinal low speed handling qualities of the Flying-V with pilot-in-the-loop sim-
ulations.

• Investigate the impact of di↵erent aircraft configurations on the handling qualities according to
pilots, focusing on:

– the position of the center of gravity,

– the speed of the aircraft,

– the deflection limits of the elevons.

• Collect quantitative measures and qualitative feedback from the pilots on safety requirements
related to:

– handling qualities during approach and landing,

– go-around,

– trim.

• Investigate the potential need of flight control augmentation and quantify the improvement in
terms of handling qualities.

• Collect qualitative feedback from the pilots on the go-around, focusing on:

– high pitch angle during approach,

– reduced sight angle on runway.

• Complete and integrate the o↵-line analysis of the longitudinal low speed handling qualities of
the Flying-V.

3.2 Aircraft configuration setup

The experiments will be conducted in the SIMONA Research Simulator. The simulation model of the
Flying-V will be setup to explore di↵erent conditions and configurations.

1. The center of gravity will span three positions, as in Table 3:

Table 3: Center of Gravity position
CG position [%MAC] CG position [m]

Forward Limit (45% MAC) 29.372
Backward Limit (57.5% MAC) 31.714

Middle (51.25% MAC) 30.543

2. the trim speed will be set to two alternative values, namely:

• 0.225 Mach (⇠150 kts, ⇠277 Km/h)

• 0.3 Mach (⇠200 kts, ⇠370 Km/h)
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3. the deflection limit of each of the four elevons will be set to two alternative values, namely:

• 20 deg

• 30 deg

4. the Flight Control System will provide two di↵erent laws:

• a Direct Law, in which the pilot has direct control of the four elevons. Side-stick input will
be converted linearly in a single commanded deflection angle for the four elevons, which
will deflect according to their rate and deflection limits.

• a Pitch Rate Controller, in which the pilot controls the pitch rate of the aircraft.

5. Auto-throttle will always be engaged during the simulations.

6. The roll and yaw control channels will be turned o↵, hence no lateral-directional control will be
possible.

3.3 Experiment Tasks

By combining the EASA Certification Standards and Acceptable Means of Compliance (CS-25, CS-25
AMC), the results of the preliminary analysis, and the Handling Qualities evaluation guidelines of
FAA (AC 25-7D), it was decided to run three simulation tasks, which will be presented in the following
subsections.

3.3.1 Pitch Tracking

The aircraft will be trimmed in level flight. A 90-seconds-long pitch angle reference signal will be
displayed on the HUD, which should be to tracked as accurately as possible. The goal is to achieve a
minimum score of 68% in both adequate and desired performance. That means, to track the reference
pitch angle within ±1 degrees for at least 68% of the task (adequate performance), and to track the
reference pitch angle within ±0.5 degrees for at least 68% of the task (desired performance).

During this task, auto-throttle will always be on, in order to focus on side-stick control.

The task will be repeated for all the configurations presented in the previous section, in a pre-
determined order. Each configuration will be simulated up to three times - one or two

(if needed) for training, and one for the actual score measurement. The procedure will be
repeated identically for the two laws of the Flight Control System, which are Direct Law and Pitch
Rate Control.

At the end of each run, an objective score will be determined based on the pilot’s performance in
the tracking task, and subjective feedback will be asked based on the Cooper-Harper scale, which is
attached at the end of this document as a reference. On top of the usual Cooper-Harper questions,
specific questions will be asked regarding:

• control strategy and compensation,

• noticeable sluggish or abrupt response,

• tendency to pilot induced oscillations,

• noticeable dropback or overshoot.
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3.3.2 Free Pitch Capture

The aircraft will be trimmed in level flight. The pilot is asked to ”capture” pitch angles in steps of
±5 degrees, for a total of 30 seconds per run. During this task, the pilot should try to capture the
target pitch angle as stably and accurately as possible. Since this is a ”free” capturing task, the pilot
can choose the capturing pace, meaning that there is no minimum number of captures to be achieved
in the 30 seconds limit.

During this task, auto-throttle will always be on, in order to focus on side-stick control.

The task will be repeated for all the configurations presented in the previous section, in a prede-
termined order. Each configuration will be simulated only once, meaning that each 30 seconds
run also includes a short time for the pilot to adjust to the new configuration. The procedure will be
repeated identically for the two laws of the Flight Control System, which are Direct Law and Pitch
Rate Control.

At the end of each run, a number of questions will be asked to the pilot on their perception of
the aircraft response. In particular, a five steps scale (Strongly disagree, Disagree, Neutral, Agree,
Strongly agree) should be used to comment on the following sentences:

• The aircraft was di�cult to control.

• There is overshoot in the response of the aircraft.

• There is dropback in the response of the aircraft.

• At least sometimes, the aircraft response is too slow or sluggish.

• At least sometimes, the aircraft response is too quick or abrupt.

• The aircraft tends to pilot induced oscillations.

• There is enough control authority for pitch capturing.

3.3.3 Pull-up and go-around

At the beginning of the task, the aircraft will be trimmed in a 3 degrees glide slope, 500 ft above the
runway of AMS airport.

The pilot will be asked to perform a pull-up and go-around starting 190ft above the runway. During
the maneuver, the pilot should:

• Pull-up to a 3.2% Rate of Climb (which will be displayed to the pilot as a reference for the flight
path angle)

• Maintain a Rate of Climb not lower than 3.2% and climb up to 500ft;

• Level o↵ and capture 500ft.

During this task, auto-throttle will always be on, in order to focus on side-stick control.

The whole maneuver is expected to take around 60 seconds. During the task, the amount of alti-
tude loss for the maneuver and the time needed to achieve the 3.2% climb of rate after initiating the
go-around will be measured and displayed on the HUD.
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The task will be repeated for a number of relevant configurations, always in Direct Law. Each

configuration will be simulated once or twice, based on pilot’s feedback.

At the end of each run, a number of questions will be asked to the pilot, in particular:

• Overall, what was the workload for performing the three sections of the task, namely

– Pull-up,

– Climb,

– and Level o↵?

• Did the sight angle have an impact on the task in terms of feasibility of the task, workload, and
comfort?

• Did the pitch angle have an impact on the task in terms of feasibility of the task, workload, and
comfort?

• Was the aircraft response too slow, sluggish?

• Was the aircraft response too quick, abrupt?

• Did you notice any unusual loss of altitude during the pull-up?

3.4 Experiment plan

The proposed plan for the experiment session is as in Table 4. The expected duration includes the
time to discuss the task and the related questions.

Table 4: Experiment plan
Phase Task Duration

Reception and Briefing - 60 min
Simulation block 1 Pitch tracking - Direct Law 90 min

Brake 1 - 15 min
Simulation block 2 Pitch tracking - Pitch Rate Control 90 min

Brake 2 - 15 min
Simulation block 3 Go-around and Pitch Capture 30 min

Debriefing - 60 min
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4 The SIMONA Research Simulator

4.1 Cockpit set-up

In Figure 3, the cockpit of the SIMONA Research Simulator is shown, with the following legend:

1. Outside view

2. Throttle levers

3. Emergency button (push in case of emergency - shuts down simulator motion and flight controls)

4. HUD display

5. Rudder pedals (not used in this research)

6. Side-stick

Figure 3: SIMONA Research Simulator cockpit.
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4.2 HUD set-up

The HUD (number 4 in Figure 3) presents some minor di↵erences based on the task to be simulated,
as explained in the following subsections.

4.2.1 HUD components

For all the experiments, the HUD will have the following elements, displayed in Figure 4 with the
relative letters in red:

• A - Load factor indicator (g)

• B - Airspeed indicator (kts)

• C - Airspeed indicator (Mach)

• D - Pitch ladder (deg)

• E - Pitch attitude marker

• F - Flight path marker

• G - Altitude indicator (ft)

• H - Additional information (see below)

In the bottom right corner of the HUD (letter H), additional information are give to the pilot.
Di↵erent information will be displayed depending on the task. The following abbreviations are used:

• Ele - Elevon deflection saturation (%), turns yellow when deflection rate limit is reached, turns
red when deflection limit is reached

• Thr - Current throttle setting (%)

• Trr - Required throttle setting for trim (%)

• Ade - Adequate performance score (%)

• Des - Desired performance score (%)

• Loss - Altitude loss during go-around (m)

• Time - Elapsed time from initiating pull-up to reaching target climb-rate (s)

• AoA - Angle of Attack (deg)
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Figure 4: General HUD setup.
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4.2.2 Pitch Tracking

During pitch tracking the HUD will look like in Figure 5. The target pitch angle for the tracking will
be displayed with two moving squares (letter J) - the outer one, in color red, shows the ±1 deg limits
for the Adequate performance; while the inner square, in color yellow, shows the ±0.5 deg limits for
the Desired performance. Both squares turn green when tracked.

In the right bottom corner (letter H), the ”Ade” (adequate performance) and ”Des” (desired
performance) indicators will show the real-time score. This will be visible during the two training
runs of each configuration, but it will be hidden until the end of the task during the third run (see
section 3.3.1).

Figure 5: Pitch tracking HUD.

4.2.3 Free Pitch Capture

The Free Pitch Capture task does not require task-specific indicators on the HUD, hence it will look
just like in Figure 4.
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4.2.4 Go-around

During the Go-around task, a target Flight Path indicator will be displayed as in Figure 6, letter K,
with a red square and a yellow dot which will both turn green when the target climb rate is achieved.
Notice that this is a target reference indicator for Flight Path angle and NOT for Pitch angle.

In the right bottom corner (letter H), the ”Loss” and ”Time” indicators will show, respectively,
the altitude loss after Decision Height, and the elapsed time between crossing Decision Height and
achieving the target climb rate.

Figure 6: Go-around HUD.
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5 Additional information

• For first-time pilots in the SIMONA Research Simulator, please watch the safety instruction
video beforehand at https://www.youtube.com/watch?v=PXijsyJ3hro.

• The discussion of the Handling Qualities during the Pitch Tracking experiments will follow
the Cooper-Harper approach to Handling Qualities Evaluation with piloted simulations. It is
recommended to have some familiarity with the Cooper-Harper scale, shown in Figure 7.

• A side-stick shaker will be used as a stall warning device for angles of attack higher than 20
degrees. The pilot should try to not cross this limit. In any case, these simulations do not
include stall dynamics.

• In some conditions, the di↵erence between pitch angle and flight path is so large that the Flight
Path marker (letter F in Figure 4) would disappear from the HUD. In order to avoid this, the
HUD has been adapted to always keep the marker visible on the screen by re-scaling the pitch
ladder when needed during a simulation.

• The pilots are invited to indicate whenever they need an additional break from the simulations.

Figure 7: The Cooper-Harper rating scale.

15



&
([SHULPHQW 0DWUL[
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� EDUH ��� IZG �� � � RQ RQ 3�7 RQ �� �� ��
� EDUH ��� IZG �� � � RQ RQ 3�7 RII �� �� �� �
� EDUH ��� IZG �� � � RQ RQ 3�7 RQ �� �� ��
� EDUH ��� IZG �� � � RQ RQ 3�7 RQ �� VNLS
� EDUH ��� IZG �� � � RQ RQ 3�7 RII �� �� �� �

� EDUH ��� QRP �� � � RQ RQ 3�7 RQ �� �� ��
� EDUH ��� QRP �� � � RQ RQ 3�7 RQ �� VNLS
� EDUH ��� QRP �� � � RQ RQ 3�7 RII �� �� �� �
�� EDUH ��� QRP �� � � RQ RQ 3�7 RQ �� �� ��
�� EDUH ��� QRP �� � � RQ RQ 3�7 RQ �� VNLS
�� EDUH ��� QRP �� � � RQ RQ 3�7 RII �� �� �� �

�� EDUH ��� DIW �� � � RQ RQ 3�7 RQ �� �� ��
�� EDUH ��� DIW �� � � RQ RQ 3�7 RQ �� VNLS
�� EDUH ��� DIW �� � � RQ RQ 3�7 RII �� �� �� �
�� EDUH ��� DIW �� � � RQ RQ 3�7 RQ �� �� ��
�� EDUH ��� DIW �� � � RQ RQ 3�7 RQ �� VNLS
�� EDUH ��� DIW �� � � RQ RQ 3�7 RII �� �� �� �

�� EDUH ����� IZG �� � � RQ RQ 3�7 RQ �� �� ��
�� EDUH ����� IZG �� � � RQ RQ 3�7 RQ �� VNLS
�� EDUH ����� IZG �� � � RQ RQ 3�7 RII �� �� �� �
�� EDUH ����� IZG �� � � RQ RQ 3�7 RQ �� �� ��
�� EDUH ����� IZG �� � � RQ RQ 3�7 RQ �� VNLS
�� EDUH ����� IZG �� � � RQ RQ 3�7 RII �� �� �� �

�� EDUH ����� QRP �� � � RQ RQ 3�7 RQ �� �� ��
�� EDUH ����� QRP �� � � RQ RQ 3�7 RQ �� VNLS
�� EDUH ����� QRP �� � � RQ RQ 3�7 RII �� �� �� �
�� EDUH ����� QRP �� � � RQ RQ 3�7 RQ �� �� ��
�� EDUH ����� QRP �� � � RQ RQ 3�7 RQ �� VNLS
�� EDUH ����� QRP �� � � RQ RQ 3�7 RII �� �� �� �

�� EDUH ����� DIW �� � � RQ RQ 3�7 RQ �� �� ��
�� EDUH ����� DIW �� � � RQ RQ 3�7 RQ �� VNLS
�� EDUH ����� DIW �� � � RQ RQ 3�7 RII �� �� �� �
�� EDUH ����� DIW �� � � RQ RQ 3�7 RQ �� �� ��
�� EDUH ����� DIW �� � � RQ RQ 3�7 RQ �� VNLS
�� EDUH ����� DIW �� � � RQ RQ 3�7 RII �� �� �� �
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�� 3�& ��� IZG �� � � RQ RQ 3�7 RQ �� �� ��
�� 3�& ��� IZG �� � � RQ RQ 3�7 RQ �� VNLS
�� 3�& ��� IZG �� � � RQ RQ 3�7 RII �� �� �� �
�� 3�& ��� IZG �� � � RQ RQ 3�7 RQ �� �� ��
�� 3�& ��� IZG �� � � RQ RQ 3�7 RQ �� VNLS
�� 3�& ��� IZG �� � � RQ RQ 3�7 RII �� �� �� �

�� 3�& ��� QRP �� � � RQ RQ 3�7 RQ �� �� ��
�� 3�& ��� QRP �� � � RQ RQ 3�7 RQ �� VNLS
�� 3�& ��� QRP �� � � RQ RQ 3�7 RII �� �� �� �
�� 3�& ��� QRP �� � � RQ RQ 3�7 RQ �� VNLS
�� 3�& ��� QRP �� � � RQ RQ 3�7 RQ �� VNLS
�� 3�& ��� QRP �� � � RQ RQ 3�7 RII �� �� �� �

�� 3�& ��� DIW �� � � RQ RQ 3�7 RQ �� VNLS
�� 3�& ��� DIW �� � � RQ RQ 3�7 RQ �� VNLS
�� 3�& ��� DIW �� � � RQ RQ 3�7 RII �� �� �� �
�� 3�& ��� DIW �� � � RQ RQ 3�7 RQ �� VNLS
�� 3�& ��� DIW �� � � RQ RQ 3�7 RQ �� VNLS
�� 3�& ��� DIW �� � � RQ RQ 3�7 RII �� �� �� �

�� 3�& ����� IZG �� � � RQ RQ 3�7 RQ �� �� ��
�� 3�& ����� IZG �� � � RQ RQ 3�7 RQ �� VNLS
�� 3�& ����� IZG �� � � RQ RQ 3�7 RII �� �� �� �
�� 3�& ����� IZG �� � � RQ RQ 3�7 RQ �� VNLS
�� 3�& ����� IZG �� � � RQ RQ 3�7 RQ �� VNLS
�� 3�& ����� IZG �� � � RQ RQ 3�7 RII �� �� �� �

�� 3�& ����� QRP �� � � RQ RQ 3�7 RQ �� VNLS
�� 3�& ����� QRP �� � � RQ RQ 3�7 RQ �� VNLS
�� 3�& ����� QRP �� � � RQ RQ 3�7 RII �� �� �� �
�� 3�& ����� QRP �� � � RQ RQ 3�7 RQ �� VNLS
�� 3�& ����� QRP �� � � RQ RQ 3�7 RQ �� VNLS
�� 3�& ����� QRP �� � � RQ RQ 3�7 RII �� �� �� �

�� 3�& ����� DIW �� � � RQ RQ 3�7 RQ �� VNLS
�� 3�& ����� DIW �� � � RQ RQ 3�7 RQ �� VNLS
�� 3�& ����� DIW �� � � RQ RQ 3�7 RII �� �� �� �
�� 3�& ����� DIW �� � � RQ RQ 3�7 RQ �� VNLS
�� 3�& ����� DIW �� � � RQ RQ 3�7 RQ �� VNLS
�� 3�& ����� DIW �� � � RQ RQ 3�7 RII �� �� �� �
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��� EDUH ��� IZG �� � �� RII RQ *�$ RQ ��
��� EDUH ��� IZG �� � �� RII RQ *�$ RQ �� ��� ���
��� EDUH ��� QRP �� � �� RII RQ *�$ RQ ��
��� EDUH ��� QRP �� � �� RII RQ *�$ RQ �� ��� ���
��� EDUH ��� DIW �� � �� RII RQ *�$ RQ ��
��� EDUH ��� DIW �� � �� RII RQ *�$ RQ �� ��� ���

��� EDUH ����� IZG �� � �� RII RQ *�$ RQ ��
��� EDUH ����� IZG �� � �� RII RQ *�$ RQ �� ��� ���
��� EDUH ����� QRP �� � �� RII RQ *�$ RQ ��
��� EDUH ����� QRP �� � �� RII RQ *�$ RQ �� ��� ���
��� EDUH ����� DIW �� � �� RII RQ *�$ RQ ��
��� EDUH ����� DIW �� � �� RII RQ *�$ RQ �� ��� ���

� )&6 6SHHG &* 'HIO 5HI )3$ $�7 6�: 7DVN 6FRUH VHF

�� EDUH ����� IZG �� � � RQ RQ 3�& RQ ��
�� EDUH ��� IZG �� � � RQ RQ 3�& RQ ��
�� EDUH ��� QRP �� � � RQ RQ 3�& RQ ��
�� EDUH ��� DIW �� � � RQ RQ 3�& RQ ��
�� EDUH ��� IZG �� � � RQ RQ 3�& RQ ��
�� EDUH ��� QRP �� � � RQ RQ 3�& RQ ��
�� EDUH ��� DIW �� � � RQ RQ 3�& RQ ��

�� EDUH ����� DIW �� � � RQ RQ 3�& RQ ��
�� EDUH ����� IZG �� � � RQ RQ 3�& RQ ��
�� EDUH ����� QRP �� � � RQ RQ 3�& RQ ��
�� EDUH ����� DIW �� � � RQ RQ 3�& RQ ��
�� EDUH ����� IZG �� � � RQ RQ 3�& RQ ��
�� EDUH ����� QRP �� � � RQ RQ 3�& RQ ��
�� EDUH ��� QRP �� � RQ RQ 3�& RQ ��

�� 3�& ����� IZG �� � � RQ RQ 3�& RQ ��
�� 3�& ��� IZG �� � � RQ RQ 3�& RQ ��
�� 3�& ��� QRP �� � � RQ RQ 3�& RQ ��
�� 3�& ��� DIW �� � � RQ RQ 3�& RQ ��
�� 3�& ��� IZG �� � � RQ RQ 3�& RQ ��
�� 3�& ��� QRP �� � � RQ RQ 3�& RQ ��
�� 3�& ��� DIW �� � � RQ RQ 3�& RQ ��

�� 3�& ����� DIW �� � � RQ RQ 3�& RQ ��
�� 3�& ����� IZG �� � � RQ RQ 3�& RQ ��
�� 3�& ����� QRP �� � � RQ RQ 3�& RQ ��
�� 3�& ����� DIW �� � � RQ RQ 3�& RQ ��
�� 3�& ����� IZG �� � � RQ RQ 3�& RQ ��
�� 3�& ����� QRP �� � � RQ RQ 3�& RQ ��
��� 3�& ��� QRP �� � RQ RQ 3�& RQ ��



3LORW�&���3LWFK�7UDFNLQJ���%DUH�$LUIUDPH
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� EDUH ����� IZG �� � � RQ RQ 3�7 RQ �� �� ��
� EDUH ����� IZG �� � � RQ RQ 3�7 RQ �� VNLS
� EDUH ����� IZG �� � � RQ RQ 3�7 RII �� �� �� �
� EDUH ����� QRP �� � � RQ RQ 3�7 RQ �� �� ��
� EDUH ����� QRP �� � � RQ RQ 3�7 RQ �� �� ��
� EDUH ����� QRP �� � � RQ RQ 3�7 RII �� �� �� �
� EDUH ����� DIW �� � � RQ RQ 3�7 RQ �� �� ��
� EDUH ����� DIW �� � � RQ RQ 3�7 RQ �� VNLS
� EDUH ����� DIW �� � � RQ RQ 3�7 RII �� �� �� �

�� EDUH ����� IZG �� � � RQ RQ 3�7 RQ �� �� ��
�� EDUH ����� IZG �� � � RQ RQ 3�7 RQ �� VNLS
�� EDUH ����� IZG �� � � RQ RQ 3�7 RII �� �� �� �
�� EDUH ����� QRP �� � � RQ RQ 3�7 RQ �� �� ��
�� EDUH ����� QRP �� � � RQ RQ 3�7 RQ �� VNLS
�� EDUH ����� QRP �� � � RQ RQ 3�7 RII �� �� �� �
�� EDUH ����� DIW �� � � RQ RQ 3�7 RQ �� �� ��
�� EDUH ����� DIW �� � � RQ RQ 3�7 RQ �� VNLS
�� EDUH ����� DIW �� � � RQ RQ 3�7 RII �� �� �� �

�� EDUH ��� IZG �� � � RQ RQ 3�7 RQ �� �� ��
�� EDUH ��� IZG �� � � RQ RQ 3�7 RQ �� VNLS
�� EDUH ��� IZG �� � � RQ RQ 3�7 RII �� �� �� �
�� EDUH ��� QRP �� � � RQ RQ 3�7 RQ �� �� ��
�� EDUH ��� QRP �� � � RQ RQ 3�7 RQ �� VNLS
�� EDUH ��� QRP �� � � RQ RQ 3�7 RII �� �� �� �
�� EDUH ��� DIW �� � � RQ RQ 3�7 RQ �� �� ��
�� EDUH ��� DIW �� � � RQ RQ 3�7 RQ �� VNLS
�� EDUH ��� DIW �� � � RQ RQ 3�7 RII �� �� �� �

�� EDUH ��� IZG �� � � RQ RQ 3�7 RQ �� �� ��
�� EDUH ��� IZG �� � � RQ RQ 3�7 RQ �� VNLS
�� EDUH ��� IZG �� � � RQ RQ 3�7 RII �� �� �� �
�� EDUH ��� QRP �� � � RQ RQ 3�7 RQ �� �� ��
�� EDUH ��� QRP �� � � RQ RQ 3�7 RQ �� VNLS
�� EDUH ��� QRP �� � � RQ RQ 3�7 RII �� �� �� �
�� EDUH ��� DIW �� � � RQ RQ 3�7 RQ �� �� ��
�� EDUH ��� DIW �� � � RQ RQ 3�7 RQ �� VNLS
�� EDUH ��� DIW �� � � RQ RQ 3�7 RII �� �� �� �
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�� 3�& ����� IZG �� � � RQ RQ 3�7 RQ �� �� ��
�� 3�& ����� IZG �� � � RQ RQ 3�7 RQ �� VNLS
�� 3�& ����� IZG �� � � RQ RQ 3�7 RII �� �� �� �
�� 3�& ����� QRP �� � � RQ RQ 3�7 RQ �� �� ��
�� 3�& ����� QRP �� � � RQ RQ 3�7 RQ �� VNLS
�� 3�& ����� QRP �� � � RQ RQ 3�7 RII �� �� �� �
�� 3�& ����� DIW �� � � RQ RQ 3�7 RQ �� �� ��
�� 3�& ����� DIW �� � � RQ RQ 3�7 RQ �� VNLS
�� 3�& ����� DIW �� � � RQ RQ 3�7 RII �� �� �� �

�� 3�& ����� IZG �� � � RQ RQ 3�7 RQ �� VNLS
�� 3�& ����� IZG �� � � RQ RQ 3�7 RQ �� VNLS
�� 3�& ����� IZG �� � � RQ RQ 3�7 RII �� �� �� �
�� 3�& ����� QRP �� � � RQ RQ 3�7 RQ �� VNLS
�� 3�& ����� QRP �� � � RQ RQ 3�7 RQ �� VNLS
�� 3�& ����� QRP �� � � RQ RQ 3�7 RII �� �� �� �
�� 3�& ����� DIW �� � � RQ RQ 3�7 RQ �� VNLS
�� 3�& ����� DIW �� � � RQ RQ 3�7 RQ �� VNLS
�� 3�& ����� DIW �� � � RQ RQ 3�7 RII �� �� �� �

�� 3�& ��� IZG �� � � RQ RQ 3�7 RQ �� VNLS
�� 3�& ��� IZG �� � � RQ RQ 3�7 RQ �� VNLS
�� 3�& ��� IZG �� � � RQ RQ 3�7 RII �� �� �� �
�� 3�& ��� QRP �� � � RQ RQ 3�7 RQ �� VNLS
�� 3�& ��� QRP �� � � RQ RQ 3�7 RQ �� VNLS
�� 3�& ��� QRP �� � � RQ RQ 3�7 RII �� �� �� �
�� 3�& ��� DIW �� � � RQ RQ 3�7 RQ �� VNLS
�� 3�& ��� DIW �� � � RQ RQ 3�7 RQ �� VNLS
�� 3�& ��� DIW �� � � RQ RQ 3�7 RII �� �� �� �

�� 3�& ��� IZG �� � � RQ RQ 3�7 RQ �� VNLS
�� 3�& ��� IZG �� � � RQ RQ 3�7 RQ �� VNLS
�� 3�& ��� IZG �� � � RQ RQ 3�7 RII �� �� �� �
�� 3�& ��� QRP �� � � RQ RQ 3�7 RQ �� VNLS
�� 3�& ��� QRP �� � � RQ RQ 3�7 RQ �� VNLS
�� 3�& ��� QRP �� � � RQ RQ 3�7 RII �� �� �� �
�� 3�& ��� DIW �� � � RQ RQ 3�7 RQ �� VNLS
�� 3�& ��� DIW �� � � RQ RQ 3�7 RQ �� VNLS
�� 3�& ��� DIW �� � � RQ RQ 3�7 RII �� �� �� �
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��� EDUH ����� IZG �� � �� RII RQ *�$ RQ ��
��� EDUH ����� IZG �� � �� RII RQ *�$ RQ �� ��� ���
��� EDUH ����� QRP �� � �� RII RQ *�$ RQ ��
��� EDUH ����� QRP �� � �� RII RQ *�$ RQ �� ���� ���
��� EDUH ����� DIW �� � �� RII RQ *�$ RQ ��
��� EDUH ����� DIW �� � �� RII RQ *�$ RQ �� ���� ���

��� EDUH ��� IZG �� � �� RII RQ *�$ RQ ��
��� EDUH ��� IZG �� � �� RII RQ *�$ RQ �� ��� ���
��� EDUH ��� QRP �� � �� RII RQ *�$ RQ ��
��� EDUH ��� QRP �� � �� RII RQ *�$ RQ �� ��� ���
��� EDUH ��� DIW �� � �� RII RQ *�$ RQ ��
��� EDUH ��� DIW �� � �� RII RQ *�$ RQ �� ��� ���

� )&6 6SHHG &* 'HIO 5HI )3$ $�7 6�: 7DVN 'LVS VHF

�� EDUH ��� IZG �� � � RQ RQ 3�& RQ ��
�� EDUH ����� IZG �� � � RQ RQ 3�& RQ ��
�� EDUH ����� QRP �� � � RQ RQ 3�& RQ ��
�� EDUH ����� DIW �� � � RQ RQ 3�& RQ ��
�� EDUH ����� IZG �� � � RQ RQ 3�& RQ ��
�� EDUH ����� QRP �� � � RQ RQ 3�& RQ ��
�� EDUH ����� DIW �� � � RQ RQ 3�& RQ ��

�� EDUH ��� DIW �� � � RQ RQ 3�& RQ ��
�� EDUH ��� IZG �� � � RQ RQ 3�& RQ ��
�� EDUH ��� QRP �� � � RQ RQ 3�& RQ ��
�� EDUH ��� DIW �� � � RQ RQ 3�& RQ ��
�� EDUH ��� IZG �� � � RQ RQ 3�& RQ ��
�� EDUH ��� QRP �� � � RQ RQ 3�& RQ ��
�� EDUH ����� QRP �� � RQ RQ 3�& RQ ��

�� 3�& ��� IZG �� � � RQ RQ 3�& RQ ��
�� 3�& ����� IZG �� � � RQ RQ 3�& RQ ��
�� 3�& ����� QRP �� � � RQ RQ 3�& RQ ��
�� 3�& ����� DIW �� � � RQ RQ 3�& RQ ��
�� 3�& ����� IZG �� � � RQ RQ 3�& RQ ��
�� 3�& ����� QRP �� � � RQ RQ 3�& RQ ��
�� 3�& ����� DIW �� � � RQ RQ 3�& RQ ��

�� 3�& ��� DIW �� � � RQ RQ 3�& RQ ��
�� 3�& ��� IZG �� � � RQ RQ 3�& RQ ��
�� 3�& ��� QRP �� � � RQ RQ 3�& RQ ��
�� 3�& ��� DIW �� � � RQ RQ 3�& RQ ��
�� 3�& ��� IZG �� � � RQ RQ 3�& RQ ��
�� 3�& ��� QRP �� � � RQ RQ 3�& RQ ��
��� 3�& ����� QRP �� � RQ RQ 3�& RQ ��
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IROORZLQJ WDEOHV RI ORJ DUH SUHVHQWHG�

� 3LWFK 7UDFNLQJ � 'LUHFW /DZ

� 3LWFK 7UDFNLQJ � 3LWFK 5DWH &RPPDQG

� *R�DURXQG

� 3LWFK &DSWXULQJ

)RU WKH 3LWFK &DSWXULQJ /LNHUW VFDOH� WKH $�% DQG & OHWWHUV UHSUHVHQW WKH RSLQLRQ RI 3LORW $� 3LORW %�
DQG 3LORW & UHVSHFWLYHO\� 7KH VHQWHQFHV WKDW ZHUH SURSRVHG WR WKH SLORWV DUH LQGLFDWHG E\ D OHWWHU DV LQ
WKH IROORZLQJ OLVW�

� D � 7KH DLUFUDIW ZDV GLIILFXOW WR FRQWURO�

� E � 7KHUH LV RYHUVKRRW LQ WKH UHVSRQVH RI WKH DLUFUDIW�

� F � 7KHUH LV GURSEDFN LQ WKH UHVSRQVH RI WKH DLUFUDIW�

� G � $W OHDVW VRPHWLPHV� WKH DLUFUDIW UHVSRQVH LV WRR VORZ RU VOXJJLVK�

� H � $W OHDVW VRPHWLPHV� WKH DLUFUDIW UHVSRQVH LV WRR TXLFN RU DEUXSW�

� I � 7KH DLUFUDIW WHQGV WR SLORW LQGXFHG RVFLOODWLRQV�

� J � 7KHUH LV HQRXJK FRQWURO DXWKRULW\ IRU SLWFK FDSWXULQJ�

��



3LORW�$���3LWFK�7UDFNLQJ���%DUH�$LUIUDPH

� )&6 6SHHG &* 'HIO 3LORW 3LORW�FRPPHQWV��LQ�WKLUG�SHUVRQ�

� EDUH ����� IZG �� $
1RW�WRR�VWUHVVHG��VDWXUDWLRQ�DQG�RYHUVKRRW�SUHVHQW�DQG�FRQFHUQLQJ�RSHUDWLRQDOO\���
KDSS\�ZLWK�WKH�SLWFK�UDWH�WKDW�KH�FDQ�JHW��VFRPH�3,2�DUH�JRLQJ�RQ�EXW�QRW�WRR
FRQFHUQLQJ��/DXJKV�DW�VLGH�VWLFN�VWRSV��)LQH�IRU�VPDOO�FDSWXUHV��EXW�VOXJJLVK�RYHUDOO�

� EDUH ����� IZG �� %

6WLFN�SRVLWLRQ�LV�VFDU\��7KH�VWUDWHJ\�LV��XVH�DOO�WKH�DYDLODEOH�FRQWURO�DXWKRULW\�DV�VRRQ
DV�\RX�XQGHUVWDQG�\RX�KDYH�WR�SLWFK�XS��RWKHUZLVH�\RX�ZLOO�PLVV�WKH�UDPS��
&RQWUROODEOH��EXW�WKH�FRQWURO�DXWKRULW\�LV�YHU\�OLPLWHG�DQG�XQDFFFHSWDEOH��
2WKHU�WKDQ�WKLV��FDSWXULQJ�GRHV�QRW�IHHO�GLIILFXOW��

� EDUH ����� IZG �� &
5HVSRQVH�LV�WR�VORZ��GDPSLQJ�IHHOV�LQDGHTXDWH��%RWK�XQGHUVKRW�DQG�RYHUVKRRW��
7UDFNLQJ��'HVLUHG��SHUIRUPDQFH�JLYHV�VRPH�3,2�WHQGHQF\��&DQQRW�SLWFK�XS�
IDVW�HQRXJK��

� EDUH ����� IZG �� $
0LQRU�GHILFLHQFLHV��QRW�WRR�VWUHVVHG��FDQ�WDON�GXULQJ�WKH�H[SHULPHQWV��%RWKHUHG�E\
�WKH�VKRUW�SHULRG��FDQQRW�JLYH�D�KLJKHU�UDWLQJ�WKDQ���ZLWKRXW�LPSURYHPHQWV��
)HHOV�SRRUHO\�GDPSHG��6KRUW�SHULRG�QHHGV�FRPSHQVDWLRQ��6RPH�RYHUVKRRW�

� EDUH ����� IZG �� %
(DVLHU�WR�WUDFN��PXFK�PRUH�FRQWURO�DXWKRULW\��EDVLFDOO\�QHYHU�KLW�WKH�OLPLWV�
6RPH�3,2��7HQGV�WRR�GURS�D�OLWWOH��'DPSLQJ�LV�ILQH��IHHOV�QLFH��1HHG�PRUH�
FRPSHQVDWLRQ�GXH�WR�PRUH�FRPPDQGHG�LQSXW��6WLOO�VOXJJLVK��

� EDUH ����� IZG �� &
/LNHV�LW�EHWWHU�EHFDXVH�RI��LPSURYHG�FRQWURO�DXWKRULW\��9HU\��VHFRQG�RUGHU��UHVSRQVH�
6KRUW�SHULRG�VWLOO�EDG��+DYH�WR�EH�SDUWLFXODUO\�FDUHIXO�QRW�WR�RYHUVKRRW�
(YHQ�PRUH�WHQGHQF\�WR�3,2�

� EDUH ����� QRP �� $
*HWWLQJ�OHVV�SLWFK�UDWH�WKDQ�EHIRUH��ZRXOG�OLNH�PRUH��/HVV�RVFLOODWLRQV��SUREDEO\
�OHDUQLQJ�WR�IO\�LW��)HHOV�WKDW�KH�FDQ�LPSURYH�WKH�VFRUHV�HDVLO\��+DWHV�WKH�OLPLWHG�
FRQWURO�FDSDELOLW\�

� EDUH ����� QRP �� %
&DSWXULQJ�HDVLHU��KROGLQJ�UHTXLUHV�OHVV�FRUUHFWLRQV��RYHUDOO�YHU\�KDSS\��
6OXJJLVK�EXW�DFFHSWDEOH��$�OLWWOH�ELW�RI�GURSEDFN��+LV�FRQWURO�VWUDWHJ\�LV�
WR�DSSO\�RQH�RU�WZR�FRUUHFWLRQV�DIWHU�UHDFKLQJ�WKH�WDUJHW��:RUNV�ZHOO�ZLWK�WKLV�&*��

� EDUH ����� QRP �� &

%DG�DQG�LQDGHTXDWH�VKRUW�SHULRG�RVFLOODWLRQV��4XLWH�VOXJJLVK��6RPH��OLWWOH��WHQGHQF\�
WR�3,2��SDUWLFXODUO\�IRU�'HVLUHG�SHUIRUPDQFH��7ULHV�WR�UDLVH�WKH�JDLQ�WR�VXSSUHVV
3,2��EXW�GRHV�QRW�PDQDJH��'LG�QRW�QRWLFH�GURSEDFN��3HUIRUPDQFH�ZLOO�
LPSURYH�JUHDWO\�ZLWK�WUDLQLQJ��

�� EDUH ����� QRP �� $
0XFK�EHWWHU��$OVR�VWDUWV�WR�XQGHUVWDQG�KRZ�WKLV�DLUFUDIW�ZRUNV��(DVLHU�WR�IROORZ�WDUJHW�
EXW�PRUH�3,2��3LWFK�UDWH�LV�ILQH��EXW�FDSWXULQJ�LV�D�ELW�GLIILFXOW��,W�LV�HDVLHU�WR�FDSWXUH
�IURP�DERYH��5HTXLUHV�FRPSHQVDWLRQ��EXW�QRW�EDG�RYHUDOO��FDQQRW�JR�KLJKHU�WKDQ���

�� EDUH ����� QRP �� %
5HVSRQVH�LV�PRUH�GLUHFW��HDVLHU�WR�VWRS��-XVW�KDYH�WR�EH�FDUHIXO�QRW�WR
RYHUFRPSHQVDWH��7KLV�LV�KLV�IDYRXULWH�FRQILJXUDLWRQ��3,2�RQO\�LI�\RX�DUH�QRW�FDUHIXO�
1R�HVFHVVLYH�GURSEDFN�RU�RYHUVKRRW��

�� EDUH ����� QRP �� & )HHOV�EDGO\�GDPSHG��EDG�RYHUVKRRW��&OHDU�WHQGHQF\�WR�3,2��9HU\�VOXJJLVK��

�� EDUH ����� DIW �� $

(DVLHVW�VR�IDU��6HHV�OHVV�3,2��6WLOO�IHHOV�VOXJJLVK��EXW�QRZ�LW
V�ILQH��FRPSDUHG�WR�
EHIRUH"���(DV\�WR�VHH�WKH�GLIIHUHQFH�IURP����WR����GHJ�PD[�GHIO��2SHUDWLRQDOO\�WKLV
VHHPV�ILQH��:DQWV�PRUH�FRQWURO��EXW�WKLV�&*�LV�SHUIHFWO\�ILQH��EHWWHU�WKDQ�EHIRUH��
&DQ�XVH�D�GLIIHUHQW��HDVLHU�FRQWURO�WHFKQLTXH��DIWHU�WKH�LQSXW��FRPHV�EDFN�WR�QHXWUDO
YHU\�VPRRWKO\�DQG�LW�ZRUNV�YHU\�ZHOO��PXFK�HDVLHU��9HU\�KDSS\�ZLWK�WKH
RYHUVKRRW�GURSEDFN�EDODQFH��XVLQJ�WKH�$�&�G\QDPLFVDW�KLV�DGYDQWDJH�

�� EDUH ����� DIW �� % /HVV�UHVSRQVLYH�WR�VWHHULQJ�LQSXW�WKDQ�RWKHU�FRQILJXUDWLRQV��QHHGV�D�IDVWHU�UHDFWLRQV�
$�ELW�VOXJJLVK�RQ�FDSWXULQJ��DIWHU�UHOHDVLQJ�WKH�VWLFN���UHYHUVLQJ�WKH�LQSXW���

�� EDUH ����� DIW �� &
$�ORW�RI�ZRUNORDG�GXH�WR�WKH�YHU\�EDG�VKRUW�SHULRG��D�ORW�RI�RYHUVKRRW��WRR�PXFK��
5HTXLUHV�D�ORW�RI�WUDLQLQJ��7KH�UHVSRQVH�LV�VOXJJLVK�VR�\RX�DUH�DOZD\V
WRR�ODWH��:RUNORDG�LV�WRR�KLJK��

�� EDUH ����� DIW �� $
'HILQLWHO\�H[FHVVLYH�PDQHXYHULQJ�����GHJUHHV�IHHO�H[FHVVLYH��JHWV�YHU\�KLJK�UDWHV�
0RUH�RYHUVKRRW��EXW�LW
V�HDV\�WR�DGDSW�WR�LW��+DG�D�ORW�RI�WLPH�WR�ORRN�DURXQG��
2YHUVKRRWV�D�ORW��6KRXOG�LPSURYH�D�ORW�ZLWK�WUDLQLQJ��1RW�JRRG�HQRXJK�IRU�D����

�� EDUH ����� DIW �� %
0RUH�VOXJJLVK��\RX�QHHG�WR�DQWLFLSDWH�WKH�RYHUVKRRW�PRUH�WKDQ�EHIRUH��
7KH�LQHUWLD�RI�WKH�SLWFK�PRPHQW�HQFRXUDJHV�RYHUFRPSHQVDWLRQ��5HTXLUHV�D�ELW�PRUH�
WUDLQLQJ��

�� EDUH ����� DIW �� & 9HU\�EDG��FDQ�FDVXH�3,2�HDVLO\��QRW�YHU\�GLIIHUQW�IURP�QRPLQDO�&*��3UHIHUUHG�
IRUZDUG�&*�VLQFH�LW�IHOW�PRUH�UHVSRQVLYH��



�� EDUH ��� IZG �� $

���GHJUHHV�QRZ�IHHOV�ILQH��9HU\�KDSS\�WR�VHH�WKH�JURXQG��EHWWHU�VLJKW�DQJOH���IHHOV�D
D�ORW�PRUH�FRPIRUWDEOH��(YHU\WKLQJ��VSHHGV�XS�QLFHO\���1HHGV�VRPH�PRUH�WUDLQLQJ�WR
DGDSW�WR�WKH�QHZ�VSHHG��0XFK�OHVV�VOXJJLVK��EXW�VWLOO�QHHGV�VRPH�DQWLFLSDWLRQ�
8QGHUVKRRWV�D�ELW��+DV�WR�UHPHPEHU�QRW�WR�UHOHDVH�WRR�VRRQ��7KH��HDVLHU��FRQWURO�
VWUDWHJ\�GRHV�QRW�ZRUN�DQ\PRUH��WKH�GLIILFXOW�VWUDWHJ\�LV�QHHGHG�DJDLQ��
&RPSHQVDWLQJ�TXLWH�D�ELW��KDV�WR�ZRUN�IRU�D�KLJK�VFRUH��FDQQRW�JLYH�PRUH�WKDQ����

�� EDUH ��� IZG �� %

:KHQ�\RX�OHDYH�WKH�VWLFN�LW�GDPSV�GRZQ�QLFHO\��(DV\�WR�WUDFN��(DV\�WR�IO\��
6WD\V�ZKHUH�\RX�OHDYH�LW��0RUH�DJLOH�WKDQ�RWKHU�DLUFUDIWV�
,QLWLDOO\�GLIILFXOW�WR�DGMXVW�DQG�XQGHUVWDQG�WKH�W\SH�RI�UHVSRQVH��4XLWH�KDSS\�RYHUDOO��
QR�VSHFLILF�FRPSODLQV��<RX�KDYH�WR�FRPSHQVDWH�D�ELW�GXH�WR�D�ELW�RI�GURSEDFN��

�� EDUH ��� IZG �� &
%HWWHU�WKDQ�����0DFK��5HVSRQVH�OHVV�VOXJJLVK��'DPSLQJ�IHHOV�EHWWHU��6WLOO�QRW�IDVW
HQRXJK�DQG�VWLOO�D�ELW�VOXJJLVK��DQG�GDPSLQJ�QRW�HQRXJK��+DYH�WR�EH�FDUHIXO
QRW�WR�RYHUFRPSHQVDWH��

�� EDUH ��� IZG �� $

+DWHV�WKH�GURSEDFN��:KHQ�KH�OHWV�JR��WKH�QRVH�GURSV�D�ORW��,W�LV�SURQH�WR�3,2��
5HDOO\�UHVSRQVLYH�WKRXJK��)HHOV�UHDOO\�QLFH�WR�KDYH�VR�PXFK�FRQWURO�DXWKRULW\�
0D\EH�HYHQ�WRR�PXFK��IHHOV�OLNH�D�ILJKWHU��+LJK�SLWFK�UDWH�FDXVHV�3,2��'URSEDFN�YHU\�
DQQR\LQJ��FDQW�JLYH�D�KLJKHU�UDWLQJ��/HDUQLQJ�KRZ�WR�GHDO�ZLWK�WKH�GURSEDFN�KHOSV�D
ORW��3UHWW\�HDV\�LQ�WKH�HQG�

�� EDUH ��� IZG �� %
0RUH�VHQVLWLYH�WKDQ�EHIRUH��7KHUH�LV�D�WHQGHQF\�WR�3,2�LI�\RX�DUH�WRR�DFWLYH�RQ�WKH
VWLFN��7RXFK\��DOVR�RQ�VPDOO�LQSXWV��1RW�WHQGHQF\�WR�RYHUVKRRW��TXLWH�D�WHQGHQF\�WR�
GURSEDFN��EXW�LI�\RX�NQRZ�LW�DQG�WUDLQ�IRU�LW�LW
V�ILQH��

�� EDUH ��� IZG �� &

1RW�EDG�DIWHU�DOO��0LJKW�EH�KLV�IDYRXULWH�&*��/LNHV�WKDW�LW
V�PRUH�LPPHGLDWH�DQG�IDVWHU�
7KH�VKRUW�SHULRG�VWLOO�QHHGV�LPSURYHPHQWV��6WLOO�KDYH�WR�EH�FDUHIXO�IRU�WKH�WHQGHQF\�
WR�3,2��6WLOO�VOXJJLVK��6WLOO�KDV�WR�ZRUN�KDUG�IRU�JRRG�VFRUHV��/HVV�RYHUVKRRW�WKDQ�
EHIRUH��KH�WKLQNV�EHFDXVH�RI�WKH�QHZ��SXOVHV�OLNH��FRQWURO�VWUDWHJ\�

�� EDUH ��� QRP �� $
'HILQLWHO\�OHVV�GURSEDFN��KH�SUHIHUV��)OLHV�QLFH��EHWWHU�WKDQ�ZLWK����GHJUHHV��0RUH�
RI�ZKDW�\RX�ZRXOG�H[SHFW��$FWXDOO\��WKH�GLIIHUQHFHV�GXH�WR�&*�SRVLWLRQ�DUH�VPDOO��
DQG�LW�GRHV�QRW�WDNH�PXFK�WR�OHDUQ�WR�DGDSW�WR�WKH�VPDOO�GURSEDFN�RYHUVKRRW�GLIIHUHQFH�

�� EDUH ��� QRP �� % 2Q�JRLQJ�OHDUQLQJ��)HHOV�PRUH�IULHQGO\�EXW�OHHV�GLUHFW��)OLHV�JRRG�DQG�SUHGLFWDEOH��
0RUH�JHQWO\�DQG�SUHGLFWDEOH�WKDQ�WKH�RWKHU�FRQILJXUDWLRQV��/HVV�FRUUHFWLRQV�QHHGHG��

�� EDUH ��� QRP �� & +DYH�WR�ZRUN�WRR�KDUG�WR�JHW�GHVLUHG�SHUIRUPDQFH��6WLOO�VOXJJLVK��VWLOO�HDV\�WR�JHW�
LQWR�3,2��

�� EDUH ��� QRP �� $ ���GHJUHHV�LV�D�ELW�WRR�PXFK��0RUH�3,2��9HU\�HDV\�RQH�ZLWK�D�OLWWOH�ELW�RI�WUDLQLQJ��
YHU\�HDV\�WR�IO\��6R�UHOD[HG�IO\LQJ�WKLV��

�� EDUH ��� QRP �� % *RRG�UHVSRQVH�WR�LQLWLDO�DQG�DOVR�WR�ILQDO�LQSXWV��1LFH�RYHUDOO��EXW�LW
V�PRUH�VHQVLWLYH
DQG�PLJKW�WHQG�WR�PRUH�RYHUFRPSHQVDWLRQ��

�� EDUH ��� QRP �� & 0RUH�WHQGHQF\�WR�RYHUVKRRW��WKDQ�IRUZDUG�&*���1RW�PXFK�PRUH�WR�VD\��

�� EDUH ��� DIW �� $
1R�XQSOHDVDQW�GHILFLHQFLHV��1HHGV�WR�DGDSW�WR�WKH�QHZ�&*��EXW�WKH�GLIIHUHQFH�LV
VPDOO��1HHGV�D�GLIIHUHQW�W\SH�RI�DQWLFLSDWLRQ��QRZ�KH�LV�RYHUVKRRWLQJ�D�ELW��
6R�UHOD[LQJ��

�� EDUH ��� DIW �� %
1HHG�WR�EH�DZDUH�RI�WKH�ODUJHU�VWHHULQJ�LQSXW��)HHOV�OLNH�D�VORZ��KHDY\�DLUFUDIW��EXW�LW
LV�QLFH�WR�FRQWURO��:KHQ�\RX�QHDXWUDOL]H�WKH�GHIOHFWLRQ�\RX�FDQ�VHH�PRUH�WHQGHQF\�
WR�RYHUVKRRW��$�ELW�PRUH�VOXJJLVK��

�� EDUH ��� DIW �� &

5HDOL]HV�KH�LV�IO\LQJ�D�ELW�PRUH��SXOVH�OLNH���PRUH��VW�RUGHU�G\QDPLFV���DIWHU�VRPH�
H[WUD�UXQV�ZLWK�IRUZDUG�&*�KH�VD\V�WKLV�VWUDWHJ\�ZRUNV�EHWWHU�ZLWK�IRUZDUG�&*���
6WLOO�VDPH�LVVXHV�DV�EHIRUH��VOXJJLVK��WHQGHQF\�WR�3,2��KH�LV�VXUUH�WKD�WUDLQLQJ�
ZLOO�KHOS�D�ORW��+H�LV�VWDUWLQJ�WR�OLNH�LW�EHWWHU���7KHUH�LV�PRUH�RYHUVKRRW�WKDQ�EHIRUH��

�� EDUH ��� DIW �� $
$�ORW�RI�IXQ��IHHOV�OLNH�KH�LV�QRW�HYHQ�FRPSHQVDWLQJ��WKH�SLWFK�UDWH�LV�UHDOO\�JRRG��
:RXOG�QRW�FDOO�LW�VOXJJLVK��DFWXDOO\�TXLWH�IDVW��EXW�QRW�DEUXSW��9HU\�HDV\�WR�FRQWURO�
(DV\�WR�JHW�KLJK�VFRUHV��

�� EDUH ��� DIW �� % 1RWKLQJ�WR�VD\��5HDOO\�GLIILFXOW�WR�VD\�ZKLFK�&*�KH�SUHIHUV��SUREDEO\�WKH�QRPLQDO�RQH��

�� EDUH ��� DIW �� & 0RUH�RYHUVKRRW��GRHV�QRW�OLNH�LW��3UHIHUV�WKH�PRUH�UHVSRQVLYH�IRUZDUG�&*��,I�\RX
IO\�LW�ZLWK�LPSXOVHV�\RX�UHGXFH�WKH�RYHUVKRRW��7UDLQLQJ�ZLOO�EH�UHDOO\�EHQHILFLDO��



3LORW�$���3LWFK�7UDFNLQJ���3LWFK�5DWH�&RPPDQG
� )&6 6SHHG &* 'HIO 3LORW 3LORW�FRPPHQWV��LQ�WKLUG�SHUVRQ�

�� 3�& ����� IZG �� $
6R�HDV\�WR�WUDFN�DQG�FDSWXUH��)XOO�VWLFN�EDFN�LV�QRW�HQRXJK�DQG�WKHUH�LV�QRWKLQJ�KH
FDQ�GR�DERXW�LW��7KH�FRQWURO�VDWXUDWLRQ�LV�D�ELJ�GHDO��VFDU\��1R�RYHUVKRRW�RU�
GURSEDFN��EXW�KH�ZRXOG�EH�FRQFHUQHG�IO\LQJ�ZLWK�WKLV�OLWWOH�FRQWURO�DXWKRULW\��

�� 3�& ����� IZG �� %
/DFN�RI�FRQWURO�DXWKRULW\�LV�YHU\�FRQFHUQLQJ�IRU�HPHUJHQF\�VFHQDULRV��,I�\RX�PLVV�D
WDUJHW�LW
V�GLIILFXOW�WR�JR�EDFN��,Q�UHDO�ZKHDWKHU�WKLV�ZRXOG�EH�LQVXIILFLHQW�DQG�
GDQJHURXV��3LWFK�XS�YHU\�VORZ��SLWFK�GRZQ�DFFHSWDEOH��

�� 3�& ����� IZG �� &
3LWFK�5DWH�&RPPDQG�PDNHV�\RXU�OLIH�VR�PXFK�HDVLHU��&RQWURO�DXWKRULW\�KRZHYHU�
ZDV�SRRU��6WLOO�ZRXOG�OLNH�D�IDVWHU�UHVSRQVH��1R�GURSEDFN�RU�RYHUVKRRW��
]HUR�WHQGHQF\�WR�3,2��6WLOO�D�OLWWOH�ELW�VOXJJLVK��FDQ�EH�LPSURYHG�

�� 3�& ����� IZG �� $

6WLOO�D�ELW�VOXJJLVK��FRPSHQVDWLQJ�EXW�QRW�PXFK��0LQRU�DQQR\LQJ�FRPSHQVDWLRQ
QHHGHG��9HU\�YHU\�DQQR\HG�E\�WKH�UHGXFHG�VLJKW�DQJOH��6LQFH�FRQWUROOLQJ�UHTXLUHV�
OHVV�DWWHQWLRQ�QRZ��KH�FDQ�IRFXV�RQ�RXWVLGH�YLHZ��DQG�KDWHV�WKH�VLJKW�DQJOH��
$�ELW�VOXJJLVK��EXW�YHU\�QLFH�DQG�SUHGLFWDEOH�RYHUDOO�

�� 3�& ����� IZG �� % )L[HG�DOO�WKH����GHJUHHV�LVVXHV��$GHTXDWH�SLWFK�UDWH��HDV\�WR�NHHS�XS�ZLWK�
WKH�WDUJHW�

�� 3�& ����� IZG �� &

(DVLHU�WR�IO\��IROORZV�\RXU�FRPPDQGV�EHWWHU��JRRG�GDPSLQJ�RI�WKH�UHVSRQVH��
1R�WHQGHQF\�WRR�3,2��1RW�PXFK�WR�FRPSODLQ�DERXW��1RW�D����VRPH�YHU\�PLQRU
LPSURYHPHQWV�FDQ�EH�PDGH�IRU�D�IDVWHU�DQG�OHVV�RYHUVKRRWLQJ�UHVSRQVH��
1RW�D����WKH�ZRUNORDG�LV�UHDOO\�UHDOO\�ORZ��&OHDUO\�EHWWHU�WKDQ����GHJ��PRUH�FRQWURO�
DXWKRULW\�DQG�OHVV�VOXJJLVK��

�� 3�& ����� QRP �� $ 6FDUHG�E\�KRZ��QRVH�KLJK��WKLV�LV��&DQQRW�IHHO�D�ORW�RI�GLIIHUHQFH�FRPSDUHG�
WR�EHIRUH��$LUFUDIW�D�ELW�VOXJJLVK�EXW�YHU\�RN��DOPRVW�SHUIHFW�IRU�WKH�UHVW�

�� 3�& ����� QRP �� %
$�ELW�OHVV�GLUHFW�WKDQ�EHIRUH��PRUH�IULHQGO\��OLNHV�PRUH��1HHGV�ODUJH�LQSXWV�WR�
FRQWURO��$�OLWWOH�ELW�RI�RYHUVKRRW��9HU\�FRQFHUQHG�IRU�WKH�VLJK�DQJOH��YLVLELOLW\�LV�QRW�
VXIILFLHQW�DQG�GRHV�QRW�VHH�DLU�WUDIILF��0LJKW�IHHO�YHU\�ZHLUG�IRU�WKH�SDVVHQJHUV��

�� 3�& ����� QRP �� &
:RXOG�OLNH�WR�EH�DEOH�WR�FRPPDQG�KLJKHU�SLWFK�UDWHV��:RXOG�OLNH�D�IDVWHU
UHVSRQVH��7KHUH�LV�D�OLWWOH�ELW�PRUH�RYHUVKRRW�WKDQ�IRUZDUG�&*�
6WLOO�UHTXLUHV�TXLWH�VRPH�HIIRUW�WR�JHW�GHVLUHG�SHUIRUPDQFH��

�� 3�& ����� QRP �� $ 0RUH�SOHDVDQW�WKDQ�WKH�SUHYLRXV�RQH��5HDOO\�HDV\��1RW�FRPSHQVDWLQJ�DW�DOO��
7RWDOO\�HOLPLQDWHG�WKH�RVFLOODWLRQV��)HHOV�YHU\�QLFH�DQG�SUHGLFWDEOH�

�� 3�& ����� QRP �� % )HHOV�D�ELW�PRUH�GDPSHG��FRQIXVHG���7KH�UHVW�LV�VDPH�DV�EHIRUH��

�� 3�& ����� QRP �� & /LWWOH�GLIIHUHQFH�FRPSDUHG�WR�WKH�RWKHU�FRQILJXUDWLRQV��-XVW�D�WLQ\�ELW�PRUH
RYHUVKRRW��PD\EH��1R�3,2��

�� 3�& ����� DIW �� $ )HHOV�YHU\�VLPLODU��3UREDEO\�ZRXOG�QRW�EH�DEOH�WR�WHOO�WKHP�DSDUW��$OO�JRRG��MXVW
PLQRU�FRUUHFWLRQV�IRU�FRPSHQVDWLRQ��

�� 3�& ����� DIW �� %
0RUH�WHQGHQF\�WR�RYHUVKRRW��/HVV�DEUXSW�VWRSV�FRPSDUHG�WR�EHIRUH��+DUG
WR�VD\�ZKLFK�RQH�KH�SUHIHUV��1R�3,2�RU�H[FHVVLYH�VOXJJLVKQHVV��6KRXOG�EH
LPSURYHG�IRU�RQ�VHW�DQG�VWRS�RII�UHVSRQVH��

�� 3�& ����� DIW �� & 5HVSRQVH�LV�VWLOO�D�OLWWOH�ELW�WRR�VORZ��ZRXOG�OLNH�KLJKHU�UDWHV��2YHUVKRRW�DJDLQ�
D�OLWWOH�ELW�PRUH��3UHIHUUHG�IRUZDUG�&*��

�� 3�& ����� DIW �� $ 6DPH�DV�EHIRUH��

�� 3�& ����� DIW �� % )ROORZ�QLFHO\��YHU\�JRRG�FRQWURO�V\VWHP��:RXOG�OLNH�KLJKHU�SLWFK�UDWH��0RUH�
UHOD[LQJ�WKDQ�'LUHFW�/DZ��0RUH�SUHFLVH��OHVV�3,2�WHQGHQF\��

�� 3�& ����� DIW �� & :RXOG�OLNH�WR�FRPPDQG�KLJKHU�SLWFK�UDWHV��0D\EH�WKH�GDPSLQJ�ZDV�D�OLWWOH�ELW�
ZRUVH��

�� 3�& ��� IZG �� $
2SHUDWLRQDOO\�LW�IHHOV�SHUIHFWO\�ILQH��6RPH�RYHUVKRRW��SUREDEO\�EHFDXVH�QR�WUDLQLQJ��
7KH�DWWLWXGH�DQG�UHGXFHG�VLJKW�DQJOH�LV�VWLOO�DQQR\LQJ��EXW�GHILQLWHO\�DFFHSWDEOH��
7UDLQLQJ�ZRXOG�KHOS�



�� 3�& ��� IZG �� %
$�ELW�WRR�FRQVHUYDWLYH�RQ�FRPPDQGDEOH�SLWFK�UDWH��+DYH�WR�JHW�D�IHHOLQJ�IRU�WKH
RQVHW��,PPHGLDWHO\�KROGV�WKH�WDUJHW��VKRXOG�EH�D�ELW�PRUH�GDPSHG��+DUGO\�DQ\�
GURSEDFN�RU�RYHUVKRRW��9HU\�QLFH�RYHUDOO��

�� 3�& ��� IZG �� & ,�GRQ
W�VHH�VR�PXFK�GLIIHUHQFH��1RWKLQJ�UHDOO\�WR�FRPSODLQ�DERXW��

�� 3�& ��� IZG �� $ 'LIIHUHQFHV�DUH�UHDOO\�PLQLPDO��FDQQRW�WHOO�WKH�FRQILJXUDLWRQV�DSDUW�DQ\PRUH��-XVW�
VRPH�YHU\�PLQRU�LVVXHV�SUHYHQW�KLP�IURP�JLYLQJ�D���UDWLQJ��

�� 3�& ��� IZG �� % ,W
V�JRRG��D�ELW�ELQDU\��2QVHW�LV�D�ELW�HDVLHU��PRUH�SURQRXQFHG��

�� 3�& ��� IZG �� & &DQ
W�VHH�PXFK�GLIIHUHQFH��6DPH�UDWLQJ��VDPH�UHDVRQV��

�� 3�& ��� QRP �� $ 6DPH�DV�EHIRUH��

�� 3�& ��� QRP �� %

(DV\�WR�IO\��DOO�JRHV�UHDOO\�ZHOO��MXVW�DW�WKH�YHU\�EHJLQQLQJ�LW
V�D�ELW�GLIILFXOW�WR�
XQGHUVWDQG�WKH�PRWLRQ�FXHV��/LNHV�KRZ�LW�UHVSRQGV��&RPHV�EDFN�D�ELW�IDVW�ZKHQ�
\RX�UHOHDVH�WKH�VWLFN��EXW�QRW�WRR�PXFK��5HVSRQVLYH��PD\EH�PRUH�WKDQ�FLYLOLDQ�$�&��
6RPH�PLQRU�GRXEWV�RQ�LQLWLDO�DQG�ILQDO�UHVSRQVH��FDQ�GR�D�ELW�EHWWHU��EXW�DOPRVW�
SHUIHFW�RYHUDOO��

�� 3�& ��� QRP �� & &DQ
W�VHH�PXFK�GLIIHUHQFH��6DPH�UDWLQJ��VDPH�UHDVRQV��

�� 3�& ��� QRP �� $ 6DPH�DV�EHIRUH��

�� 3�& ��� QRP �� %
1RW�D���EHFDXVH�WKHUH�LV�QRWKLQJ�XQSOHDVDQW��QRW�D���EHFDXVH�
RQ�VHW�DQG�ILQDO�UHSRQVH�FDQ�EH�VOLJKWO\�LPSURYHG��%DVLFDOO\�QR�RYHUVKRRW�
�GURSEDFN�RU�3,2�

�� 3�& ��� QRP �� & &DQ
W�VHH�PXFK�GLIIHUHQFH��6DPH�UDWLQJ��VDPH�UHDVRQV��

�� 3�& ��� DIW �� $ %DVLFDOO\�WKH�VDPH�DJDLQ��2SHUDWLRQDOO\�MXVW�SHUIHFW��$WWLWXGH�LV�QRW�DQQR\LQJ�QRZ�

�� 3�& ��� DIW �� % 9HU\�VLPLODU�WR�EHIRUH��6HHV�D�OLWWOH�WHQGHQF\�WR�RYHUVKRRW��7KH�SUHYLRXV�RQH�
�QRPLQDO�&*��IHHOV�MXVW�D�OLWWOH�ELW�PRUH�SUHGLFWDEOH�

�� 3�& ��� DIW �� & &DQ
W�VHH�PXFK�GLIIHUHQFH��6DPH�UDWLQJ��VDPH�UHDVRQV��5HDOO\�OLNH�WKH�3LWFK
5DWH�&RPPDQG��KLGHV�DOO�WKH�GHILFLHQFLHV��

�� 3�& ��� DIW �� $ 6DPH�DV�EHIRUH��

�� 3�& ��� DIW �� % 6DPH�DV�EHIRUH��:RXOG�H[SHFW�PRUH�GLIIHUHQFH��EXW�GRHV�QRW�VHH�PXFK��

�� 3�& ��� DIW �� & 6DPH�DV�EHIRUH�



3LORW�$���*R�$URXQG�DQG�3LWFK�&DSWXUH

� )&6 6SHHG &* 'HIO 3LORW &RPPHQWV��LQ�WKLUG�SHUVRQ�

�� EDUH ����� IZG �� $

'RQ
W�VHH�D�ORW��KDYH�WR�UHDOO\�OHDQ�IRUZDUG�WR�VHH��+DV�WR�DGMXVW�WKH�VHDW
WR�EH�SRVLWLRQHG�KLJKHU�DQG�PRUH�FRPIRUWDEO\�
�,PPHGLDWHO\�IHOW�WKH�VWRSV�RI�FRQWURO�DXWKRULW\��ZKLFK�LV�YHU\�XQFRPIRUWDEOH��
7KH�UHDFWLRQ�RI�WKH�DLUFUDIW��KRZHYHU��ZDV�TXLWH�RN��'LG�QRW�IHHO�WRR�VOXJJLVK��
'XULQJ�SXOO�XS�GLG�QRW�VHH�DQ\�XQH[SHFWHG�ORVV�RI�DOWLWXGH��7KH�VLJKW�DQJOH�
GLG�KDYH�D�QHJDWLYH�LPSDFW�RQ�WKH�WDVN��EXW�WKH�SLWFK�DQJOH�GLG�QRW��7KH�DLUFUDIW
ZDV�QRW�DEUXSW�DW�DOO��
&OLPELQJ�ZDV��VXSHU�HDV\���EXW�WKH�IOLJKW�SDWK�DQJOH�FDQ�VKRRW�XS�D�ELW�PRUH
WKDQ�ZKDW�\RX�ZRXOG�H[SHFW��
/HYHOOLQJ�RII�DW����IW�ZDV�DOVR�YHU\�HDV\��
9HU\�EDG�VLJKW�DQJOH���FDQQRW�VHH�UXQZD\�SURSHUO\��%XW�PDQHXYHULQJ�ZDV�
HDV\�DQG�FRPSHQVDWLRQ�ZDV�YHU\�ORZ�

�� EDUH ����� IZG �� %

7KH�KLJK�SLWFK�DWWLWXGH�LV�YHU\�DQQR\LQJ��7KH�YLHZ�LV�VFDU\��VHH�EDVLFDOO\�
QRWKLQJ��MXVW�D�OLWWOH�ELW�RI�KRUL]RQ�
1RW�HQRXJK�FRQWURO�DXWKRULW\��YHU\�GDQJHURXV�LQ�UHDO�VLWXDWLRQV�DQG
HPHUJHQFLHV��
,W�LV�FRQWUROODEOH��IO\DEOH��EXW�LQ�FDVH�RI�FRQWLJHQFLHV�LW�IHHOV�GDQJHURXV�
&HUWDLQO\�QRW�DQ�DEUXSW�UHVSRQVH��DFWXDOO\�D�TXLWH�VOXJJLVK��

�� EDUH ����� IZG �� &

<RX�QHHG�WR�NQRZ�WKH�DLUFUDIW��VLQFH�WKH�UHVSRQVH�LV�GLIIHUHQW�IURP�ZKDW�\RX
ZRXOG�H[SHFW��$�IOLJKW�SDWK�DQJOH�FRQWUROOHU�ZRXOG�EH�EHQHILFLDO��&RQWURO
DXWKRULW\�LV�YHU\�OLPLWHG��3XOOLQJ�XS�UHTXLUHV�NQRZOHGJH��&OLPE�LV�YHU\�HDV\�
/HYHOOLQJ�RII�LV�SDUWLFXODUO\�GLIILFXOW�EHFDXVH�WKH�DQJOH�RI�DWWDFN�LV�YHU\�KLJK�
DQG�\RX�ZRXOG�QRW�H[SHFW�LW��7UDLQLQJ�LV�PDQGDWRU\��EHFDXVH�LW�LV�GLIILFXOW�
WR�SUHGLFW�WKH�DWWLWXGH�RI�WKH�DLUFUDIW�DQG�WKH�GLVWDQFH�IURP�WKH�UXQZD\�
MXVW�EDVHG�RQ�WKH�YLVXDOV��$�)3$�LQGLFDWRU�LV�PDQGDWRU\��DQG�SRVVLEO\�DOVR�
D�YHUWLFDO�VSHHG�LQGLFDWRU��WKDW�ZRXOG�KHOS�D�ORW��3LORWV�ZLOO�KDYH�D�KDUG�WLPH�
ODQGLQJ�WKLV�DLUFUDIW��

�� EDUH ����� QRP �� $

7KLV�LV�ZD\�EHWWHU�WKDQ�IRUZDUG�&*��7KH�UHDFWLRQ�RI�WKH�DLUFUDIW�LV�UHDOO\�RN��
6LJKW�DQJOH�KDV�D�YHU\�QHJDWLYH�LPSDFW�RQ�WKH�WDVN��1DWXUDO�WHQGHQF\�WR�SXVK
WKH�QRVH�GRZQ�WR�VHH�PRUH��
7KH�UHVW�LV�DV�EHIRUH���QR�XQXVXDO�ORVV�RI�DOWLWXGH��VOXJJLVK�UHVSRQVH�
EXW�QRW�WRR�EDG��DFWXDOO\�FORVH�WR�LGHDO��+DYLQJ�HQRXJK�FRQWURO�DXWKRULW\
IHHOV�VR�PXFK�EHWWHU�WKDQ�ZLWK�IRUZDUG�&*�

�� EDUH ����� QRP �� %
0XFK�PRUH�DXWKRULW\�DQG�FRPIRUW�WKDQ�ZLWK�IRUZDUG�&*��,W�IOLHV�JHQWO\�
7KHUH�UHPDLQ�LVVXHV�UHODWHG�WR�VLJKW�DQJOH�DQG�VOXJJLVK�UHVSRQVH��EXW
WKLV�IHHOV�PRUH�DFFHSWDEOH�WKDQ�WKH�RWKHU�FRQILJXUDWLRQ��IRUZDUG�&*���

�� EDUH ����� QRP �� &
1RZ�FDQ�VHH�WKH�UXQZD\�D�ELW�EHWWHU��VLJKW�DQJOH�LV�EHWWHU�EXW�LW�LV�VWLOO�GLIILFXOW�
WR�VHH�ZHOO��7ULHV�WR�IO\�FRQWUROOLQJ�GLUHFWO\�WKH�)3$��EXW�WKLV�PDNHV�WKH�DLUFUDIW�
XQVWDEOH�GXH�WR�ODJ��

�� EDUH ����� DIW �� $ 6DPH�DV�IRU�QRPLQDO�&*��

�� EDUH ����� DIW �� %

&DQ�IHHO�WKH�EHWWHU�VLJKW�DQJOH�DQG�SLWFK�DWWLWXGH�FRPSDUHG�WR�IRUZDUG�&*��
DQG�LW�IHHOV�PXFFK�EHWWHU��:RXOG�VWLOO�OLNH�D�FRXSOH�RI�GHJUHHV�PRUH�
QRVH�GRZQ��6LJKW�DQJOH�LV�VWLOO�EDG��EXW�PXFK�EHWWHU�WKDQ�EHIRUH��*LYHV
PRUH�WLPH�WR�VHH�WKH�UXQZD\�DQG�SHUIRUP�D�SURSHU�JR�DURXQG��
+DUG�WR�WHOO�LI�WKH�SXOO�XS�UHVSRQVH�LV�EHWWHU�ZLWK�WKLV�&*�
7KH�DQJOH�RI�DWWDFN�LV�YHU\�KLJK�DW�OHYHO�RII��ZKLFK�PDNHV�LW�GLIILFXOW�WR�
XQGHUVWDQG�KRZ�WR�OHYHO�RII��1HHGV�SUDFWLFH�VSHFLILF�NQRZOHGJH�
VLQFH�ZLWK�QRUPDO�DLUFUDIW�\RX�ZRXOG�OHYHO�RII�ZLWK�PXFK�D�VPDOOHU�DQJOH�RI�
DWWDFN��&OLPE�LV�YHU\�HDV\�

�� EDUH ����� DIW �� &

/LNHV�WR�FRQWURO�ERWK�)3$�DQG�SLWFK�DQJOH�DW�WKH�VDPH�WLPH��,W�VHHPV�WR�ZRUN�
EHVW�IRU�KLP��:KHQ�GRLQJ�VR��WKH�UHVSRQVH�RI�WKH�DLUFUDIW�VHHPV�TXLWH�JRRG�
,QVWUXPHQWDO�DSSURDFK�DQG�ODQGLQJ�VHHP�RN��DQG�DSSURDFK�EDVHG�RQ�YLVXDOV
VHHPV�RN�DV�ZHOO��+RZHYHU�KH�LV�YHU\�FRQFHUQHG�IRU�YLVXDO�ODQGLQJ��

�� EDUH ��� IZG �� $
6LJKW�DQJOH�LV�PXFK�EHWWHU�WKDQ�DW�ORZ�VSHHG��1RZ��,�VHH�HYHU\WKLQJ�WKDW�,�
ZDQW�WR�VHH���)HHOV�FRPIRUWDEOH��7KLQNV�WKDW�WUDLQLQJ�ZLOO�EH�EHQHILFLDO
WR�SHUIRUP�WKH�WDVN�PRUH�FRQILGHQWO\��EXW�LW�LV�QRW�HVVHQWLDO��



�� EDUH ��� IZG �� % $OWLWXGH�ORVV�ZDV�DFFHSWDEOH��(DV\��YHU\�OLJKW�WR�IO\��6WDEOH��JRRG�YLVLELOLW\��
SLWFK�UDWH�LV�JRRG��FDQ�EH�JHQWOH�RQ�WKH�FRQWUROV��2YHUDOO�YHU\�KDSS\��

�� EDUH ��� IZG �� &

7KLV�IHHOV�PRUH�QRUPDO��PRUH�OLNH�ZKDW�KH�LV�XVHG�WR��6WLOO�D�ELW�KLJK�SLWK�
DWWLWXGH��ZRXOG�SUHIHU�OHVV��(YHU\WKLQJ�JRHV�IDVWHU�DQG�\RX�KDYH�WR�EH�PRUH
IRFXVHG��6WLOO�UHTXLUHV�TXLWH�VRPH�DQWLFLSDWLRQ�IRU�OHYHOOLQJ�RII�
9LVXDO�ODQGLQJ�VHHPV�VWLOO�VFDU\��D�ORW�RI�WUDLQLQJ�LV�PDQGDWRU\��

�� EDUH ��� QRP �� $
6DPH�DV�IRU�IRUZDUG�&*���VLJKW�DQJOH�LV�EHWWHU��$�&�UHVSRQVH�LV�RYHUDOO�
EHWWHU�DW�WKLV�VSHHG��DQG�DOO�WKH�WKUHH�SKDVHV�RI�WKH�JR�DURXQG�FDQ�EH�
SHUIRUPHG�FRPIRUWDEO\��SXOO�XS��FOLPE��OHYHO�RII���

�� EDUH ��� QRP �� % $�OLWWOH�ELW�HDVLHU�WR�SXOO�XS��&RQILUPV�KLV�PLOGG�SUHIHUHQFH�IRU�WKLV�&*�SRVLWLRQ��
9LVXDOV�DQG�SLWFK�DQJOH�DUH�RN��

�� EDUH ��� QRP �� & )HDVLEOH��EXW�VDPH�DV�EHIRUH��UHTXLUHV�TXLWH�VRPH�WUDLQLQJ��
)3$�LV�D�ELW�XQSUHGLFWDEOH�DQG�RQH�PXVW�NQRZ�WKH�WDUJHW�SLWFK�DWWLWXGH��

�� EDUH ��� DIW �� $

9HU\�JRRG�WR�KDYH�DOO�WKLV�FRQWURO�DXWKRULW\��&RPLQJ�IURP�WKH�PRUH�VOXJJLVK�
FRQILJXUDWLRQV�PDNHV�KLP�IO\�PRUH�DJJUHVLYHO\��6HHV�D�ELJ�GLIIHUHQFH�
EHWZHHQ�IDVW�DQG�VORZ�FRQILJXUDWLRQV��EXW�QRW�WRR�PXFK�EHWZHHQ�GLIIHUHQW
&*�SRVLWLRQV��
&RPIRUW�ZLVH��LQ�WKH�HQG�KH�WKLQNV�KH�VHHV�HQRXJK�EXW�RQO\�LI�KH�VLWV�D�OLWWOH
GLIIHUHQWO\�FRPSDUHG�WR�XVXDO�DLUFUDIW��

�� EDUH ��� DIW �� % (DV\�WR�SXOO�XS�WRR�PXFK��WKHUH�LV�PRUH�FRQWURO�DXWKRULW\�WKDQ�EHIRUH�
0D\EH�HYHQ�D�ELW�WRR�UHVSRQVLYH�

�� EDUH ��� DIW �� &

<RX�UHDOO\�KDYH�WR�JHW�XVHG�WR�WKLV�GLIIHUHQW�VLJKW�DQJOH��+H�LV�VXUH�LW�ZLOO
EH�D�UHDO�FKDOOHQJH�IRU�SLORWV��9HU\�GLIILFXOW�WR�JXHVV�WKH�GLVWDQFH�IURP�
PDLQ�JHDUV�WR�JURXQG��
7KH�UHVSRQVH�LV�SUHWW\�PXFK�WKH�VDPH�DV�EHIRUH��D�OLWWOH�ELW�ZRUVH�VKRUW�
SHULRG�DQG�D�ELW�PRUH�GLIILFXOW�WR�OHYHO�RII��EXW�RQO\�PLQRU�GLIIHUHQFHV��



� )&6 6SHHG &* 'HIO

�� EDUH ����� IZG �� D E F G H I J

6WURQJO\�GLVDJUHH $ $

'LVDJUHH %& & $ %

1HXWUDO $%& & %& & $

$JUHH $ % % % &
6WURQJO\�DJUHH $

�� EDUH ����� QRP �� D E F G H I J

6WURQJO\�GLVDJUHH $% $ $

'LVDJUHH % % %& $%

1HXWUDO & & $% &

$JUHH & $ & &
6WURQJO\�DJUHH $%

�� EDUH ����� DIW �� D E F G H I J

6WURQJO\�GLVDJUHH $% $

'LVDJUHH $% $%& $%& %

1HXWUDO $

$JUHH & & & & &
6WURQJO\�DJUHH % $%

�� EDUH ��� IZG �� D E F G H I J

6WURQJO\�GLVDJUHH $% $ % %

'LVDJUHH & & $% $ $&

1HXWUDO % %& & &

$JUHH $ %
6WURQJO\�DJUHH $&

�� EDUH ��� QRP �� D E F G H I J

6WURQJO\�GLVDJUHH $% $ % %

'LVDJUHH & %& %& $ $% $&

1HXWUDO $ & &

$JUHH
6WURQJO\�DJUHH $%&

�� EDUH ��� DIW �� D E F G H I J

6WURQJO\�GLVDJUHH $% $ $%

'LVDJUHH $% $% %& &

1HXWUDO & $%&

$JUHH & &
6WURQJO\�DJUHH $%&

�� EDUH ����� IZG �� D E F G H I J

6WURQJO\�GLVDJUHH $

'LVDJUHH %& %& $& $

1HXWUDO $& $%

$JUHH $ % % & %&
6WURQJO\�DJUHH $%&

�� EDUH ����� QRP �� D E F G H I J



6WURQJO\�GLVDJUHH $%

'LVDJUHH & % $% $ $% $%

1HXWUDO & & %

$JUHH $ & & &
6WURQJO\�DJUHH $%&

�� EDUH ����� DIW �� D E F G H I J

6WURQJO\�GLVDJUHH $% $

'LVDJUHH $% $%& $ $% %

1HXWUDO &

$JUHH & & & &
6WURQJO\�DJUHH % $%&

��� EDUH ��� IZG �� D E F G H I J

6WURQJO\�GLVDJUHH % $ %

'LVDJUHH & & % %

1HXWUDO % $%& & $& $

$JUHH $
6WURQJO\�DJUHH & $%&

��� EDUH ��� QRP �� D E F G H I J

6WURQJO\�GLVDJUHH $% $% %

'LVDJUHH & %& $%& % $

1HXWUDO & $&

$JUHH $
6WURQJO\�DJUHH & $%&

��� EDUH ��� DIW �� D E F G H I J

6WURQJO\�GLVDJUHH $% $ $

'LVDJUHH % $ % % $%

1HXWUDO & %& $&

$JUHH & &
6WURQJO\�DJUHH & $%&

��� 3�& ����� IZG �� D E F G H I J

6WURQJO\�GLVDJUHH $%& %& % $%& $%

'LVDJUHH $& &

1HXWUDO % $ $& &

$JUHH $%
6WURQJO\�DJUHH

��� 3�& $OO�WKH�RWKHU�FRQILJV� D E F G H I J

6WURQJO\�GLVDJUHH $%& $% %& $% $%& $%&

'LVDJUHH & $

1HXWUDO &

$JUHH
6WURQJO\�DJUHH $%&



(
3LWFK 7UDFNLQJ WLPH ORJV

$VHOHFWLRQ RI UHSUHVHQWDWLYH WLPH ORJV IURP WKH 3LWFK 7UDFNLQJ H[SHULPHQWV LV FROOHFWHG LQ WKLV DSSHQGL[�
7KH ILJXUHV SUHVHQWHG DUH�

� 3LWFK $QJOH YV 7DUJHW�

� )OLJKW 3DWK $QJOH�

� 3LWFK 5DWH�

� 6LGH�VWLFN LQSXW�

7KH IRXU ILJXUHV DUH SUHVHQWHG IRU WKH IROORZLQJ VHYHQ VFHQDULRV� ZKLFK LQFOXGH WKH FRQWURO VDWXUDWLRQ
SUREOHP DV GHDOW ZLWK E\ WKH WKUHH SLORWV� WZR UXQV DW ��� 0DFK� DQG WZR UXQV ZLWK 3LWFK 5DWH &RPPDQG�

� )LJXUH *��� IZG &*� ����� 0DFK� �� GHJ PD[LPXP HOHYRQV GHIOHFWLRQ� 'LUHFW /DZ � 3LORW $�

� )LJXUH *��� IZG &*� ����� 0DFK� �� GHJ PD[LPXP HOHYRQV GHIOHFWLRQ� 'LUHFW /DZ � 3LORW %�

� )LJXUH *��� IZG &*� ����� 0DFK� �� GHJ PD[LPXP HOHYRQV GHIOHFWLRQ� 'LUHFW /DZ � 3LORW &�
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� &RQFOXVLRQV ��

$ $HURG\QDPLFV GDWD ��

% /LQHDUL]DWLRQ ��

%LEOLRJUDSK\ ��



/LVW RI )LJXUHV

��� )O\LQJ�9� WKUHH YLHZ UHQGHUV DGRSWHG IURP 78 'HOIW� ³)O\LQJ�9� IO\LQJ ORQJ GLVWDQFHV
HQHUJ\�HIILFLHQWO\´� � -XQH ����� KWWSV���ZZZ�WXGHOIW�QO�HQ�DH�IO\LQJ�Y� � � � � � � � � � � � �

��� )O\LQJ�9 HOHYRQ GLPHQLRQV� )URP &DSSX\QV� ������ >��@ � � � � � � � � � � � � � � � � � � �

��� 6KRUW SHULRG 7KXPESULQW� )URP >��@ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� %DQGZLGWK UHTXLUHPHQW� &DWHJRU\ & IOLJKW SKDVHV� )URP >��@� $SSHQGL[ $� S���� � � � � ��
��� %DQGZLGWK FULWHULRQ TXDQWLWLHV FRPSXWDWLRQ � PRGHO H[DPSOH� )URP >�@� � � � � � � � � � � ��
��� %RXQGDULHV RI *LEVRQ 'URSEDFN &ULWHULRQ� )URP >��@� � � � � � � � � � � � � � � � � � � � ��
��� 7\SLFDO SLWFK VWHS UHVSRQVH� DQDO\VHG ZLWK WKH *LEVRQ 'URSEDFN &ULWHULRQ� )URP >��@� � ��
��� )OLJKW 3DWK 7LPH 'HOD\ &ULWHULRQ GHILQLWLRQ� 7KH WLPH LQWHUYDO �LQ WKLV FDVH � WR � VHFRQGV�

VKRXOG EH VHOHFWHG DFFRUGLQJ WR WKH VKDSH RI WKH UHVSRQVH� )URP >��@� � � � � � � � � � � ��

��� /RQJLWXGLQDO SROHV RI WKH )O\LQJ�9 IRU GLIIHUHQW &*V DQG 0DFK QXPEHUV� � � � � � � � � � ��
��� /RQJLWXGLQDO SROHV RI WKH )O\LQJ�9 IRU GLIIHUHQW &*V DQG0DFK QXPEHUV� 'HWDLO RQ SKXJRLG

SROHV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 1DWXUDO IUHTXHQF\ RI WKH VKRUW SHULRG RI WKH )O\LQJ�9 IRU ൈൌ  ൥൭൰൵ൠ൰ൣ� ൬൭൫൧൬ൠ൪� ൠ൥൲�

DQG ൒ൠൢ߶  ���� ����� ���� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 6KRUW SHULRG WKXPESULQW RI WKH )O\LQJ�9 IRU ൈൌ  ൥൭൰൵ൠ൰ൣ� ൬൭൫൧൬ൠ൪� ൠ൥൲� DQG ൒ൠൢ߶  

���� ����� ���� )RU PRUH LQIRUPDWLRQ DERXW WKH VKRUW SHULRG WKXPESULQW SORW� VHH 5RVNDP
>��@� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� %RGH SORW RI SLWFK DQJOH UHVSRQVH WR ORQJLWXGLQDO V\PPHWULFDO FRQWURO RI WKH IRXU HOHYRQV�
+HUH LW LV QRPLQDO &* DQG 9  ���� 0DFK� � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� %RGH SORW RI SLWFK UDWH UHVSRQVH WR ORQJLWXGLQDO V\PPHWULFDO FRQWURO RI WKH IRXU HOHYRQV�
+HUH LW LV QRPLQDO &* DQG 9  ���� 0DFK� � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� %RGH SORW IRU 0,/�67' %DQGZLGWK FULWHULRQ� QRPLQDO &* DQG 9  ���� 0DFK� HOHYRQV
DFWXDWRU G\QDPLFV LQFOXGHG� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 0,/�67' %DQGZLGWK FULWHULRQ� IRUZDUG &*� 0DFK  ��� �JUHHQ�� QRPLQDO &*� 0DFK  
���� �EODFN�� DIW &*� 0DFK  ��� �UHG�� (OHYRQV DFWXDWRU G\QDPLFV LQFOXGHG� � � � � � � � ��

��� 'URSEDFN FULWHULRQ � GURSEDFN DQG RYHUVKRRW� )RUZDUG� QRPLQDO� DQG DIW &*� 0DFK  
���� ����� ���� (OHYRQV DFWXDWRU G\QDPLFV LQFOXGHG� � � � � � � � � � � � � � � � � � � � � ��

���� 'URSEDFN FULWHULRQ � SLWFK UDWH� )RUZDUG� QRPLQDO� DQG DIW &*� 0DFK  ���� ����� ����
(OHYRQV DFWXDWRU G\QDPLFV LQFOXGHG� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� 'URSEDFN FULWHULRQ � ERXQGDULHV� )RUZDUG &*� 0DFK  ��� �JUHHQ�� QRPLQDO &*� 0DFK  
���� �EODFN�� DIW &*� 0DFK  ��� �UHG�� (OHYRQV DFWXDWRU G\QDPLFV LQFOXGHG� � � � � � � � ��

���� *LEVRQ )OLJKW 3DWK $QJOH� )RUZDUG &*�0DFK  ��� �JUHHQ�� QRP�
LQDO &*� 0DFK  ���� �EODFN�� DIW &*� 0DFK  ��� �UHG�� (OHYRQV DFWXDWRU G\QDPLFV
LQFOXGHG� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� *LEVRQ )OLJKW 3DWK $QJOH WLPH GHOD\V IRU DOO WKH FRQILJXUDWLRQV FRQVLGHUHG LQ WKLV UH�
VHDUFK� 7KH GDVKHG OLQH LV WKH OLPLW VXJJHVWHG E\ *LEVRQ IRU JRRG KDQGOLQJ TXDOLWLHV�
(OHYRQV DFWXDWRU G\QDPLFV LQFOXGHG� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� &RQWURO $QWLFLSDWLRQ 3DUDPHWHU� )RUZDUG &*� 0DFK  ��� �JUHHQ�� QRPLQDO &* 0DFK  
���� �EODFN�� DIW &* 0DFK  ��� �UHG�� (OHYRQV DFWXDWRU G\QDPLFV LQFOXGHG� � � � � � � � ��

���� 6HQVLWLYLW\ DQDO\VLV RI QDWXUDO VKRUW SHULRG IUHTXHQF\ ൵፧ RYHU \�D[LV LQHUWLD ൎ፲፲ IRU WKH
WKUHH &* �IRUZDUG� QRPLQDO� DIW�� ൎ፲፲ LV GHVLJQHG WR EH ������൤ � ��>൩൦ ࣄ ൫ኼ@ DW �����
$OO WKH SORWV DUH GUDZQ IRU 0DFK ����� � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� 6XPPDU\ RI WKH SUHOLPLQDU\ DQDO\VLV UHVXOWV IRU WKH WKUHH FULWLFDO FDVHV H[SODLQHG LQ VHF�
WLRQ ���� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� &6$6 EORFN GLDJUDP� SLWFK FRQWURO FDVH� � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

LLL



/LVW RI )LJXUHV LY

��� 3LWFK UDWH UHVSRQVH RI WKH )O\LQJ�9 IRU WZR GLIIHUHQW FRQWURO V\VWHPV� SLWFK UDWH FRPPDQG
DXJPHQWHG �����GHJ�V SLWFK UDWH VWHS LQSXW� DQG EDUH DLUIUDPH ��� GHJ HOHYRQV GHIOHFWLRQ
VWHS LQSXW�� 7KH DXJPHQWHG FDVH LV WXQHG WR LQFUHDVH VKRUW SHULRG IUHTXHQF\� )RUZDUG
&* DQG 0DFK  ���� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� (OHYRQV GHIOHFWLRQ UHVSRQVH RI WKH )O\LQJ�9 IRU WZR GLIIHUHQW FRQWURO V\VWHPV� SLWFK UDWH
FRPPDQG DXJPHQWHG �����GHJ�V SLWFK UDWH VWHS LQSXW� DQG EDUH DLUIUDPH ��� GHJ HOHYRQV
GHIOHFWLRQ VWHS LQSXW�� 7KH DXJPHQWHG FDVH LV WXQHG WR LQFUHDVH VKRUW SHULRG IUHTXHQF\�
)RUZDUG &* DQG 0DFK  ���� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 7KH &RRSHU�+DUSHU UDWLQJ VFDOH� IURP >��@� � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 3LORW�YHKLFOH G\QDPLF V\VWHP� IURP >��@ S�� � � � � � � � � � � � � � � � � � � � � � � � � � ��

$�� $HURG\QDPLF FRHIILFLHQWV GDWD RYHU DOSKD� OLIW� GUDJ� )RUZDUG &*� � � � � � � � � � � � � � ��
$�� $HURG\QDPLF FRHIILFLHQWV GDWD RYHU DOSKD� 0� 0 GHULYDWLYH IRU F� �� GHJ� )RUZDUG &*� ��
$�� $HURG\QDPLF FRHIILFLHQWV GDWD RYHU DOSKD� OLIW� GUDJ� 1RPLQDO &*� � � � � � � � � � � � � � ��
$�� $HURG\QDPLF FRHIILFLHQWV GDWD RYHU DOSKD� 0� 0 GHULYDWLYH IRU F� �� GHJ� 1RPLQDO &*� ��
$�� $HURG\QDPLF FRHIILFLHQWV GDWD RYHU DOSKD� OLIW� GUDJ� $IW &*� � � � � � � � � � � � � � � � � ��
$�� $HURG\QDPLF FRHIILFLHQWV GDWD RYHU DOSKD� 0� 0 GHULYDWLYH IRU F� �� GHJ� $IW &*� � � � ��

%�� &RPSDULVRQ EHWZHHQ OLQHDUL]HG DQG QRQ�OLQHDU PRGHOV� 6KRUW SHULRG RQO\� IRUZDUG &*�
0DFK  ���� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��



/LVW RI 7DEOHV

��� 'HVLJQ 3DUDPHWHUV IRU )O\LQJ�9 FRQFHSWXDO GHVLJQ� )URP &DSSX\QV� ������ >��@ � � � � �

��� 0,/�)�����&� 3KXJRLG GDPSLQJ UDWLR OHYHOV� &ODVV ,,,� &$7 & � � � � � � � � � � � � � � � ��
��� 0,/�)�����&� 6KRUW SHULRG GDPSLQJ UDWLR OHYHOV� &ODVV ,,,� &$7 & � � � � � � � � � � � � � ��

Y



$EVWUDFW
7KH )O\LQJ�9 QRYHO DLUFUDIW GHVLJQ DLPV DW UHGXFLQJ IXHO FRQVXPSWLRQ E\ DQ LQQRYDWLYH ORZ�GUDJ� IXVHODJH�
IUHH JHRPHWU\� 6RPH SRVVLEOH LVVXHV ZLWK WKH FHUWLILFDWLRQ UHTXLUHPHQWV KDYH EHHQ KLJKOLJKWHG UHODWHG
WR WKH KDQGOLQJ TXDOLWLHV IRU SXOO�XS PDQRHXYHU DQG IOLJKW SDWK DQJOH UHVSRQVH DW ORZ VSHHG�

,Q WKLV UHVHDUFK� WKH PRVW FULWLFDO ($6$ FHUWLILFDWLRQ UHTXLUHPHQWV KDYH EHHQ VHOHFWHG IRU WKH )O\LQJ�
9� WRJHWKHU ZLWK WKHLU DFFHSWDEOH PHDQV RI FRPSOLDQFH� ,Q SDUWLFXODU� VSHFLILF SHUIRUPDQFH DQG KDQGOLQJ
TXDOLWLHV OHYHOV DUH UHTXHVWHG IRU WKH SXOO�XS PDQHXYHU DQG IRU WKH JR�DURXQG WDVN�

:LWK D PDWKHPDWLFDO PRGHO RI WKH )O\LQJ�9 EDVHG RQ WKH YRUWH[ ODWWLFH PHWKRG� D SUHOLPLQDU\ RII�
OLQH DQDO\VLV LV FRQGXFWHG RQ WKH KDQGOLQJ TXDOLWLHV RI WKH )O\LQJ�9� 7KUHH FHQWHU RI JUDYLW\ SRVLWLRQV �
IRUZDUG� QRPLQDO� DQG DIW � DUH WDNHQ LQWR FRQVLGHUDWLRQ EDVHG RQ WKH VDIH VWDELOLW\ OLPLWV VXJJHVWHG E\
SUHYLRXV UHVHDUFK� 7KH DLUVSHHG UDQJH FRQVLGHUHG LV EHWZHHQ ��� DQG ��� 0DFK�

7KH UHVXOWV RI WKH DQDO\VLV VKRZ WKDW WKH EDUH�DLUIUDPH )O\LQJ�9 KDV JRRG H[SHFWHG KDQGOLQJ TXDO�
LWLHV IRU IRUZDUG FHQWHU RI JUDYLW\ SRVLWLRQ DQG KLJKHU DLUVSHHG� +RZHYHU� ZKHQ WKH FHQWHU RI JUDYLW\
LV VKLIWHG DIW DQG WKH DLUFUDIW VORZV GRZQ� WKH KDQGOLQJ TXDOLWLHV GHFOLQH LQWR /HYHO � RU � �DFFRUGLQJ
WR WKH OHYHOV FRQYHQWLRQ RI 0,/�67'�����%�� ,Q SDUWLFXODU� DW WKHVH FRQILJXUDWLRQV WKH )O\LQJ�9 PLJKW
H[KLELW D UDWKHU VOXJJLVK UHVSRQVH� $ SRVVLEOH VRXUFH RI KDQGOLQJ TXDOLWLHV LVVXHV LV LGHQWLILHG LQ WKH
VPDOO VHSDUDWLRQ EHWZHHQ WKH QDWXUDO IUHTXHQFLHV RI WKH VKRUW SHULRG DQG SKXJRLG PRGHV�

3LORWHG VLPXODWLRQV ZLOO EH FDUULHG RXW WR H[WHQG WKLV DQDO\VLV� 7R WHVW WKH SHUIRUPDQFH RI WKH )O\LQJ�
9 DJDLQVW WKH FULWLFDO FHUWLILFDWLRQ UHTXLUHPHQWV DQG WR IXUWKHU XQGHUVWDQG WKH KDQGOLQJ TXDOLWLHV� WKUHH
WDVNV ZLOO EH VLPXODWHG� JR�DURXQG� SLWFK FRQWURO� DQG IOLJKW SDWK DQJOH FRQWURO�

7KH DLUFUDIW ZLOO EH ILUVW VLPXODWHG ZLWK QR FRQWURO DXJPHQWDWLRQ� VLQFH LW PLJKW EH UHTXLUHG WR RE�
WDLQ FHUWLILFDWLRQ� 7KHQ� SLWFK UDWH FRQWURO ZLOO EH WHVWHG IRU LWV SRWHQWLDO WR VROYH WKH VORZ VKRUW SHULRG
IUHTXHQF\ LVVXHV� DQG DXWR�WKURWWOH ZLOO FRQWURO WKH SKXJRLG� %DVHG RQ WKH SUHOLPLQDU\ DQDO\VLV RI WKLV
FRQWURO V\VWHP� SRVVLEOH KDQGOLQJ TXDOLW\ LPSURYHPHQWV DUH H[SHFWHG LI FRPSDUHG WR WKH EDUH DLUIUDPH�
)LQH WXQLQJ DQG RSWLPL]DWLRQ RI WKH FRQWURO V\VWHP ZLOO EH DGGUHVVHG LQ WKH XSFRPLQJ SDUW RI WKLV UH�
VHDUFK �DIWHU WKLV UHSRUW��

7KH H[SHULPHQWV ZLOO EH SHUIRUPHG LQ WKH 6,021$ VLPXODWRU RI 78 'HOIW� ZLWK WKH SDUWLFLSDWLRQ RI
./0 SLORWV� $IWHU WKH H[SHULPHQWV� LW VKRXOG EH FOHDU WR ZKLFK H[WHQW WKH FXUUHQW PRGHO RI WKH )O\LQJ�9
LV FRPIRUWDEOH DQG VDIH WR IO\ DFFRUGLQJ WR SLORWV DQG WR WKH UHJXODWLRQ UHTXLUHPHQWV�

YL





�
,QWURGXFWLRQ

���� &RQWH[W
,Q WKH SDVW� FRQVWDQW LPSURYHPHQWV KDYH EHHQ DFKLHYHG LQ WKH FRQWH[W RI DLUFUDIW IXHO HIILFLHQF\ E\
PHDQV RI QHZ HQJLQHV� DHURG\QDPLFV DQG HFRQRPLFV WHFKQRORJLHV >��@� /DWHO\� WKLV FRQVWDQW WUHQG
KDV EHHQ VORZLQJ GRZQ� DQG DQ LQFUHDVLQJO\ VPDOOHU UHGXFWLRQ RI IXHO FRQVXPSWLRQ KDV EHHQ DFKLHYHG
YLD VXE�V\VWHP RSWLPL]DWLRQ� ,&$2 KDV VHW WKH WDUJHW UHGXFWLRQ LQ IXHO FRQVXPSWLRQ IRU WKH QH[W ��
\HDUV >��@� EXW WKH PRVW UHFHQW SURMHFWLRQV VKRZ WKDW WKHVH JRDOV DUH QRW H[SHFWHG WR EH PHW DW WKH
FXUUHQW SDFH RI LPSURYHPHQW >��@�

7KH )O\LQJ�9 LV D GHVLJQ IRU D IXHO�HIILFLHQW ORQJ�GLVWDQFH WUDYHOOLQJ DLUFUDIW WKDW LV SUHGLFWHG WR LP�
SURYH WKH FXUUHQW IXHO HIILFLHQF\ E\ ������>�@� ,W LV D IO\LQJ�ZLQJ SURWRW\SH ZLWK QR IXVHODJH� LQ ZKLFK
HYHU\WKLQJ� IURP FUHZ WR IXHO DQG SD\ORDG� LV VWRUHG LQ D VLQJOH ZLQJ�VKDSHG VWUXFWXUH >�@� ,WV JHRPHWU\
FRPHV ZLWK WKH DGYDQWDJH RI DQ LPSURYHG OLIW�WR�GUDJ UDWLR FRPSDUHG WR FRQYHQWLRQDO DLUFUDIW >��@� DW WKH
H[SHQVH RI D SRWHQWLDOO\ XQFRQYHQWLRQDO PDQHXYHUDELOLW\� ,Q WKLV UHJDUG� LQ -XQH ���� D VFDOHG PRGHO
IOLJKW WHVW ZDV FRQGXFWHG LQ ZKLFK VRPH SRRU KDQGOLQJ TXDOLWLHV ZHUH QRWHG GXULQJ WKH ODQGLQJ SKDVH�
,Q SDUWLFXODU� 'XWFK�UROO ZDV IRXQG WR EH XQVWDEOH� DQG WKH ORQJLWXGLQDO FRQWUROODELOLW\ DW KLJK DQJOHV RI
DWWDFN ZDV XQVDWLVIDFWRU\ >�@� 7KLV UHVHDUFK IRFXVHV RQ WKH IXOO�VFDOH PRGHO� IRU ZKLFK WKH VFDOHG PRGHO
DQDO\VLV RQO\ SURYLGHV DSSUR[LPDWH TXDOLWDWLYH UHVXOWV�

���� 3XUSRVH RI WKLV UHVHDUFK
7KH QRQ FRQYHQWLRQDO JHRPHWU\ RI WKH )O\LQJ�9 LV VWLOO XQGHU GHYHORSPHQW� 7KH GHVLJQ XVHG LQ WKLV VWXG\
VKRXOG EH GHILQHG DFFRUGLQJ WR WKH UHVHDUFK WKDW KDV EHHQ GRQH LQ WKH SDVW WR RSWLPL]H WKH OLIW�WR�GUDJ
UDWLR DQG WKH KDQGOLQJ TXDOLWLHV� 7KH GHVLJQ RI WKH FRQWURO VXUIDFHV QHHGV D VSHFLDO QRWH� VLQFH LW LV
UHOHYDQW IRU WKH DQDO\VLV RI WKH KDQGOLQJ TXDOLWLHV EXW LW KDV QRW EHHQ RSWLPL]HG \HW� 7KH UHVXOWV RI WKLV
UHVHDUFK VKRXOG FRQWULEXWH WR FXUUHQW DQG IXWXUH GHVLJQ LWHUDWLRQV�

0RUH LQ SDUWLFXODU� WKLV UHVHDUFK DLPV DW WKUHH PDLQ FRQWULEXWLRQV WR WKH ERG\ RI NQRZOHGJH� WR
XQGHUVWDQG KRZ WKH )O\LQJ�9 FRPSDUHV WR WKH FHUWLILFDWLRQ UHTXLUHPHQWV RQ WKH KDQGOLQJ TXDOLWLHV� WR
H[SORUH WKH SRWHQWLDO RI D IOLJKW FRQWURO V\VWHP WR LPSURYH WKH KDQGOLQJ TXDOLWLHV� DQG WR FRQILUP DQG
H[WHQG WKH KDQGOLQJ TXDOLWLHV DQDO\VLV E\ PHDQV RI SLORWHG VLPXODWLRQV�

5HJDUGLQJ DLUZRUWKLQHVV FHUWLILFDWLRQ� WKH UHJXODWRU\ DXWKRULWLHV GHPDQG FRPSOLDQFH WR D VHW RI UH�
TXLUHPHQWV WKDW VKRXOG EH WDNHQ LQWR FRQVLGHUDWLRQ GXULQJ WKH GHVLJQ LWHUDWLRQV� $V D FRQVHTXHQFH�
XQGHUVWDQGLQJ WKH UHOHYDQW DQG FULWLFDO UHTXLUHPHQWV LV NH\ IRU SODQQLQJ XVHIXO H[SHULPHQWV DQG WR FRQ�
WULEXWH WR WKH QH[W VWHSV RI WKH GHVLJQ RI WKH )O\LQJ�9� 'XH WR LWV QRQ FRQYHQWLRQDO FKDUDFWHULVWLFV� WKH
UHJXODWLRQV DQG WKH DFFHSWHG PHDQV RI FRPSOLDQFH VKRXOG EH VHOHFWHG FDUHIXOO\�

$ SUHOLPLQDU\ DQDO\VLV VKRXOG EH GRQH WR SUHSDUH PHDQLQJIXO H[SHULPHQWV DQG WR XQGHUVWDQG ZKDW
WR H[SHFW IURP WKHP� 6LQFH WKLV SUHOLPLQDU\ DQDO\VLV LV GRQH RII�OLQH� ZLWK QR SLORW LQ WKH ORRS� LW LV

�



���� 2UJDQL]DWLRQ RI WKH UHSRUW �

QHFHVVDU\ WR VHOHFW D VHULHV RI FULWHULD DQG SURFHGXUHV WR DQDO\VH WKH KDQGOLQJ TXDOLWLHV DQG LGHQWLI\
FULWLFDO DVSHFWV RI WKH )O\LQJ�9 EHIRUH WKH SLORWHG VLPXODWLRQV ZLOO WDNH SODFH� 1RUPDOO\� WKLV LV GRQH
E\ PHDQV RI FRPPRQ KDQGOLQJ TXDOLWLHV DQDO\VLV FULWHULD� +RZHYHU� WKH )O\LQJ�9 LV D QHZ PRGHO DQG
LWV UHVSRQVH FDQ EH DW\SLFDO� $V D FRQVHTXHQFH� VHOHFWLQJ WKH DSSURSULDWH FULWHULD IRU LWV DQDO\VLV LV
QRW D VWUDLJKW�IRUZDUG SURFHVV� DQG WKHRU\ DQG UHOHYDQFH RI WKH FULWHULD VKRXOG EH FRQVLGHUHG FULWLFDOO\
RQ WKH EDVH RI SUHYLRXV ZRUN GRQH RQ WKH )O\LQJ�9� 7R FRQGXFW WKLV SUHOLPLQDU\ DQDO\VLV� D PDWKHPDWL�
FDO PRGHO RI WKH )O\LQJ�9 LV QHFHVVDU\ DQG WKH LPSOLFDWLRQV RI LWV EDVHOLQH DVVXPSWLRQV VKRXOG EH FOHDU�

%\ PHDQV RI WKH RII�OLQH DQDO\VLV� LW VKRXOG EH SRVVLEOH WR GHWHUPLQH KRZ WKH DLUFUDIW LV H[SHFWHG
WR UHVSRQG WR WKH FULWLFDO PDQRHXYHU RI ORQJLWXGLQDO IOLJKW� LQ SDUWLFXODU SXOO�XS DQG SLWFK WUDFNLQJ� 7KH
TXDOLW\ RI WKH UHVSRQVH FDQ EH FDWHJRUL]HG LQWR KDQGOLQJ TXDOLW\ OHYHOV� DQG WKH RYHUDOO UHVXOWV RI WKH
DQDO\VLV VKRXOG SURYLGH D SLFWXUH RI WKH SUHGLFWHG KDQGOLQJ TXDOLWLHV RI WKH IXOO SLORW�DLUFUDIW V\VWHP�

$ IOLJKW FRQWURO V\VWHP FDQ KDYH DQ LPSDFW RQ WKH KDQGOLQJ TXDOLWLHV RI DQ DLUFUDIW� 7R FRPSOHWH WKH
DQDO\VLV RI WKH KDQGOLQJ TXDOLWLHV RI WKH )O\LQJ�9� WKH SRVVLELOLW\ WR LPSURYH WKHP E\ PHDQV RI DXJPHQWD�
WLRQ VKRXOG EH FRQVLGHUHG� ,Q WKLV UHVSHFW� WKH IOLJKW FRQWURO V\VWHP VKRXOG EH GHVLJQHG WR GHDO ZLWK WKH
LVVXHV WKDW HPHUJH IURP WKH RII�OLQH DQDO\VLV DERYH PHQWLRQHG� DQG GLIIHUHQW WXQLQJ DQG DSSURDFKHV
VKRXOG EH H[DPLQHG LQ RUGHU WR XQGHUVWDQG WKHLU JHQHUDO SRWHQWLDO�

)LQDOO\� SLORWHG VLPXODWLRQV ZLOO FRPSOHPHQW DQG ILQDOL]H WKLV UHVHDUFK� $ WHVW SODQ LV QHHGHG WR
DFFRXQW IRU DOO WKH UHVHDUFK TXHVWLRQV MXVW SUHVHQWHG� VR WKDW WKH KXPDQ�LQ�WKH�ORRS H[SHULPHQWV FDQ
FRQILUP DOO WKH ZRUN GRQH LQ WKH SUHOLPLQDU\ DQDO\VLV� 7KH SLORWHG VLPXODWLRQV DUH KHUH LQWHQGHG WR
UHVHDUFK WKH KDQGOLQJ TXDOLWLHV RI WKH )O\LQJ�9� LWV FRPSOLDQFH ZLWK WKH FHUWLILFDWLRQ UHTXLUHPHQWV� DQG
WKH FDSDELOLWLHV RI D IOLJKW FRQWURO V\VWHP WR LPSURYH LWV UHVSRQVH� 7KH IOLJKW WDVN SHUIRUPHG GXULQJ WKH
VLPXODWLRQV VKRXOG H[KLELW WKH FULWLFDO FKDUDFWHULVWLFV RI WKH )O\LQJ�9 DV WKH\ EHFDPH DSSDUHQW GXULQJ
WKH SUHOLPLQDU\ DQDO\VLV�

���� 2UJDQL]DWLRQ RI WKH UHSRUW
)ROORZLQJ WKLV LQWURGXFWLRQ� LQ &KDSWHU � D VXPPDU\ RI WKH FXUUHQW VWDWH RI WKH DUW RI WKH )O\LQJ�9 LV
SUHVHQWHG� WRJHWKHU ZLWK DQ H[SODQDWLRQ RI WKH JHRPHWULFDO GHVLJQ XVHG LQ WKLV UHVHDUFK�

$ UHYLHZ RI WKH FHUWLILFDWLRQ UHTXLUHPHQWV RI DQ DLUFUDIW LV JLYHQ LQ &KDSWHU �� ZKHUH WKH 0LOLWDU\
6WDQGDUG KDQGERRN� WKH ($6$ &6��� DQG WKH ($6$ $0&�&6��� DUH FRQVLGHUHG WRJHWKHU�

,Q &KDSWHU �� WKH PRVW FRPPRQ PHWKRGV XVHG WR SUHGLFW WKH KDQGOLQJ TXDOLWLHV RI DQ DLUFUDIW DUH
UHYLHZHG LQ WKHLU WKHRUHWLFDO EDFNJURXQG� 7KH YDOLGLW\ DQG VLJQLILFDQFH RI HDFKPHWKRG LV DOVR H[DPLQHG�

&KDSWHU � LQWURGXFHV WKH PDWKHPDWLFDO PRGHO� LWV FRPSXWDWLRQ DQG LWV LPSOHPHQWDWLRQ LQ WKH IRUP RI
LQWHJUDEOH HTXDWLRQV RI PRWLRQ� DQG WKH PDLQ DVVXPSWLRQV EHKLQG WKH DHURG\QDPLF PRGHOOLQJ VRIWZDUH
�2',/,/$� DUH GLVFXVVHG�

7KH PDLQ UHVXOWV RI WKH SUHOLPLQDU\ DQDO\VLV DUH VKRZQ LQ &KDSWHU �� ZKHUH DQ RYHUDOO LQWHUSUHWDWLRQ
RI WKH UHVSRQVH RI WKH )O\LQJ�9 LV JLYHQ DQG WKH PDLQ FRQVHTXHQFHV IRU WKH UHPDLQGHU RI WKLV UHVHDUFK
DUH FRQVLGHUHG�

$ SUHOLPLQDU\ GHVLJQ RI D IOLJKW FRQWURO V\VWHP LV SURSRVHG EDVHG RQ WKH UHVXOWV RI WKH SUHOLPLQDU\
DQDO\VLV DQG RQ D UHYLHZ RI WKH OLWHUDWXUH RI IOLJKW FRQWURO V\VWHP IRU IO\LQJ ZLQJV DQG ZLQJ ERGLHV� 7KH
SRWHQWLDO +4 LPSURYHPHQW RI WKLV GHVLJQ LV SUHVHQWHG LQ &KDSWHU �� ZKLOH ILQH WXQLQJ DQG RSWLPL]DWLRQ
ZLOO EH DGGUHVVHG RQO\ LQ WKH XSFRPLQJ SDUW RI WKH UHVHDUFK�

&KDSWHU � WDNHV LQWR DFFRXQW WKH FRQFOXVLRQV RI DOO WKH SUHYLRXV FKDSWHU WR RXWOLQH WKH SODQ IRU D WHVW
VLPXODWLRQ FDPSDLJQ� ,Q WKLV &KDSWHU WKH &RRSHU�+DUSHU DSSURDFK LV UHYLHZHG� DQ LQLWLDO SODQ IRU WKH
SLORWHG VLPXODWLRQV LV VKRZQ� DQG WKH 6,021$ VLPXODWRU HQYLURQPHQW LV LQWURGXFHG�

)LQDOO\� LQ &KDSWHU � WKH FRQFOXVLRQV RI WKLV SUHOLPLQDU\ UHVHDUFK DUH VXPPDUL]HG� ZLWK D IRFXV RQ
WKH QH[W VWHSV WR EH WDNHQ IRU WKH SUHSDUDWLRQ DQG WKH H[HFXWLRQ RI WKH SLORWHG VLPXODWLRQV�

)RU WKH UHPDLQGHU RI WKLV GRFXPHQW� XQOHVV RWKHUZLVH VWDWHG� WKH WHUP ´KDQGOLQJ TXDOLWLHV´ DQG LWV
DFURQ\P ´+4´ LV XVHG WR UHIHU WR WKH KDQGOLQJ TXDOLWLHV GXULQJ ORQJLWXGLQDO IOLJKW DW ORZ VSHHG FRQILJX�
UDWLRQV�



�
)O\LQJ�9 GHVLJQ

���� &RQFHSW
7KH )O\LQJ�9 FRQFHSW LV D GHVLJQ RI D ORQJ�GLVWDQFH WUDYHOOLQJ DLUFUDIW WKDW LQFRUSRUDWHV DOO WKH SDUWV RI
DQ DLUFUDIW LQ D 9�VKDSHG ERG\� 1RW RQO\ LV WKLV DLUFUDIW SURWRW\SH OLJKWHU WKDQ RWKHU UHIHUHQFH DLUFUDIW
�VXFK DV WKH $���� LGHDOO\ WKH PRVW VLPLODU DLUFUDIW LQ WHUPV RI LQWHQGHG RSHUDWLRQV�� EXW &RPSXWDWLRQDO
)OXLG '\QDPLFV �&)'� VWXGLHV RQ WKH DHURG\QDPLFV RI WKH 9�VKDSHG ERG\ SUHGLFW D UHGXFWLRQ LQ IXHO
FRQVXPSWLRQ XS WR ��� � >��@� >��@��

,W VKDUHV VRPH VLPLODULWLHV ZLWK WKH %OHQGHG :LQJ %RG\ DQG 'HOWD :LQJ DLUFUDIW �IRU LQVWDQFH WKH
RQH GHYHORSHG LQ $LUEXV >��@�� QDPHO\ WKDW WKH\ ERWK DLP DW UHGXFLQJ IXHO FRQVXPSWLRQ E\ PHDQV RI
UHGXFLQJ DHURG\QDPLF UHVLVWDQFH E\ D VPDOOHU UDWLR RI LQIORZ VXUIDFH DUHD RYHU DYDLODEOH YROXPH�

)RU WKHVH LQQRYDWLYH W\SHV RI DLUFUDIWV� WKH KDQGOLQJ TXDOLWLHV SUHVHQW HVVHQWLDOO\ WZR XQLTXH FKDO�
OHQJHV� )LUVW� WKH DSSURDFK WR KDQGOLQJ TXDOLWLHV HYDOXDWLRQ IRU VWDQGDUG DLUFUDIW IROORZV WKH H[WHQVLYH
OLWHUDWXUH DQG H[SHULHQFH WKDW FRPHV IURP GHFDGHV RI VSHFLDOL]DWLRQ LQ WKLV ILHOG RQ WKH VDPH W\SH RI
YHKLFOH� UHVSRQVH DQG FKDUDFWHULVWLFV� 7KLV LV QRW WKH FDVH IRU WKH )O\LQJ�9� VLQFH QR DWWHPSWV DW HYDOX�
DWLQJ LWV KDQGOLQJ TXDOLWLHV KDYH EHHQ PDGH \HW� 6HFRQG� ZKHQ WKH UHVSRQVH RI DQ DLUFUDIW LV QRW NQRZQ
ZLWK SUHFLVLRQ� DV IRU WKH )O\LQJ�9� IHZ DVVXPSWLRQV FDQ EH PDGH RQ WKH ZD\ LW IOLHV� $V D FRQVHTXHQFH�
LW PLJKW EH WKDW IHZHU FRPPRQ SUDFWLFHV FDQ EH DSSOLHG WR WKH DQDO\VLV RI WKLV DLUFUDIW� VLQFH WKH\ PLJKW
EH EDVHG RQ DVVXPSWLRQV WKDW FDQQRW EH WDNHQ LQ WKLV FDVH�

���� &XUUHQW VWDWH RI UHVHDUFK
6LQFH WKH ILUVW LGHD FDPH WR WKH PLQG RI -XVWXV %HQDG LQ ���� >��@� PDQ\ UHVHDUFKHUV RI 78 'HOIW� ./0
DQG $LUEXV KDYH EHHQ IRFXVLQJ RQ WKH UHDOL]DWLRQ RI WKH )O\LQJ�9 �>��@� >��@� >��@� >��@� >��@� >��@� >��@��

)LUVW RI DOO� WKH SUREOHP RI FRPSXWLQJ DQ DHURG\QDPLF PRGHO IRU WKH DLUFUDIW KDV EHHQ VWXGLHG� ,Q KLV
ZRUN� *DU]LD >��@ ZDV WKH ILUVW WR GHVFULEH WKH EHKDYLRXU RI WKH )O\LQJ�9 LQ LWV WHQWDWLYH LQLWLDO JHRPHWU\�
ZRUNLQJ RQ D VSOLQH�LQWHUSRODWHG PRGHO DQG D SRO\QRPLDO�LQWHUSRODWHG PRGHO� )DJJLDQR >��@ FRPSXWHV
WKH H[SHFWHG OLIW�WR�GUDJ UDWLR RI WKLV JHRPHWU\� ILQGLQJ WKDW WKH )O\LQJ 9 $LUFUDIW FDQ KDYH D ��� KLJKHU
OLIW�WR�GUDJ UDWLR WKDQ WKH UHIHUHQFH DLUFUDIW� ,Q KLV ZRUN� D VWXG\ RQ DOO WKH GUDJ IRUFHV RI WKH )O\LQJ�9 LV
JLYHQ IRU WKLV JHRPHWU\� ZKLFK SURYHV XVHIXO LQ &KDSWHU � WR FRUUHFW IRU WKH LQDFFXUDFLHV RI WKH DHURG\�
QDPLF PRGHO�

:LWK WKLV JHRPHWU\� ODWHU LPSURYHG LQ FROODERUDWLRQ ZLWK $LUEXV� &DSSX\QV >��@ QRWLFHG WKDW WKH ORQ�
JLWXGLQDO UHVSRQVH RI WKH DLUFUDIW LPSRVHV D OLPLWHG UDQJH RI ORFDWLRQV IRU LWV FHQWHU RI JUDYLW\ �IRUZDUG
OLPLW LV VHW WR ��� 0$& DQG EDFNZDUG OLPLW WR ����� 0$&� ZKLFK LV QDUURZHU FRPSDUHG WR D FRQYHQ�
WLRQDO DLUFUDIW� VLQFH VWDELOLW\ LV RWKHUZLVH ORVW DQG WKH KDQGOLQJ TXDOLWLHV DUH UHGXFHG�

7KH GLKHGUDO DQJOH EHWZHHQ WKH WZR ZLQJV LV D NH\ SDUDPHWHU LQ WKH GHVLJQ RI WKH )O\LQJ�9� )RU WKH
JHRPHWU\ XVHG LQ WKLV UHVHDUFK� WKH GLKHGUDO DQJOH KDV EHHQ VXJJHVWHG E\ %RXUJHW >��@� +H LQYHV�

�



���� )O\LQJ�9 GHVLJQ IRU WKLV UHVHDUFK �

WLJDWHG WKH LQIOXHQFH RI ODQGLQJ JHDUV RQ WKH )O\LQJ�9 DHURG\QDPLFV� VWDELOLW\ DQG FRQWUROODELOLW\� +LV
ILQGLQJV KLJKOLJKWHG D FRUUHODWLRQ EHWZHHQ WKH DLUSODQH GLKHGUDO DQG WKH UHTXLUHG PDVV RI WKH ODQGLQJ
JHDU� %\ PHDQV RI WKH DQDO\VLV RI WZR GLIIHUHQW GLKHGUDO FRQILJXUDWLRQV� LW ZDV GHWHUPLQHG WKDW WKH
RULJLQDO JHRPHWU\ RI WKH )O\LQJ�9 UHTXLUHV UHODWLYHO\ KLJK ODQGLQJ JHDUV �ODQGLQJ JHDU PDVV ��� ELJJHU
WKDQ UHIHUHQFH DLUFUDIW�� ZKHUHDV ZLWK DQ LQFUHDVHG GLKHGUDO LW ZRXOG UHTXLUH D ODQGLQJ JHDU ZLWK ��
OHVV PDVV WKDQ UHIHUHQFH DLUFUDIW� %RXUJHW¶V ZRUN LV DOVR KHOSIXO IRU WKH LQWHJUDWLRQ RI WKH ODQGLQJ JHDUV
LQWR WKH VLPXODWLRQ PRGHO�

3DOHUPR >��@ DQG 3DVFXDO >��@ ZRUNHG RQ D ���� VFDOHG PRGHO RI WKH )O\LQJ�9� ZLWK ����P ZLQJ
VSDQ� ����P OHQJWK DQG ����NJ ZHLJKW� 7KH RXWFRPH RI 3DOHUPR¶V DQDO\VLV LV SDUWLFXODUO\ UHOHYDQW IRU
WKLV UHVHDUFK� VLQFH LW FRQVLVWV LQ WKH DQDO\VLV RI WKH ORQJLWXGLQDO VWDWLF VWDELOLW\ DQG FRQWURO FKDUDFWHULV�
WLFV RI WKH DLUSODQH IRU D ODUJH UDQJH RI DQJOHV RI DWWDFN ���� GHJUHHV WR ��� GHJUHHV�� $PRQJ WKH RWKHU
ILQGLQJV� LW LV ZRUWK PHQWLRQLQJ WKDW ZLWK WKH FHQWHU RI JUDYLW\ DW ���� PHWHUV IURP WKH QRVH �������0$&�
SURSRVHG PRVW IRUZDUG ORFDWLRQ� DQG DW ���� PHWHUV ������� �0$&�� WKH PRGHO FDQ SURGXFH D PD[L�
PXP OLIW FRHIILFLHQW RI DERXW ��� DQG ��� UHVSHFWLYHO\ LQ D VWDWLFDOO\ VWDEOH FRQILJXUDWLRQ� ZKLFK JLYHV DV
D ILUVW YDOLGDWLRQ RI WKH IXOO DLUFUDIW PRGHO XVHG KHUH �VHH &KDSWHU ���

5RE 9LHW >��@ DOVR ZRUNHG RQ WKH ���� VFDOHG PRGHO� +H LGHQWLILHG WKH RSWLPDO SRVLWLRQ RI WKH FHQWHU
RI JUDYLW\ DW ����� PHWHUV EHKLQG WKH QRVH� VWDOO VSHHG RI ���� P�V �DJDLQ� IRU WKH ���	 VFDOH PRGHO� DW
DQ DQJOH RI DWWDFN RI ���� GHJUHHV DQG VDIH VWDOO �DLUFUDIW VWLOO LQ LWV VWDEOH UDQJH RI DQJOH RI DWWDFN� RI
���� P�V DW ���� GHJUHHV DQJOH RI DWWDFN� 7KH UHVHDUFK RQ WKH VFDOHG PRGHO GRHV QRW GLUHFWO\ WUDQVODWH
LQWR WKH IXOO PRGHO� IRU ZKLFK D VFDODELOLW\ DQDO\VLV LV QHHGHG� KRZHYHU� LW LV XVHIXO WR XVH WKHVH QXPEHUV
DV DQ DSSUR[LPDWH UHIHUHQFH IRU WKH YDOLGDWLRQ RI WKH IXOO PRGHO� ,Q WKLV VHQVH� VWDOO DQJOH RI DWWDFN LV
DVVXPHG WR EH KLJKHU WKDQ �� GHJUHHV� EXW IXWXUH VWDOO DQDO\VLV RQ WKH IXOO PRGHO LV UHFRPPHQGHG �DV
H[SODLQHG LQ &KDSWHU ���

3DVFXDO >��@� RQ WKH RWKHU KDQG� KLJKOLJKWHG WKH LPSRUWDQFH RI WKH ORFDWLRQ RI WKH HQJLQHV� VLQFH
PLVSODFHG HQJLQHV FDQ UHGXFH WKH OLIW FRHIILFLHQW XS WR ��� RI WKH LGHDO FRQILJXUDWLRQ� 7KH RSWLPDO
ORFDWLRQ RI WKH HQJLQH ZDV IRXQG WR UHGXFH WKH OLIW�WR�GUDJ UDWLR RI ���� 6XFK ORFDWLRQ LV WKH SURGXFW RI
D FRPSURPLVH RI FRQWUROODELOLW\� VWUXFWXUH DQG SUREDELOLW\ RI LPSDFW� 7KH SRVLWLRQ RI WKH HQJLQHV LQ WKH
PRGHO XVHG IRU WKLV UHVHDUFK FRPHV IURP 3DVFXDO¶V ZRUN�

$W WKH WLPH RI ZULWLQJ RI WKLV UHSRUW� WKHUH DUH IRXU RQJRLQJ VWXGLHV UHODWHG WR FRQWUROV� LGHQWLILFDWLRQ
DQG VLPXODWLRQ RI WKH )O\LQJ�9 >�@� 9DQ 2YHUHHP LV GHVLJQLQJ D VWDELOLW\ DQG FRQWURO DXJPHQWDWLRQ V\V�
WHP IRU WKH VFDOHG PRGHO EDVHG RQ ZLQGWXQQHO DQG IOLJKW WHVW GDWD� 9XJWV LV LQYHVWLJDWLQJ WKH JHQHUDO
ORQJLWXGLQDO KDQGOLQJ TXDOLWLHV ZLWK D EDVLF FRQWURO V\VWHP DQG D SLORW�LQ�WKH�ORRS FRQILJXUDWLRQ� -RRVWHQ
LV IRFXVLQJ RQ WKH HYDOXDWLRQ RI ODWHUDO�GLUHFWLRQDO KDQGOLQJ TXDOLWLHV� 6LHPRQVPD LV ZRUNLQJ RQ V\VWHP
LGHQWLILFDWLRQ IRU WKH IXOO PRGHO RI WKH )O\LQJ�9� 7KH RXWFRPHV RI WKHVH VWXGLHV DUH H[SHFWHG WR EH DYDLO�
DEOH LQ WKH ILUVW KDOI RI �����

���� )O\LQJ�9 GHVLJQ IRU WKLV UHVHDUFK
,Q WKLV SURMHFW� WKH PRGHO XVHG IRU DQDO\VLV DQG VLPXODWLRQ LV EDVHG RQ WKH VDPH GHVLJQ LWHUDWLRQ RI
WKH )O\LQJ�9 WKDW ZDV XVHG IRU &DSSX\QV¶ >��@ UHVHDUFK� ,W LV MXVWLILHG E\ WKH ILQGLQJV VXPPDUL]HG LQ
WKH SUHYLRXV VHFWLRQ� ZLWK WKH DGGLWLRQ RI WKH HQJLQHV LQ WKH SRVLWLRQ IRXQG E\ 5XELR >��@� (QJLQHV DQG
ODQGLQJ JHDU GR QRW LQIOXHQFH WKH DHURG\QDPLFV FRPSXWDWLRQ RI &KDSWHU ��

7KH FRQILJXUDWLRQ FKRVHQ IRU WKLV UHVHDUFK LV VKRZQ LQ )LJXUH ���� WKH FRQWURO VXUIDFHV FRQILJXUDWLRQ
LV GLVSOD\HG LQ )LJXUH ���� DQG WKH GHVLJQ SDUDPHWHUV DUH JLYHQ LQ 7DEOH ���� 1RWLFH WKH WKUHH FRQWURO
VXUIDFHV RQ HDFK ZLQJ� RQH LV D YHUWLFDO UXGGHU�OLNH VXUIDFH ZKLFK VHUYHV DV D UXGGHU �VHH )LJXUH �����
ZKLOH WZR VXUIDFHV VHUYH ERWK DV HOHYDWRUV DQG DLOHURQV �VHH )LJXUH ����� DQG DUH FRQVHTXHQWO\ FDOOHG
´HOHYRQV´� ,Q DQ DWWHPSW WR LQFUHDVH WKH DFFXUDF\ RI WKLV DQDO\VLV� DFWXDWRUV DQG HQJLQHV DUH PRG�
HOOHG WRR� LQ WKH IRUP RI ILUVW RUGHU ODJ WUDQVIHU IXQFWLRQV ZLWK WLPH FRQVWDQWV HTXDO WR ဆፚ፜፭  ���൱ DQG
ဆ፞፧፠  ��൱ UHVSHFWLYHO\� 7KH OLPLW IRU WKH GHIOHFWLRQ RI WKH DFWXDWRU LV DVVXPHG WR EH VWDQGDUG� KHQFH
LW LV KHUH VHW DV ࿶፥።፦  ��GHJ� +RZHYHU� WKLV ZLOO RQO\ EH UHOHYDQW IRU WKH SLORWHG VLPXODWLRQV� VLQFH WKH



���� )O\LQJ�9 GHVLJQ IRU WKLV UHVHDUFK �

GHIOHFWLRQ OLPLWV DUH GLVUHJDUGHG GXULQJ WKLV SUHOLPLQDU\ DQDO\VLV IRU VLPSOLFLW\� ,W VKRXOG EH QRWHG WKDW
LQ RWKHU ZRUNV RQ EOHQGHG ZLQJ ERGLHV >��@� LW ZDV KLJKOLJKWHG WKDW IO\LQJ ZLQJV UHTXLUH D SDUWLFXODUO\
FRPSOH[ FRQWURO V\VWHP WKDW WDNHV LQWR DFFRXQW WKH LVVXHV UHODWHG WR OLPLWHG FRQWURO DXWKRULW\� DOORFDWLRQ�
DQG FRQWURO VXUIDFH VL]LQJ�

7KH WZRIROG DFWLRQ RI WKH IRXU HOHYRQV DV ERWK HOHYDWRUV DQG DLOHURQV UDLVHV D FRQWURO DOORFDWLRQ
TXHVWLRQ RQ KRZ WR RSWLPL]H WKHLU XVH� ,Q SULQFLSOH� WKH LGHD LV WR UHJXODWH HDFK DFWXDWRU EDVHG RQ
WKHLU HIILFLHQF\ HLWKHU DV D HOHYDWRUV RU DV DLOHURQV� +RZHYHU� WKLV ZRXOG LQYROYH WKH DQDO\VLV RI ODWHUDO�
GLUHFWLRQDO UHVSRQVH RI WKH DLUFUDIW� ZKLFK LV QRW LQ WKH VFRSH RI WKLV UHVHDUFK� DQG DFFXUDWH FRQWURO
VXUIDFH PRGHOV� ZKLFK LV QRW WKH FDVH IRU WKLV )O\LQJ�9 JHRPHWU\ VLQFH WKH VL]H RI WKH DFWXDWRUV LV QRW
GHILQHG \HW� 7R VLPSOLI\ WKLV DQDO\VLV DQG WR VWXG\ WKH IXOO SRWHQWLDO RI WKH IRXU HOHYRQV IRU ORQJLWXGLQDO
IOLJKW� LW LV DVVXPHG WKDW FRQWURO LV HTXDOO\ DOORFDWHG DPRQJ WKH IRXU VXUIDFHV� $V D FRQVHTXHQFH� WKH
IRXU GHIOHFWLRQV FDQ DOO EH GHVFULEHG ZLWK D VLQJOH DFWXDWLRQ DQJOH� DQG SLORW¶V ORQJLWXGLQDO FRQWURO FDQ
EH PDSSHG HTXDOO\ RQ DOO WKH IRXU HOHYRQV� 7KLV FRQWURO LV DOZD\V V\PPHWULFDO� ZKLFK PHDQV WKDW WKH
IRXU HOHYRQV DUH HVVHQWLDOO\ XVHG WRJHWKHU DV RQH HOHYDWRU�

)LJXUH ���� )O\LQJ�9� WKUHH YLHZ UHQGHUV DGRSWHG IURP 78 'HOIW� ³)O\LQJ�9� IO\LQJ ORQJ GLVWDQFHV HQHUJ\�HIILFLHQWO\´� � -XQH �����
KWWSV���ZZZ�WXGHOIW�QO�HQ�DH�IO\LQJ�Y�

7DEOH ���� 'HVLJQ 3DUDPHWHUV IRU )O\LQJ�9 FRQFHSWXDO GHVLJQ� )URP &DSSX\QV� ������ >��@

3DUDPHWHU 9DOXH 8QLW
/HQJWK �� P
:LQJVSDQ �� P
+HLJKW �� P
3D[ ��� �
)XHO &DSDFLW\ ������� O
&DUJR &DSDFLW\ ��� Pኽ

'HVLJQ 0DFK QXPEHU ���� �
&UXLVH DOWLWXGH ������ IW



���� )O\LQJ�9 GHVLJQ IRU WKLV UHVHDUFK �

)LJXUH ���� )O\LQJ�9 HOHYRQ GLPHQLRQV� )URP &DSSX\QV� ������ >��@

$GYDQWDJHV DQG OLPLWV RI WKLV JHRPHWU\ KDYH EHHQ H[SODLQHG LQ WKH SUHYLRXV VHFWLRQ� ZKHUH LW ZDV
VKRZQ WKDW SUHYLRXV UHVHDUFK IRFXVHG RQ RSWLPL]LQJ WKH OLIW�WR�GUDJ UDWLR DQG RQ OLPLWLQJ SRVVLEOH FRQWURO
UHODWHG LVVXHV� $GGLWLRQDOO\� &DSSX\QV¶ UHVHDUFK LGHQWLILHV VRPH FULWLFDO GLVDGYDQWDJHV RI WKLV JHRPHWU\
DV FRPSDUHG WR VRPH DQDO\VLV FULWHULD DQG WR ($6$ &HUWLILFDWLRQ 5HTXLUHPHQWV �&6���� >�@�� $FFRUGLQJ
WR KLV ZRUN� WKH SXOO�XS PDQRHXYHU �&6�������� LV FULWLFDO IRU WKH )O\LQJ�9� VLQFH ´ZKHQ HOHYRQV � DQG �
ZHUH GHIOHFWHG WR WKHLU PD[LPXP GHIOHFWLRQV LQ DSSURDFK� WKH ORVV LQ OLIW ZDV VR VLJQLILFDQW WKDW WKH DLU�
FUDIW FRXOG ORVH XS WR WHQV RI PHWHUV RI DOWLWXGH DQG LQLWLDOO\ JR VLJQLILFDQWO\ EHORZ � J�´� 7KH UHTXLUHPHQWV
RQ WKH SXOO�XS PDQRHXYHU ZLOO EH SUHVHQWHG� WRJHWKHU ZLWK WKH RWKHU UHOHYDQW UHTXLUHPHQWV� LQ FKDSWHU ��
0RUHRYHU� &DSSX\QV KLJKOLJKWV WKDW WKH +4 DV SUHGLFWHG E\ WKH &RQWURO $QWLFLSDWLRQ 3DUDPHWHU �&$3��
WHQG WR IDOO LQWR OHYHO � RU � IRU WKH VORZHVW FRQILJXUDWLRQV� 'XH WR LWV VLJQLILFDQFH� WKH DQDO\VLV E\ PHDQV
RI WKH &$3 ZLOO EH UHSHDWHG LQ &KDSWHUV � DQG � DQG H[SDQGHG ZLWK DGGLWLRQDO SDUDPHWHUV�



�
&HUWLILFDWLRQ 5HTXLUHPHQWV

���� 3XUSRVH RI FHUWLILFDWLRQ UHTXLUHPHQWV
$VVHVVLQJ WKH VDIHW\ RI DQ DLUSODQH LV QRW D VWUDLJKWIRUZDUG SURFHVV� 5HJDUGLQJ IOLJKW G\QDPLFV� WKH
FRQFHSW RI ´VDIHW\´ YDULHV GHSHQGLQJ RQ WKH LQWHQGHG SXUSRVH RI WKH DLUSODQH� 2YHUDOO� LW DOZD\V FRPHV
GRZQ WR D FRPSOH[ WUDGH�RII EHWZHHQ PDQHXYHUDELOLW\� VWDELOLW\ DQG SHUIRUPDQFH WKDW� LQ RQH WHUP� LV
FDOOHG +DQGOLQJ 4XDOLWLHV�

7KH UHJXODWRU\ DXWKRULWLHV �($6$� )$$� SXEOLVK UHTXLUHPHQWV RQ +DQGOLQJ 4XDOLWLHV WKDW DUH WKRXJKW
IRU VWDQGDUG DLUFUDIW �L�H� ZLWK IXVHODJH DQG XVXDO IOLJKW G\QDPLFV�� DQG WKHLU DSSOLFDWLRQ LV QRW DOZD\V
VWUDLJKW�IRUZDUG IRU QHZ SURWRW\SHV VXFK DV WKH )O\LQJ�9� )RU LQVWDQFH� WKH FRQFHSW RI ´HOHYRQV´ LV QHYHU
PHQWLRQHG LQ WKH ($6$ UHTXLUHPHQWV� +RZHYHU� LW LV UHFRPPHQGHG IRU WKH DFFHSWDQFH RI WKH )O\LQJ�9
DV D FRPPHUFLDO PHDQV RI WUDQVSRUWDWLRQ WKDW LW GRHV QRW GHYLDWH IURP WKH VWDQGDUG UHTXLUHPHQWV� VR
WKDW DLUZRUWKLQHVV ZLOO EH HDVLHU WR DFKLHYH�

���� ($6$ &6���
)HGHUDO $YLDWLRQ $GPLQLVWUDWLRQ �)$$� LQ WKH 86$ DQG (XURSHDQ 8QLRQ $YLDWLRQ 6DIHW\ $JHQF\ �($6$�
LQ (XURSH HDFK KDYH WKHLU RZQ VHW RI UHTXLUHPHQWV� ,Q WKLV VWXG\ WKH RQO\ UHTXLUHPHQWV RI LQWHUHVW DUH
WKRVH UHODWHG WR IOLJKW�

6LQFH WKH )O\LQJ�9 LV FRPSDUDEOH LQ VL]H� XVH DQG SHUIRUPDQFH WR WKH $LUEXV $���� WKH UHTXLUHPHQWV
DJDLQVW ZKLFK WKLV DLUSODQH ZDV FHUWLILHG FDQ EH FRQVLGHUHG UHOHYDQW IRU WKH )O\LQJ�9 DV ZHOO� ,Q SDU�
WLFXODU� WKH UHIHUHQFH UHJXODWLRQ IRU WKH $��� LV WKH &6��� SXEOLVKHG E\ ($6$ >�@� 7KH FRUUHVSRQGLQJ
UHJXODWLRQ E\ )$$ LV WKH 3$57���� %HWZHHQ WKH WZR� &6��� DQG )$5���� RQO\ VRPH PLQRU GLIIHUHQFHV
DUH SUHVHQW �VHH >��@�� DQG LQ JHQHUDO ($6$ VHHPV VOLJKWO\ VWULFWHU RQ VRPH UHTXLUHPHQWV� +HQFH LW
PDNHV VHQVH WR WU\ WR DELGH E\ WKH (XURSHDQ VWDQGDUGV�

&6��� UHTXLUHPHQWV DUH IDLUO\ JHQHULF RQ FRQWUROODELOLW\ DQG PDQHXYHUDELOLW\� )RU LQVWDQFH�

� ($6$ &6 ������� ³&RQWUROODELOLW\ DQG 0DQRHXYUDELOLW\´�
�6HH $0& �������D��� 7KH DHURSODQH PXVW EH VDIHO\ FRQWUROODEOH DQG PDQRHXYUDEOH GXULQJ
&OLPE� /HYHO )OLJKW� 'HVFHQW DQG /DQGLQJ�

7R FRPSOHPHQW WKHVH UHTXLUHPHQWV� KRZHYHU� WKH ($6$ ³$FFHSWDEOH 0HDQ RI &RPSOLDQFH $0&�
��´ >�@�RU WKH FRUUHVSRQGLQJ )$$ ³)OLJKW 7HVW *XLGH IRU &HUWLILFDWLRQ RI )$5��� $LUSODQHV´ >��@� SURYLGH
RSHUDWLRQDO SURFHGXUHV WR GHPRQVWUDWH FRPSOLDQFH ZLWK &6����

1RZ� IURP WKH FRPELQHG $0&��� DQG &6���� D IHZ PDQHXYHUV DSSHDU UHOHYDQW EDVHG RQ WKH VFRSH
RI WKLV UHVHDUFK DQG RQ SUHYLRXV UHVXOWV RQ WKH )O\LQJ�9�

�� 5HDFK ���� FOLPE GXULQJ DSSURDFK LQ ODQGLQJ FRQILJXUDWLRQ �&6�������� $0&��������

�



���� 0,/�67' �

�� 3XOO�XS WR ���J DQG SXVKRYHU WR ���J LQ ODQGLQJ FRQILJXUDWLRQ �&6��������M��� DQG &6��������M����
$0&����������F��

�� &RQGXFW IXOO DSSURDFK DQG ODQGLQJ�JR�DURXQG PXOWLSOH WLPHV ZLWK GLIIHUHQW FRQILJXUDWLRQV � &6
������� $0&����������H� WR �K��

�� 6KRZ WULP LQ D QXPEHU RI FRQILJXUDWLRQV �&6��������F����� $0&�����������

�� 6KRZ VWDWLF VWDELOLW\ DIWHU DFKLHYLQJ WULP LQ D QXPEHU RI FRQILJXUDWLRQV �&6��������D� WKURXJK �G��
$0&�����������

)URP WKLV OLVW� ��� DQG ��� �FOLPE DQG SXOO�XS SHUIRUPDQFH� KDYH EHHQ SUHYLRXVO\ REVHUYHG DV FULWLFDO
E\ &DSSX\QV >��@� )URP KLV SUHOLPLQDU\ FDOFXODWLRQV� WKH SRVLWLRQ RI WKH &* LV OLPLWHG E\ WKLV UHTXLUH�
PHQWV� VLQFH WKH )O\LQJ�9 FDQQRW HDVLO\ DWWDLQ D IDVW SXOO�XS DFFHOHUDWLRQ DQG VHYHUDO WHQV RI PHWHUV DUH
ORVW IURP WKH SXOO�XS LQSXW RI WKH SLORW WR WKH DFWXDO FOLPE�

)RFXVLQJ RQ PDQHXYHU ��� LV HQFRXUDJHG E\ WKH RXWFRPH RI WKH ���� VFDOHG PRGHO IOLJKW� ZKHUH
GLUHFW�OLIW FRQWURO ZDV REVHUYHG DQG WKH ODQGLQJ IDLOHG� 0RUHRYHU� LW LV UHSUHVHQWDWLYH RI WKH ORZ�VSHHG
IOLJKW HQYHORSH VWXGLHG LQ WKLV UHVHDUFK�

7KH IDLOHG ODQGLQJ RI WKH ���� VFDOHG PRGHO IOLJKW WHVW KLQWV DW VRPH FULWLFDOLWLHV LQ PDQHXYHU ����
ZKLFK DOVR UHSUHVHQWV WKH PDLQ UDWLRQDOH RI WKLV UHVHDUFK�

7DVNV ��� DQG ��� DUH UHOHYDQW IRU SLORWHG VLPXODWLRQV� ,Q IDFW� LW LV GLIILFXOW WR HYDOXDWH WKH TXDOLW\ RI WKH
WUDQVLWLRQ EHWZHHQ GLIIHUHQW WULP FRQGLWLRQV ZLWKRXW SLORW UDWLQJ� DQG SLORWHG VLPXODWLRQV DUH SDUWLFXODUO\
XVHIXO IRU WKH DQDO\VLV RI WKLV NLQG RI WDVNV�

)RU DOO WKHVH WDVNV� WKH UHTXLUHPHQW HVVHQWLDOO\ VWDWHV WKDW WKH KDQGOLQJ TXDOLWLHV PXVW EH RSWLPDO
GXULQJ DOO WKH PDQHXYHUV DQG WKH DLUSODQH PXVW EH ´VDIHO\ FRQWUROODEOH DQG PDQHXYHUDEOH´�

7KLV OLVW RI UHTXLUHPHQW ZLOO EH GHWHUPLQDQW IRU WKH GHILQLWLRQ RI WKH VLPXODWLRQ WDVNV �VHH &KDSWHU
��� 7KH H[SHULPHQWV ZLOO EH GHVLJQHG LQ RUGHU WR LQFOXGH WKH H[HFXWLRQ RI PDQHXYHUV ZKLFK DLP DW
LQYHVWLJDWLQJ WKH SHUIRUPDQFH RI WKH )O\LQJ�9 DV FRPSDUHG WR WKHVH UHTXLUHPHQWV�

:KLOH ($6$ VXJJHVWV WKH PHDQV RI FRPSOLDQFH WR PHHW WKH UHTXLUHPHQWV� WKH YDVW PDMRULW\ RI
WKHVH UHJXODWLRQV GR QRW SURYLGH GLUHFW DQG PHDVXUDEOH PHWKRGV WR SUHGLFW WKH FRPSOLDQFH RI DQ DLU�
FUDIW� +RZHYHU� EHIRUH SLORW¶V DVVHVVPHQWV RI KDQGOLQJ TXDOLWLHV� D VR FDOOHG ³RII�OLQH´ HYDOXDWLRQ FDQ EH
SHUIRUPHG E\ PHDQV RI VRPH FULWHULD IRU WKH UHVSRQVH RI WKH DLUFUDIW� QRUPDOO\ ZLWK QR QHHG RI KXPDQ
LQSXWV WR WKH V\VWHP� ,Q JHQHUDO� VLQFH QR VSHFLILF SUHOLPLQDU\ DQDO\VLV RI WKLV VRUW DUH UHTXLUHG E\ ($6$
RU )$$� WKHVH ´RII�OLQH HYDOXDWLRQ´ FULWHULD FDQ EH VHOHFWHG IURP GLIIHUHQW VRXUFHV� WKH PRVW FRPPRQ
EHLQJ PLOLWDU\ SXEOLFDWLRQV VXFK DV WKH ´)O\LQJ 4XDOLWLHV RI 3LORWHG $LUFUDIW´ E\ WKH $PHULFDQ 'HSDUWPHQW
RI 'HIHQVH >��@� LQWURGXFHG LQ WKH QH[W VHFWLRQ�

)RU UHIHUHQFH� D VLPLODU DSSURDFK WR GHVLJQ E\ KDQGOLQJ TXDOLWLHV FHUWLILFDWLRQ IRU QRQ FRQYHQWLRQDO
DLUFUDIW KDV EHHQ DGRSWHG E\ UHVHDUFKHUV VXFK DV 6DXFH] >��@ �$LUEXV %:% KDQGOLQJ TXDOLWLHV DQDO\VLV�
DQG 6FKPROOJUXEHU >��@ �DLUFUDIW GHVLJQ SURFHVV RSWLPL]DWLRQ ZLWK FHUWLILFDWLRQ FRQVWUDLQWV�� ,Q KLV ZRUN
RQ EOHQGHG ZLQJ ERGLHV� &KHQ >��@ SRLQWV RXW WKDW� RIWHQ� WKHVH DLUFUDIW PRGHOV FDQQRW SURYLGH KLJK
HQRXJK PD[LPXP OLIW FRHIILFLHQW DV UHTXLUHG E\ WKH UHJXODWLRQV RQ ODQGLQJ SHUIRUPDQFH�

���� 0,/�67'
7KLV SXEOLFDWLRQ� FRPPRQO\ UHIHUUHG WR DV ´0LOLWDU\ 6WDQGDUG ����%´� ´0,/�67' ����%´ RU VLPSO\ ´0,/�
67'´� FRQWDLQV DQ H[WHQVLYH FROOHFWLRQ RI PDWKHPDWLFDO FULWHULD WKDW KDYH EHHQ HPSLULFDOO\ DVVRFLDWHG
ZLWK FHUWDLQ OHYHOV RI KDQGOLQJ TXDOLWLHV� 7KHVH FULWHULD� ZKLFK ZLOO EH IXUWKHU H[SODLQHG DQG XVHG LQ
&KDSWHUV � DQG �� SURYLGH WKH WRROV WR PDS FHUWDLQ DLUFUDIW UHVSRQVH FKDUDFWHULVWLFV LQWR RQH RXW RI
WKUHH KDQGOLQJ TXDOLWLHV OHYHOV� :KHUH XVHG LQ WKH UHPLQGHU RI WKLV UHSRUW� WKH FRQYHQWLRQ IRU WKHVH
OHYHOV LV DV IROORZV �EDVHG RQ WKH 0,/�67'��

� /HYHO �� KDQGOLQJ TXDOLWLHV FOHDUO\ DGHTXDWH IRU WKH PLVVLRQ IOLJKW SKDVH�

� /HYHO �� KDQGOLQJ TXDOLWLHV DGHTXDWH WR DFFRPSOLVK WKH PLVVLRQ IOLJKW SKDVH� EXW ZLWK DQ LQFUHDVH
LQ SLORW ZRUNORDG DQG�RU GHJUDGDWLRQ LQ PLVVLRQ HIIHFWLYHQHVV�



���� )O\�E\�:LUH �

� /HYHO �� 'HJUDGHG KDQGOLQJ TXDOLWLHV� EXW VXFK WKDW WKH DLUSODQH FDQ EH FRQWUROOHG� LQDGHTXDWH
PLVVLRQ HIIHFWLYHQHVV DQG KLJK� RU OLPLWLQJ� SLORW ZRUNORDG�

���� )O\�E\�:LUH
3DUW RI WKH UHTXLUHPHQWV RI &6��� DUH UHODWHG WR FRQWURO IRUFHV� $V DQ H[DPSOH RI WKLV� WKH UHTXLUHPHQWV
RI ($6$ &6 �������G� DUH VKRZQ LQ WKH IROORZLQJ WDEOH�

� ($6$ &6 �������G�� ´7KH IROORZLQJ WDEOH SUHVFULEHV� IRU FRQYHQWLRQDO ZKHHO W\SH FRQWUROV� WKH
PD[LPXP FRQWURO IRUFHV SHUPLWWHG GXULQJ WKH WHVWLQJ UHTXLUHG E\ VXE�SDUDJUDSKV �D� WKURXJK �F�
RI WKLV SDUDJUDSK� �6HH $0& �������G��´ �

$Q\ZD\� LW LV H[SHFWHG WKDW WKH )O\LQJ�9 ZLOO EH FRQWUROOHG ZLWK D )O\�E\�:LUH V\VWHP� LQ ZKLFK WKH
FRQFHSW RI OLPLWLQJ WKH FRQWURO IRUFHV LV OHVV GHILQHG VLQFH WKH FRQWURO V\VWHP FDQ EH WXQHG WR DOWHU WKH
LQSXW UHTXLUHPHQW� )RU WKLV UHDVRQ� LW LV GHFLGHG IRU WKLV UHVHDUFK QRW WR IRFXV RQ SDUWV RI WKH &6���
ZKLFK UHJXODWH FRQWURO IRUFHV� +RZHYHU� WKHVH OLPLWV SURYH XVHIXO DV KDQGOLQJ TXDOLWLHV FULWHULD WR WXQH
WKH IHHO V\VWHP� ,Q IDFW� IHHO V\VWHP IRU WKH VLPXODWLRQV SUHVHQWHG LQ 6HFWLRQ ����� ZLOO EH WXQHG DFFRUG�
LQJ WR WKHVH FULWHULD�

7R JXDUDQWHH WKH VDIHW\ RI WKH )O\�E\�:LUH V\VWHP KHUHE\ DVVXPHG� LW LV FRPPRQ SUDFWLFH �VHH
IRU H[DPSOH $LUEXV $��� DQG %RHLQJ %���� WR GHVLJQ D UHGXQGDQW )OLJKW &RQWURO 6\VWHP� IRU LQVWDQFH
E\ PHDQV RI D GXSOH[ )%: V\VWHP �)&&� VHQVRUV� ���� ZLWK D PHFKDQLFDO EDFNXS PRGH� RU D WULSOH[
RU TXDGUXSOH[ )%: V\VWHP ZLWKRXW D PHFKDQLFDO EDFNXS PRGH� 7KH )OLJKW $XJPHQWDWLRQ 6\VWHP LV
GHVLJQHG IRU UHGXQGDQF\ VR WKDW GLIIHUHQW FRQWURO ODZV DUH DFWXDWHG IRU GLIIHUHQW IDLOXUH FRQGLWLRQV� )RU
H[DPSOH �$����� WZR $OWHUQDWH /DZ� D 'LUHFW /DZ DQG D 0HFKDQLFDO %DFN�8S /DZ H[LVW LQ WKH FDVH WKDW
D IDLOXUH KDSSHQV LQ RQH DFWXDWRU �$OW� /DZ ��� ERWK HQJLQHV RU WZR VHQVRUV �$OW� /DZ ��� WZR DFWXDWRUV
RU DOO VHQVRUV �'LUHFW /DZ�� RU WKHUH LV D WHPSRUDU\ ORVV RI SRZHU WKDW IRUFHV WKH )&& WR UHVHW �0HFKDQ�
LFDO %DFN�XS /DZ��

,Q FRQFOXVLRQ� WKH PDLQ FRQVHTXHQFH RI DGRSWLQJ D )O\�E\�:LUH V\VWHP LV WKDW WKH UHJXODWRU\ DX�
WKRULW\ PLJKW GHPDQG VRPH KDQGOLQJ TXDOLWLHV UHTXLUHPHQWV IRU WKH PRVW GHJUDGHG FRQWURO ODZ� VXFK
DV WKH 0HFKDQLFDO %DFN�XS� $V ZLOO EH GHVFULEHG &KDSWHU �� WKH EDUH DLUIUDPH UHVSRQVH RI WKH DLUFUDIW
VKRZV VRPH SRVVLEOH FRQWURO LVVXHV� +HQFH� LW LV FOHDU WKDW SLORWHG HYDOXDWLRQV RI WKH QRQ�DXJPHQWHG
)O\LQJ�9 DUH QHFHVVDU\ WR JHW WKH IXOO SLFWXUH RI LWV DLUZRUWKLQHVV SRWHQWLDO� ,Q WKLV UHVHDUFK� WKH 0HFKDQ�
LFDO %DFN�XS PRGH ZLOO EH WHVWHG GXULQJ WKH VLPXODWLRQ FDPSDLJQ� JUDQWHG WKDW WKH )O\LQJ�9 LV DFWXDOO\
IO\DEOH ZLWK QR DXJPHQWDWLRQ� ,Q FDVH LW LV QRW� ZKLFK ZLOO EH FOHDU GXULQJ WKH ILUVW SLORWHG VLPXODWLRQV�
IXWXUH VWXGLHV ZLOO EH QHHGHG LQ RUGHU WR PDNH VXUH WKDW WKH )O\LQJ�9 FRPSOLHV ZLWK WKH QRQ�DXJPHQWHG
IOLJKW FHUWLILFDWLRQ UHTXLUHPHQWV�





�
7KHRU\ DQG UHOHYDQFH RI VHOHFWHG +4

FULWHULD
7KH WRSLF RI KDQGOLQJ TXDOLWLHV KDV EHHQ FHQWUDO LQ DLUFUDIW HQJLQHHULQJ VLQFH WKH :ULJKW EURWKHUV UHDO�
L]HG WKH FKDOOHQJH RI EDODQFLQJ DQ DLUSODQH >��@� :LWK WKH DGYHQW RI IO\�E\�ZLUH IOLJKW FRQWURO V\VWHPV�
WKHQ� WKH HYDOXDWLRQ RI KDQGOLQJ TXDOLWLHV EHFDPH D FRPSXOVRU\ VWHS DOUHDG\ GXULQJ WKH GHVLJQ SKDVH
RI DQ DLUFUDIW� $ SLYRWDO SRLQW LQ WKH KLVWRU\ RI KDQGOLQJ TXDOLWLHV LV WKH SXEOLVKLQJ RI D VWXG\ FDUULHG RXW E\
*HRUJH &RRSHU DQG 5REHUW +DUSHU LQ ���� >��@� WKHQ UHYLVHG LQ ���� >��@� ,Q WKHLU ZRUN� KDQGOLQJ TXDO�
LWLHV DUH GHILQHG DV ³WKRVH TXDOLWLHV RU FKDUDFWHULVWLFV RI DQ DLUFUDIW WKDW JRYHUQ WKH HDVH DQG SUHFLVLRQ
ZLWK ZKLFK D SLORW LV DEOH WR SHUIRUP WKH WDVNV UHTXLUHG LQ VXSSRUW RI DQ DLUFUDIW UROH´�&RRSHU� +DUSHU�
����� >��@� S� ��� DQG WKDW WKH\ DUH ´FKDUDFWHULVWLF RI WKH FRPELQHG SHUIRUPDQFH RI WKH SLORW DQG YHKLFOH
DFWLQJ WRJHWKHU DV D V\VWHP LQ VXSSRUW RI DQ DLUFUDIW UROH´�&RRSHU� +DUSHU� ����� >��@� S� ��� 7RGD\�
WKHLU ZRUN LV VWLOO FRPPRQO\ FRQVLGHUHG WKH VWDWH�RI�WKH�DUW IRU WKH HYDOXDWLRQ RI KDQGOLQJ TXDOLWLHV ZLWK
WHVW SLORWV EDVHG RQ WKH FRQFHSW RI SLORW ZRUNORDG�

,Q WKH FRPSOH[ ILHOG RI +4 DVVHVVPHQW� DQDO\WLFDO DQG QXPHULFDO PHWKRGV DUH FRPELQHG LQ RUGHU
WR SUHGLFW WKH EHKDYLRXU RI DQ DLUFUDIW DQG DVVHVV LWV VDIHW\ DQG PDQHXYHUDELOLW\� 7KH JRDO LV WR SUHGLFW
WKH RSLQLRQ RI D SLORW UHJDUGLQJ D YHKLFOH E\ PHDQV RI PDWKHPDWLFDO FULWHULD�

7KLV &KDSWHU VHUYHV DV D WKHRUHWLFDO EDFNJURXQG WR &KDSWHU �� LQ ZKLFK WKH FULWHULD H[SODLQHG KHUH
ZLOO EH DSSOLHG WR WKH PRGHO LQWURGXFHG LQ &KDSWHU �� 7KH ORJLF IRU WKH VHOHFWLRQ RI XVHIXO FULWHULD KDV
EHHQ VKRZQ LQ VHFWLRQ ���� )RU PRVW RI WKHVH FULWHULD� WKH UHIHUHQFH WH[W LV WKH 0,/�67' ����% >��@
DOUHDG\ PHQWLRQHG� EXW RWKHU VRXUFHV FRPSOHWH WKH OLWHUDWXUH EDFNJURXQG�

,Q WHUPV RI WKH 0,/�67' FRQYHQWLRQ� WKH FULWHULD FRQVLGHUHG KHUH DUH WKRVH IRU &ODVV ,,, DLUFUDIW
�ODUJH� KHDY\� ORZ�PHGLXP PDQRHXYUDELOLW\ DLUFUDIW� VHH &6���� LQ &DWHJRU\ & SKDVH �WDNHRII� FDWDSXOW
WDNHRII� ODQGLQJ� DSSURDFK� DERUWHG DSSURDFK��

7KH JRDO LV WR DGGUHVV WKH +4 SUREOHP LQ WKH PRVW FULWLFDO ZD\� VLQFH LW LV QRW NQRZQ \HW WR ZKLFK
H[WHQW WKH UHVSRQVH RI WKH )O\LQJ�9 LV FRPSDUDEOH WR WKDW RI VWDQGDUG DLUFUDIW RQ ZKLFK WKH FULWHULD DUH
QRUPDOO\ DSSOLHG� $V D FRQVHTXHQFH� WKH FULWHULD WKDW LQYROYH IHZHU DVVXPSWLRQV ZHUH SUHIHUUHG�

���� &RPPRQ SUDFWLFHV IRU +DQGOLQJ 4XDOLWLHV FHUWLILFDWLRQV
7KH )O\LQJ�9 LV D QHZ SURWRW\SH� DQG WKH FULWHULD �VXFK DV WKH 0,/�67'� GHVLJQHG IRU VWDQGDUG DLUFUDIW
PLJKW QRW EH VXLWDEOH IRU WKH HYDOXDWLRQ RI LWV KDQGOLQJ TXDOLWLHV� 2Q WKLV WRSLF� VRPH DWWHPSWV KDYH EHHQ
PDGH WR OLQN WKH PRVW FRPPRQO\ XVHG FULWHULD WR WKH KDQGOLQJ TXDOLWLHV RI D IO\LQJ ZLQJ �H�J� (KOHUV >��@�
RU +XPSKUH\V�-HQQLQJV� /DSSDV DQG 0LKDL 6RYDU >��@�� DQG PRUH LQ JHQHUDO WR VSHFLDOL]H WKH FULWHULD
RQ WKH HYDOXDWLRQ RI KDQGOLQJ TXDOLWLHV LQ ILQDO DSSURDFK DQG ODQGLQJ �H�J� )URVW� )UDQNOLQ� DQG +DUG\
>��@� 6WROLNHU >��@� )LHOG DQG 5RVVLWWR >��@��

��



���� 0RGHV IUHTXHQF\ DQG GDPSLQJ UDWLR ��

7R VHOHFW D QXPEHU RI PHDQLQJIXO FULWHULD IRU WKH SUHOLPLQDU\ VWXG\ RI WKH +4 RI WKH )O\LQJ�9� D
VXUYH\ KDV EHHQ PDGH RQ WKH SXEOLFDWLRQV UHODWHG WR +4 LQ ODQGLQJ SKDVH DQG IRU QHZ SURWRW\SHV DQG
IO\LQJ ZLQJV� 7KH PDLQ RXWFRPH ZDV WKDW� LQ JHQHUDO� UHVHDUFKHUV SUHIHU WKH FULWHULD FRPPRQO\ XVHG
IRU VWDQGDUG DLUFUDIW UDWKHU WKDQ QHZ FULWHULD�

2UGHUHG E\ WKH UDWH RI RFFXUUHQFH� WKH PRVW XVHG FULWHULD DSSHDUHG WR EH�

� &RQWURO $QWLFLSDWLRQ 3DUDPHWHU �&$3� �>��@� >��@� >��@� >��@� >�@�

� 6KRUW SHULRG GDPSLQJ UDWLR �>��@� >�@� >��@� >��@� >��@�

� 3KXJRLG GDPSLQJ UDWLR DQG WLPH WR GRXEOH �>�@� >��@� >��@� >��@�

� %DQGZLGWK FULWHULD �>��@� >��@� >��@�

� *LEVRQ GURSEDFN DQG IOLJKW SDWK DQJOH FULWHULD �>��@� >��@� >��@�

� &
 FULWHULRQ �>�@� >��@�

� 1HDO�6PLWK FULWHULRQ �>�@� >��@�

� 6PLWK�*HGGHV FULWHULRQ �>�@��

7KH PRVW FRPPRQ FULWHULD RI WKLV OLVW DUH GLVFXVVHG LQ WKH IROORZLQJ VHFWLRQV�

���� 0RGHV IUHTXHQF\ DQG GDPSLQJ UDWLR
7R EHJLQ ZLWK� VRPH FULWHULD H[LVW WR VWXG\ WKH UHVSRQVH RI D V\VWHP E\ PHDQV RI LWV SROHV LQ WKH V�SODQH�
2QH ZD\ WR GR VR LV WR ZULWH WKH UHVSRQVH RI WKH V\VWHP LQ IRUP RI D WUDQVIHU IXQFWLRQ IURP DQ\ FRQWURO
LQSXW WR DQ\ WKH VWDWH YDULDEOH RI WKH DLUFUDIW LQ WKH /DSODFH GRPDLQ� ZKLFK IRU ORQJLWXGLQDO IOLJKW QRUPDOO\
DUH �RU FDQ EH DSSUR[LPDWHG DV� SURGXFWV RI WZR VHFRQG�RUGHU SRO\QRPLDOV LQ WKH ൱ YDULDEOH� 7KHVH
WZR SRO\QRPLDOV UHSUHVHQW WKH WZR QDWXUDO PRGHV RI WKH UHVSRQVH RI DQ DLUSODQH� QDPHO\ 3KXJRLG DQG
6KRUW 3HULRG� ZKRVH FRPELQHG UHVSRQVH LV LQ JHQHUDO GLIIHUHQW IRU GLIIHUHQW DLUFUDIW�

:KHQ WKH WZR VHFRQG�RUGHU SRO\QRPLDOV DUH LVRODWHG� WKH WUDQVIHU IXQFWLRQV IRU ൧ LQSXWV DQG ൨ RXWSXWV
ORRNV OLNH LQ WKH IROORZLQJ�

൲൥።�፣�൱�  
൮።�፣�൱�

>൱ኼ � �࿸፩ဋ፩൱ � ဋኼ፩@>൱ኼ � �࿸፬፩ဋ፬፩൱ � ဋኼ፬፩@
�����

ZKHUH ൮።�፣�൱� LV D SRO\QRPLDO LQ WKH ൱ YDULDEOH RI ORZHU RUGHU WKDQ WKH GHQRPLQDWRU� GHWHUPLQHG E\ HDFK
FRPELQDWLRQ RI LQSXWV DQG RXWSXWV�

,Q WKLV IRUP� ࿸፩ DQG ဋ፩ DUH� UHVSHFWLYHO\� GDPSLQJ UDWLR DQG QDWXUDO IUHTXHQF\ RI WKH SKXJRLG PRGH�
ZKHUHDV ࿸፬፩ DQG ဋ፬፩ DUH GDPSLQJ UDWLR DQG QDWXUDO IUHTXHQF\ RI WKH VKRUW SHULRG� ,Q WKH IROORZLQJ VXE�
VHFWLRQV WKH PDLQ UHODWHG FULWHULD DUH H[SODLQHG� SKXJRLG GDPSLQJ UDWLR� VKRUW SHULRG GDPSLQJ UDWLR DQG
QDWXUDO IUHTXHQF\� DQG WKH VR FDOOHG ´VKRUW SHULRG WKXPESULQW´� 7KHVH DUH DOO EDVHG RQ WKH DVVXPSWLRQ
WKDW WKH V\VWHP UHVSRQVH IRU ORQJLWXGLQDO IOLJKW KDV WKH W\SLFDO IRUP RI DQ DLUFUDIW UHVSRQVH �FRPELQDWLRQ
RI WZR VHFRQG RUGHU� QRUPDOO\ RVFLOODWRU\ PRGHV�� ZKLFK LV WKH FDVH IRU WKH )O\LQJ�9� )RU WKLV UHVHDUFK
WKH WUDQVIHU IXQFWLRQV DUH HDVLO\ REWDLQHG IURP WKH PRGHO LQWURGXFHG LQ &KDSWHU �� :KHQ WKH GDWD LV
LQ WKH IRUP RI IOLJKW GDWD� WKH WKHRU\ RI (TXLYDOHQW 6\VWHPV �H�J� VHH >��@� SURYLGHV D PHWKRGRORJ\ WR
ZULWH WKH V\VWHP UHVSRQVH LQ DQ HTXLYDOHQW IRUP WKDW PDWFKHV WKH DYDLODEOH GDWD�

������ 3KXJRLG GDPSLQJ UDWLR
:KLOH ($6$ DQG )$$ KDYH QR VSHFLILF UHTXLUHPHQWV IRU SKXJRLG GDPSLQJ UDWLR� 0,/�67' VXJJHVWV WKH
IROORZLQJ +4 OHYHOV�

3KXJRLG GDPSLQJ UDWLR
/HYHO � ࿸፩፡ ऒ ����
/HYHO � ࿸፩፡ ऒ �
/HYHO � ൙ኼᑡᑙ ऒ ��൱

7DEOH ���� 0,/�)�����&� 3KXJRLG GDPSLQJ UDWLR OHYHOV� &ODVV ,,,� &$7 &



���� )UHTXHQF\ DQDO\VLV ��

ZKHUH ࿸൮߶ LV WKH GDPSLQJ UDWLR DV H[SODLQHG EHIRUH� DQG ൙ኼᑡᑙ LV WKH ´WLPH WR GRXEOH DPSOLWXGH´ ZKLFK
FDQ EH VKRZQ WR EH HTXDO WR

൙ኼᑡᑙ ࢿ 
OQ �
࿸፩፡ဋ፩፡

� �����

,Q WKLV FDVH� OHYHO WKUHH UHIHUV WR DLUFUDIW LQ ZKLFK WKH SKXJRLG LV XQVWDEOH� EXW VR VORZ WKDW WKH SLORW
FDQ HDVLO\ VXSSUHVV LW ZLWK QR PDMRU GHJUDGDWLRQ LQ WDVN HIIHFWLYHQHVV�

������ 6KRUW 3HULRG GDPSLQJ UDWLR
6KRUW SHULRG UHVSRQVH LV XVHG IRU QXPHURXV FULWHULD DQG� LQ JHQHUDO� LW LV PRUH LPSRUWDQW WKDQ SKXJRLG
GDPSLQJ UDWLR IRU +4 SXUSRVHV� ,Q IDFW� IURP D SLORWLQJ SRLQW RI YLHZ WKH VKRUW WHUP UHVSRQVH RI DQ
DLUFUDIW LV PRUH GHFLVLYH DQG WKH VORZ SKXJRLG PRGH GRHV QRW LQIOXHQFH LW LQ D VLJQLILFDQW ZD\�

7KH ILUVW FULWHULRQ� EDVHG RQ WKH VDPH IHZ DVVXPSWLRQV DV IRU WKH SKXJRLG GDPSLQJ UDWLR� LV IRU WKH
VKRUW SHULRG GDPSLQJ UDWLR� 7KH 0,/�67' SURSRVHV WKH IROORZLQJ OHYHOV�

6KRUW SHULRG GDPSLQJ UDWLR
/HYHO � ���� ऑ ࿸፩፡ ऑ ����
/HYHO � ���� ऑ ࿸፩፡ ऑ ����
/HYHO � ���� ऑ ࿸፩፡

7DEOH ���� 0,/�)�����&� 6KRUW SHULRG GDPSLQJ UDWLR OHYHOV� &ODVV ,,,� &$7 &

������ 7KXPESULQW
7KH ILUVW FULWHULD DGRSWHG IRU +4 DQDO\VLV IRFXVHG PDLQO\ RQ VKRUW SHULRG IUHTXHQF\ DQG GDPSLQJ UDWLR
>��@� ,Q D VR FDOOHG ´VKRUW SHULRG WKXPESULQW´ �)LJXUH ����� WKH WZR FULWHULD �GDPSLQJ UDWLR DQG IUHTXHQF\�
ZHUH FRPELQHG WR DVVHVV WKH +4 RI DQ DLUFUDIW� :LWK WKH DGYDQFHPHQW LQ WKH ILHOG RI +4 DQDO\VLV� LW
VRRQ EHFDPH DSSDUHQW WKDW WKH WKXPESULQW GRHV QRW DGGUHVV WKH IXOO +4 SUREOHP IRU SLWFK DWWLWXGH
UHVSRQVH� VLQFH SLORW UDWLQJ GLG QRW DOZD\V UHODWH WR WKH WKXPESULQW FULWHULRQ� +RZHYHU� LW FDQ VWLOO EH
XVHG WR JHW VRPH LQLWLDO LQVLJKWV RQ WKH NLQG RI UHVSRQVH RI D SURWRW\SH� ZKLFK LV SDUWLFXODUO\ YDOXDEOH LQ
WKH FRQWH[W RI WKLV UHVHDUFK� ,Q IDFW� HDFK DUHD RI WKH WKXPESULQW LV ODEHOOHG DFFRUGLQJ WR WKH H[SHFWHG
UHVSRQVH RI WKH V\VWHP�

7KH XVH RI WKH WKXPESULQW LQ &KDSWHU � PXVW EH LQWHUSUHWHG LQ OLJKW RI WKLV SUHPLVH�

���� )UHTXHQF\ DQDO\VLV
7KH IUHTXHQF\ UHVSRQVH RI WKH V\VWHP FDQ EH VWXGLHG E\ PHDQV RI %RGH SORWV� 7KLV SDUW RI WKH DQDO\VLV
ZLOO SOD\ D FHQWUDO UROH LQ &KDSWHU �� VLQFH PDQ\ LQVLJKWIXO REVHUYDWLRQV FDQ EH PDGH IURP LW�

7KH PDLQ LGHD EHKLQG IUHTXHQF\ GRPDLQ DQDO\VLV LV WKDW LW FDQ VKRZ KRZ WKH V\VWHP LV H[SHFWHG WR
UHVSRQG WR FORVHG ORRS FRQWURO� 0,/�67' IRUPDOL]HV WKLV FRQFHSW E\ PHDQV RI WKH VR FDOOHG ´%DQGZLGWK´
FULWHULRQ� $FFRUGLQJ WR WKLV� ´WKH EDQGZLGWK RI WKH RSHQ�ORRS SLWFK DWWLWXGH UHVSRQVH WR SLORW FRQWURO
IRUFH >���@ VKDOO EH ZLWKLQ WKH ERXQGV VKRZQ RQ ILJXUH ���� ZKHUH ဋፁፖ LV WKH KLJKHVW IUHTXHQF\ DW ZKLFK
WKH UHVSRQVHV RI DLUFUDIW SLWFK DWWLWXGH WR SLORW FRQWURO�IRUFH DQG FRQWURO�GHIOHFWLRQ LQSXWV KDYH ERWK ��
GHJUHHV RU PRUH RI SKDVH PDUJLQ DQG � G% RU PRUH RI JDLQ PDUJLQ DQG

ဆ፩ တኼᒞᎳᎺᎲ�ࢿ  � ���
�����൶�ဋኻዂኺ���ࣅ �����

ZKHUH ဋኻዂኺ LV WKH IUHTXHQF\ FRUUHVSRQGLQJ WR ���� GHJ SKDVH DQG တኼᒞᎳᎺᎲ LV WKH SKDVH DQJOH DW
WZLFH WKDW IUHTXHQF\�´ �0,/�67'�>��@� $SSHQGL[ $� S������

7R FRPSXWH WKH TXDQWLWLHV XVHG IRU WKLV FULWHULRQ� WKH SURFHGXUH LV VKRZQ LQ )LJXUH ���� 7KH WZR
EDQGZLGWK IUHTXHQFLHV ဋፁፖ VKRXOG EH REWDLQHG DFFRUGLQJ WR WKH ILJXUH� DQG WKH ORZHVW RQH VKRXOG EH
VHOHFWHG� VLQFH WKDW LV WKH RQH OLPLWLQJ WKH KDQGOLQJ TXDOLWLHV�



���� *LEVRQ WLPH UHVSRQVH FULWHULD ��

)LJXUH ���� 6KRUW SHULRG 7KXPESULQW� )URP >��@

1RWH DOVR WKDW WKH ဆ፩ SDUDPHWHU LV DQ LQGLFDWRU RI WKH GHOD\ FDXVHG E\ IHHO V\VWHP� WKH DFWXDWRU
G\QDPLFV DQG RWKHU GHOD\V VRXUFHV� )RU WKH FDVH RI WKH )O\LQJ�9� WKH HOHYDWRU G\QDPLFV DUH PRGHOHG
DV D VLPSOH ILUVW RUGHU ODJ� DV H[SODLQHG LQ &KDSWHU �� 'XH WR WKLV� DQG WR WKH IDFW WKDW WKH IHHO V\VWHP
LV QRW LQFOXGHG� WKH UHOHYDQFH RI ဆ፩ KHUH LV OLPLWHG DQG VKRXOG EH IXUWKHU LQYHVWLJDWHG LQ WKH IXWXUH ZLWK
GLIIHUHQW PRGHOV IRU IHHO DQG DFWXDWRU V\VWHPV�

7KLV FULWHULRQ LV DOVR VHQVLWLYH WR WKH VKDSH RI WKH IUHTXHQF\ SKDVH SORW DIWHU ဋፁፖ� 6WHHS UROO�RIIV
KDYH EHHQ DVVRFLDWHG ZLWK SRRU SLORW UDWLQJ� ZKHUHDV PRUH JUDGXDO SKDVH SORWV DIWHU ဋፁፖ QRUPDOO\
UHFHLYH KLJKHU UDWLQJV� 7KH VRXUFH RI WKHVH SRVVLEOH SRRU KDQGOLQJ TXDOLWLHV LV WR EH IRXQG LQ WKH VXG�
GHQ FKDQJH RI WKH IUHTXHQF\ SORWV DIWHU WKH ဋፁፖ OLPLW� GXH WR ZKLFK VPDOO FKDQJHV LQ WKH RSHUDWLRQDO
IUHTXHQF\ PLJKW IDOO LPPHGLDWHO\ RXWVLGH RI WKH JRRG IUHTXHQF\ EDQGZLGWK�

,Q JHQHUDO WKH IROORZLQJ REVHUYDWLRQV FDQ EH PDGH WKDW WXUQ XVHIXO IRU WKH DQDO\VLV RI &KDSWHU ��

� 3LORWV¶ FRQWURO LV PDLQO\ DFWLYH IRU IUHTXHQFLHV EHWZHHQ ��� DQG ��൰ൠൣ�൱ >��@

� +DQGOLQJ 4XDOLWLHV PD\ VKRZ VRPH GHJUDGDWLRQ ZKHQ WKH IUHTXHQF\ UDWLR RI SKXJRLG DQG VKRUW
SHULRG LV ဋ፩፡�ဋ൱൮ ऑ ���൰ൠൣ�൱ �>��@�>��@��

� ,Q WUDQVSRUW DLUFUDIW� SKXJRLG IUHTXHQF\ LV RIWHQ DERYH ���൰ൠൣ�൱ >��@

���� *LEVRQ WLPH UHVSRQVH FULWHULD
7LPH UHVSRQVH KLVWRULHV SURYLGH DGGLWLRQDO WRROV IRU WKH XQGHUVWDQGLQJ RI +4� 7KH WZR PRVW FRPPRQO\
XVHG FULWHULD EDVHG RQ WLPH UHVSRQVH DUH WKH *LEVRQ 'URSEDFN &ULWHULRQ DQG WKH *LEVRQ )OLJKW 3DWK
7LPH 'HOD\ &ULWHULRQ�



���� &RQWURO $QWLFLSDWLRQ 3DUDPHWHU ��

)LJXUH ���� %DQGZLGWK UHTXLUHPHQW� &DWHJRU\ & IOLJKW SKDVHV� )URP >��@� $SSHQGL[ $� S����

7KH SXUSRVH RI WKHVH FULWHULD LV� LQ SULQFLSOH� VLPLODU WR WKDW RI WKH SUHYLRXV RQHV � QRW QHFHVVDULO\
WR GHWHUPLQH WKH +4 RI WKH )O\LQJ�9� EXW WR DQDO\]H WKH V\VWHP LQ RUGHU WR ILQG SRVVLEOH KLQWV RI FULWLFDO
DVSHFWV RI LWV UHVSRQVH�

������ 'URSEDFN &ULWHULRQ
7KH 'URSEDFN &ULWHULRQ GHWHUPLQHV WKH +4 RI DQ DLUFUDIW E\ FRPSXWLQJ WZR SDUDPHWHUV >��@�

� ൯፦ፚ፱�൯፬፬� WKH UDWLR RI SLWFK UDWH RYHUVKRRW WR VWHDG\ VWDWH SLWFK UDWH� DQG

� ൉േ�൯፬፬� WKH UDWLR RI DWWLWXGH GURSEDFN WR VWHDG\ VWDWH SLWFK UDWH�

ERWK IURP WKH HOHYDWRU VWHS UHVSRQVH� 7KH JUDSKLF GHILQLWLRQ RI WKHVH SDUDPHWHUV LV GLVSOD\HG LQ
)LJXUH ���� ZKHUH WKH W\SLFDO WLPH UHVSRQVH LV VKRZQ IRU ZKLFK WKLV FULWHULRQ LV YDOLG� 7KH SUHGLFWHG
+4 DUH WKHQ REWDLQHG IURP WKHVH WZR SDUDPHWHUV E\ UHDGLQJ WKH SORW RI )LJXUH ���� ,Q &KDSWHUV � DQG
� WKH UHVSRQVH RI WKH )O\LQJ�9 ZLOO EH FRPSDUHG WR WKH W\SLFDO UHVSRQVH H[SHFWHG EDVHG RQ *LEVRQ¶V
DQDO\VLV� ,W ZLOO EH DSSDUHQW WKDW WKH EDUH DLUIUDPH UHVSRQVH RI WKH )O\LQJ�9 LV WRR GLIIHUHQW IURP WKH
W\SLFDO RQH RI )LJXUH ���� DQG WKDW D FHUWDLQ OHYHO RI DXJPHQWDWLRQ LV UHTXLUHG LQ RUGHU WR DSSO\ WKH WZR
*LEVRQ FULWHULD�

������ )OLJKW 3DWK 7LPH 'HOD\ &ULWHULRQ
,Q ILJXUH ��� WKH TXDQWLW\ ൲᎐ LV GHULYHG IURP IOLJKW SDWK DQJOH WLPH KLVWRU\ IRU D VWHS LQSXW LQ ORQJLWXGLQDO
FRQWURO VXUIDFHV�

7KH UHTXLUHPHQW SURSRVHG E\ *LEVRQ LV WKDW ൲᎐ ऑ ���൱ IRU ODQGLQJ DQG DSSURDFK WDVNV� (VVHQWLDOO\�
൲᎐ VKRXOG EH VHHQ DV D PHDVXUH RI WKH REVHUYHG GHOD\ EHWZHHQ VWLFN LQSXW DQG )3$ UHVSRQVH�

���� &RQWURO $QWLFLSDWLRQ 3DUDPHWHU
)LQDOO\� &RQWURO $QWLFLSDWLRQ 3DUDPHWHU �&$3� LV RQH RI WKH PRVW FRPPRQO\ XVHG FULWHULD LQ WKH ILHOG RI
+4� ,W LV EDVHG RQ WKH FRQFHSW WKDW SLORWV ORRN IRU LQGLFDWLRQV RI WKH VWHDG\ VWDWH QRUPDO DFFHOHUDWLRQ
UHVSRQVH E\ REVHUYLQJ WKH LQLWLDO SLWFK DFFHOHUDWLRQ UHVSRQVH� +HQFH� LW FRQVLVWV LQ WKH UDWLR RI LQLWLDO



���� &RQWURO $QWLFLSDWLRQ 3DUDPHWHU ��

)LJXUH ���� %DQGZLGWK FULWHULRQ TXDQWLWLHV FRPSXWDWLRQ � PRGHO H[DPSOH� )URP >�@�

SLWFK DFFHOHUDWLRQ UHVSRQVH WR DQ HOHYDWRU LQSXW RYHU WKH VWHDG\ VWDWH UHVSRQVH RI QRUPDO DFFHOHUDWLRQ
WR WKH VDPH LQSXW�

൯̂���
൬፳�࣋�

 
OLP
፬࠿ጼ

൱
�
൱
൯̂�൱�

OLP
፬࠿ኺ

൱
�
൱
൬፳�൱�

�����

ZKHUH WKH HTXLYDOHQFH RI (T� ��� LV SURYHQ E\ WKH LQLWLDO DQG ILQDO YDOXH WKHRUHPV LQ WKH /DSODFH
GRPDLQ� $FFRUGLQJ WR WKH LQLWLDO YDOXH WKHRUHP� LQ WKH /DSODFH GRPDLQ WKH LQLWLDO UHVSRQVH �DW WLPH
൲  ��� RI D V\VWHP LV JLYHQ E\ WKH OLPLW IRU ൱ ࠿ ࣋ RI V PXOWLSOLHG E\ WKH /DSODFH WUDQVIRUP RI WKH LQSXW
VLJQDO DQG E\ WKH /DSODFH WUDQVIRUP RI WKH WUDQVIHU IXQFWLRQ RI WKH V\VWHP� 6LPLODUO\� DFFRUGLQJ WR WKH
ILQDO YDOXH WKHRUHP� LQ WKH /DSODFH GRPDLQ WKH ILQDO UHVSRQVH �DW WLPH ൲  ࣋� RI D V\VWHP LV JLYHQ E\ WKH
OLPLW IRU ൱ ࠿ � RI V PXOWLSOLHG E\ WKH /DSODFH WUDQVIRUP RI WKH LQSXW VLJQDO DQG E\ WKH /DSODFH WUDQVIRUP
RI WKH WUDQVIHU IXQFWLRQ RI WKH V\VWHP� ,Q WKLV FDVH� WKH LQSXW VLJQDO LV WKH VWHS IXQFWLRQ �ኻ

፬
LQ WKH /DSODFH

GRPDLQ� IRU ERWK WKH LQLWLDO DQG WKH ILQDO YDOXHV� ZKHUHDV WKH WUDQVIHU IXQFWLRQV XVHG KHUH DUH WKH SLWFK
DQJOH DFFHOHUDWLRQ �൯̂�൱�� IRU WKH LQLWLDO YDOXH WKHRUHP DQG WKH QRUPDO DFFHOHUDWLRQ �൬፳�൱�� IRU WKH ILQDO



���� &RQWURO $QWLFLSDWLRQ 3DUDPHWHU ��

)LJXUH ���� %RXQGDULHV RI *LEVRQ 'URSEDFN &ULWHULRQ� )URP >��@�

YDOXH WKHRUHP� (IIHFWLYHO\� ൱ ኻ
፬
 �� VR WKDW WKH &$3 IRUPXOD LV UHGXFHG WR

൯̂���
൬፳�࣋�
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LI LW LV DVVXPHG WKDW WKH FRQWURO LQSXW LV D VWHS IXQFWLRQ�

7KH KLVWRULFDO VXFFHVV RI WKLV FULWHULRQ� VWLOO YDVWO\ XVHG WRGD\� LV WKDW LW DGGUHVVHV EHWWHU WKDQ RWKHU
FULWHULD WKH DFWXDO ZD\ D SLORW FRQWUROV DQ DLUFUDIW �0,/�67' >��@� S����� ,Q IDFW� SLORWV WU\ WR LQWHUSUHW WKH
UHODWLRQ EHWZHHQ LQLWLDO SLWFK UHVSRQVH DQG IOLJKW SDWK DQJOH� ZKLFK WKH\ XOWLPDWHO\ WU\ WR FRQWURO� 0RUH�
RYHU� LQ RUGHU WR UHJXODWH WKH FRQWURO DFWLRQ WKH\ QHHG WR XQGHUVWDQG WKLV UHODWLRQ EHIRUH UHDFKLQJ WKH
VWHDG\ VWDWH� )RU WKLV UHDVRQ� D SLORW WHQGV WR DVVRFLDWH EHWWHU +4 WR DLUFUDIW LQ ZKLFK SLWFK DFFHOHUDWLRQ
LV QHLWKHU WRR VORZ RU WRR IDVW FRPSDUHG WR IOLJKW SDWK DQJOH UHVSRQVH�

$OVR� LW LV DGYLVHG LQ WKH 0,/�67' WKDW WKH &$3 LV RQO\ DSSOLHG WR DLUFUDIW LQ ZKLFK GLUHFW OLIW FRQWURO
LV QRW VLJQLILFDQW� ,Q IDFW� WKH +4 GHULYLQJ IURP GLUHFW FRQWURO RQ QRUPDO DFFHOHUDWLRQ DUH QRW DFFXUDWHO\
UHSUHVHQWHG E\ WKH &$3 FRQFHSW� 6LQFH LW KDV EHHQ QRWHG >��@ WKDW WKH )O\LQJ�9 KDV DQ LQFOLQDWLRQ IRU
GLUHFW OLIW FRQWURO� WKH &$3 FULWHULRQ VKRXOG EH XVHG ZLWK VSHFLDO FDUH�



���� &RQWURO $QWLFLSDWLRQ 3DUDPHWHU ��

)LJXUH ���� 7\SLFDO SLWFK VWHS UHVSRQVH� DQDO\VHG ZLWK WKH *LEVRQ 'URSEDFN &ULWHULRQ� )URP >��@�

)LJXUH ���� )OLJKW 3DWK 7LPH 'HOD\ &ULWHULRQ GHILQLWLRQ� 7KH WLPH LQWHUYDO �LQ WKLV FDVH � WR � VHFRQGV� VKRXOG EH VHOHFWHG
DFFRUGLQJ WR WKH VKDSH RI WKH UHVSRQVH� )URP >��@�



�
)O\LQJ�9 PRGHO

���� 7KH $HURG\QDPLF PRGHO
7KH PRGHO XVHG IRU WKLV UHVHDUFK SOD\V D FHQWUDO UROH LQ ERWK WKH SUHOLPLQDU\ DQDO\VLV DQG WKH SLORWHG
VLPXODWLRQV� ,Q WKLV FKDSWHU WKH JHQHUDWLRQ DQG WKH YDOLGLW\ RI WKH XVHG PRGHO DUH GLVFXVVHG� DQG WKH
OLQHDUL]DWLRQ SURFHGXUH LV LQWURGXFHG WR DOORZ IRU FODVVLF FRQWURO WKHRU\ DQDO\VLV�

������ $LUEXV 2',/,/$
$LUEXV FROODERUDWHV RQ WKH )O\LQJ�9 SURMHFW E\ SURYLGLQJ HVVHQWLDO WRROV� VXFK DV WKH PRGHO GDWD IRU WKLV
UHVHDUFK� 7KLV DHURG\QDPLF PRGHO LV JHQHUDWHG WKURXJK WKH 2',/,/$ VRIWZDUH �VHH� IRU H[DPSOH� WKH
ILUVW SDSHU E\ -� %HQDG >��@� DQ $LUEXV SURSULHWDU\ WRRO IRU &RPSXWDWLRQDO )OXLG '\QDPLFV��

7KH VRIWZDUH LV EDVHG RQ WKH 9RUWH[ /DWWLFH 0HWKRG >��@ KHUHE\ VXPPHG XS�

�� 7KH IOXLG LV DVVXPHG WR EH LQFRPSUHVVLEOH� LQYLVFLG� DQG LUURWDWLRQDO� WKH OLIWLQJ VXUIDFHV DUH WKLQ�
DQJOH RI DWWDFN DQG VLGHVOLS DUH VPDOO� 7KH FRQVHTXHQFHV RI WKHVH DVVXPSWLRQV ZLOO EH DVVHVVHG
LQ 6HFWLRQ ������ 7KH IORZ ILHOG LV KHQFH D FRQVHUYDWLYH YHFWRU ILHOG �FRQVWDQW WRWDO YHORFLW\ YHFWRU
൛�� IRU ZKLFK LV SRVVLEOH WR ZULWH

9  9ጼ � တࢴ

ZKHUH တ LV WKH SHUWXUEDWLRQ YHORFLW\ SRWHQWLDO�

�� WKH DLUFUDIW ERG\� DVVXPHG WR EH WKLQ� LV GLYLGHG LQWR D /DWWH[ RI ൓ SDQHOV RYHU ZKLFK WKH SHUWXU�
EDWLRQ YHORFLW\ LV FRPSXWHG E\ PHDQV RI $HURG\QDPLF ,QIOXHQFH &RHIILFLHQWV Z።፣

တ።ࢴ  
ፍ

ᔤ
፣዆ኻ

Z።፣ ፣̀�

�� D %RXQGDU\ 1HXPDQQ FRQGLWLRQ LV DSSOLHG RQ HDFK SDQHO WR LPSRVH ]HUR QRUPDO YHORFLW\�

Y። ॲ Q።  ᗡ9ጼ �
ፍ

ᔤ
፣዆ኻ

Z።፣ ፣̀ᗢ ॲ Q።  ��

�� E\ VROYLQJ WKH SUHYLRXV HTXDWLRQ IRU HDFK SDQHO� WKH WRWDO IRUFH YHFWRU LV FRPSXWHG DV

)  
ፍ

ᔤ
።዆ኻ

ဃ ።̀ �9ጼ � Y።� � O።�

ZKHUH ဃ LV WKH IOXLG GHQVLW\� O። LV WKH YRUWH[¶V WUDQVYHUVH VHJPHQW YHFWRU� DQG Y። LV WKH SHUWXUEDWLRQ
YHORFLW\ DW WKLV VHJPHQW¶V FHQWHU ORFDWLRQ U።�

��



���� 7KH $HURG\QDPLF PRGHO ��

�� 6LPLODUO\� WKH PRPHQWXP YHFWRU 0 LV FRPSXWHG DERXW WKH RULJLQ UHIHUHQFH SRLQW� ZKLFK LV WKH
FHQWHU RI JUDYLW\� DV

0  
ፍ

ᔤ
።዆ኻ

)። � U።�

ZKHUH U። LV WKH GLVWDQFH IURP WKH RULJLQ WR WKH FHQWHU RI WKH ൧ SDQHO�

�� )LQDOO\� /LIW DQG 'UDJ DUH FRPSXWHG E\ SURMHFWLRQ RI WKH WRWDO IRUFH YHFWRU ) DORQJ WKH DHURG\QDPLF
IUDPH �RULJLQ DW FHQWHU RI JUDYLW\� [�D[LV DORQJ WKH UHODWLYH ZLQG YHFWRU SURMHFWHG RQWR WKH DLUFUDIW
SODQH RI V\PPHWU\� \�D[LV DORQJ WKH ULJKW ZLQJ� ]�D[LV FRPSOHWHV WKH ULJKW�KDQG D[HV V\VWHP��

7KH FRPSOHWH LPSOHPHQWDWLRQ RI WKH 9RUWH[ /DWWLFH 0HWKRG UHTXLUHV D FDUHIXO GHVFULSWLRQ RI WKH
ODWWLFH JHRPHWU\� )RU WKLV� UHIHU WR WKH ERRN RI .DW] DQG 3ORWNLQ DOUHDG\ PHQWLRQHG >��@� )XUWKHUPRUH�
2',/,/$ LPSOHPHQWV DQ DGYDQFHG 9RUWH[ /DWWLFH 0HWKRG WKDW WDNHV LQWR DFFRXQW WDSHU� WZLVW� FDPEHU�
FRQWURO VXUIDFHV� KLJK OLIW GHYLFHV DQG QDFHOOHV �&DSSX\QV >��@��

7KH ILQDO PRGHO ZDV FRPSXWHG LQ 2',/,/$ DERXW WKH IROORZLQJ EUHDN SRLQWV�

6WDWH�,QSXW /RZHU SQW� 0LGGOH SQW� 8SSHU SQW�
$OSKD >GHJ@ �� � � �� ���� �� ���� �� ��
%HWD >GHJ@ ��� �� � � � � � �� ��
SVWDU >UDG@ ���� ����� ����� ������ � ����� ���� ���� ���
TVWDU >UDG@ ���� ����� ����� ������ � ����� ���� ���� ���
UVWDU >UDG@ ���� ����� ����� ������ � ����� ���� ���� ���
F� >GHJ@ �� � �
F� >GHJ@ �� � �
F� >GHJ@ �� � �

0DFK QXPEHUV ��� ����� ���� ����� ��� ���

7KH UDWLRQDOH RI WKLV VHW RI EUHDNSRLQWV LV WR IRFXV RQ ORZ YHORFLWLHV �0DFK QXPEHU GHQVH EHWZHHQ
��� DQG ����� KLJK DQJOH RI DWWDFN �$OSKD GHQVH DURXQG �� GHJ� DQG D ZLGH UDQJH RI VLGH VOLS �%HWD� DQG
URWDWLRQV� 'XH WR WKH ZD\ 2',/,/$ LV LPSOHPHQWHG� F�� F� DQG F� �UHSUHVHQWLQJ RQH KDOI RI WKH FRQWURO
VXUIDFHV� FDQ RQO\ EH VHW WR � DQG q� GHJ� ZKHUHDV ODUJHU GHIOHFWLRQV ZLOO EH H[WUDSRODWHG OLQHDUO\� 7KH
&HQWHU RI *UDYLW\ LV JLYHQ LQ WKUHH SRVLWLRQV� WKH WZR VWDEOH OLPLWV GHWHUPLQHG E\ &DSSX\QV >��@� DQG D
SRLQW LQ WKH PLGGOH RI WKLV UDQJH�

�6HH $SSHQGL[ $ IRU WKH VWUXFWXUH RI WKH PRGHO DQG LWV LPSOHPHQWDWLRQ LQWR 0$7/$% DQG '8(&$��

������ 0RGHO 9DOLGLW\
9RUWH[ /DWWLFH &)' LV SDUWLFXODUO\ DWWUDFWLYH IRU WKH ILUVW GHVLJQ LWHUDWLRQ RI DQ DLUFUDIW VLQFH LW LV OLJKW
RQ D FRPSXWDWLRQDO SRLQW RI YLHZ� UHODWLYHO\ HDV\ WR LPSOHPHQW� DQG SURYLGHV WKH ULJKW LQVLJKW RQ WKH
G\QDPLFV RI D ERG\� +RZHYHU� LW FRPHV ZLWK OLPLWHG YDOLGLW\ GXH WR WKH EDVHOLQH DVVXPSWLRQV WKDW KDYH
EHHQ PHQWLRQHG DERYH DQG WKDW ZLOO EH GLVFXVVHG LQ WKLV VHFWLRQ�

� 7KH IORZ LV DVVXPHG WR EH LQFRPSUHVVLEOH�
,Q DQ LQFRPSUHVVLEOH IORZ WKH GLYHUJHQFH RI WKH YHORFLW\ LV ]HUR� ZKLFK LV DFFHSWDEO\ DFFXUDWH
RQO\ XS WR 0DFK QXPEHUV EHWZHHQ � DQG ���� ,Q IDFW� FRPSUHVVLEOH SKHQRPHQD DUH HYLGHQW IRU
IORZV ZLWK D YHORFLW\ KLJKHU WKDQ 0DFK ��� DQG WKH\ FDQQRW EH LJQRUHG� +RZHYHU� VLQFH LQ WKLV
UHVHDUFK WKH VSHHG UDQJH RI LQWHUHVW LV WKDW EHWZHHQ � DQG ��� 0DFK �ODQGLQJ VSHHG LV H[SHFWHG
WR EH DURXQG ���� 0DFK�� WKLV DVVXPSWLRQ LV QRW FULWLFDO�
(YHQ VR� LW PXVW EH PHQWLRQHG WKDW LQ WKLV FDVH� LQ RUGHU WR JHW PRUH DFFXUDWH UHVXOWV� D FRP�
SUHVVLELOLW\ FRUUHFWLRQ RQ WKH DHURG\QDPLF PRGHO GDWD ZDV DSSOLHG E\ 2',/,/$ LQ WKH IRUP RI
0DFK�GHSHQGHQW FRPSUHVVLELOLW\ FRUUHFWLRQ IDFWRUV� PRUH VLJQLILFDQW IRU KLJKHU 0DFK QXPEHUV�



���� (TXDWLRQV RI 0RWLRQ ��

� 7KH IORZ LV DOVR DVVXPHG WR EH LQYLVFLG�
$V D FRQVHTXHQFH� WKH IOXLG LV PRGHOOHG ZLWK ]HUR YLVFRVLW\� DQG DOO WKH ERXQGDU\ OD\HU SKHQRPHQD
DUH LJQRUHG� 7KLV KDV WZR PDLQ HIIHFWV RQ WKH YDOLGLW\ RI WKH PRGHO� ERWK FULWLFDO�
7KH ILUVW LV WKDW QR IORZ VHSDUDWLRQ FDQ EH PRGHO LQ D ]HUR YLVFRVLW\ IOXLG� KHQFH QR VWDOO EHKDYLRXU
LV DSSDUHQW IURP WKH 9RUWH[ /DWWLFH 0HWKRG� 7KLV LV UHOHYDQW IRU WKLV UHVHDUFK VLQFH WKH DQJOH
RI DWWDFN RI WKH )O\LQJ�9 FDQ EH FORVH WR WKH FULWLFDO DQJOH GXULQJ ODQGLQJ DQG DSSURDFK� ,Q IDFW�
D W\SLFDO OLIW FXUYH UHSUHVHQWHG LQ D OLIW�RYHU�DQJOH RI DWWDFN SORW VKRZV D OLQHDU WUHQG XS XQWLO D
VWDOO SRLQW DW ZKLFK WKH OLIW FRHIILFLHQW LV PD[HG DQG DIWHU ZKLFK WKH FXUYH JRHV GRZQ� +RZHYHU�
LQ WKH PRGHO FRPSXWHG LQ 2',/,/$ WKH FXUYH LV RQO\ OLQHDU DQG QR VWDOO SRLQW LV SUHVHQW� )RU WKH
VLPXODWLRQV DQG WKH DQDO\VLV ZKLFK DUH FDUULHG RXW RQ WKLV PRGHO� LW LV H[SHFWHG WKDW WKH DLUFUDIW
ZLOO IO\ XS WR �� GHJUHHV RI DQJOH RI DWWDFN� $OO FRQVLGHUHG� WKLV PHDQV WKDW IXWXUH UHVHDUFK RQ VWDOO
DQJOH RI DWWDFN ZLOO EH QHHGHG WR ORFDWH WKH FULWLFDO DQJOH� DQG WKH RXWFRPHV RI WKLV UHVHDUFK DUH
WR EH GHHPHG DFFXUDWH RQO\ XS XQWLO WKH VWDOO SRLQW�
6HFRQGO\� LQ DQ LQYLVFLG IOXLG QR IULFWLRQ LV FUHDWHG ZLWK WKH OLIWLQJ ERG\� 7KLV KDV DQ LPSDFW RQ
WKH GUDJ FRHIILFLHQW� WKDW LQ 2',/,/$ LV RQO\ FRPSXWHG LQ WKH IRUP RI OLIW�LQGXFHG GUDJ� ,Q RUGHU WR
DGGUHVV WKLV VKRUWFRPLQJ� WKH PRGHO FDQ EH DXJPHQWHG E\ DGGLQJ WKH GUDJ FRHIILFLHQW FRPSXWHG
E\ )DJJLDQR >��@� ൈ፝Ꮂ  �������� +RZHYHU� LWV YDOLGLW\ IRU WKH )O\LQJ�9 LV XQFHUWDLQ� VLQFH LW ZDV
FRPSXWHG EDVHG RQ HPSLULFDO HTXDWLRQV YDOLG IRU FRQYHQWLRQDO DLUFUDIW� ,Q WKLV UHVHDUFK� LW LV KHQFH
SUHIHUUHG WR ZRUN ZLWK WKH RULJLQDO 2',/,/$ PRGHO DQG QRW WR DGG WKLV ]HUR�OLIW FRQWULEXWLRQ� ZKLFK
LV OHIW IRU IXWXUH UHVHDUFK�

� $QRWKHU DVVXPSWLRQ LV WKDW RI LUURWDWLRQDO IOXLG�
,W LPSOLHV WKDW QR YRUWLFLW\ LV SUHVHQW LQ WKH IOXLG� DQG WKLV LV XQDFFHSWDEOH IRU UHJLRQV ZKHUH YRUWLFLW\
LV NQRZQ WR EH KLJK� VXFK DV DW ZDNHV DQG ERXQGDU\ OD\HUV� +RZHYHU� WKHVH UHJLRQV DUH QRW LQ
WKH VFRSH RI WKLV UHVHDUFK� KHQFH WKLV DVVXPSWLRQ LV YDOLG� ,W LV VXIILFLHQW WKDW RQH LV DZDUH WKDW
WKH PRGHO PLJKW EH VOLJKWO\ RSWLPLVWLF� VLQFH WKH IORZ LV LGHDO DQG XQVSRLOHG E\ YRUWLFHV�

� 7KH PHWKRG DOVR DVVXPHV D WKLQ OLIWLQJ ERG\�
,Q WKLV VHQVH� WKH )O\LQJ�9 LV DVVXPHG WR EH UHSUHVHQWHG E\ DQ LQILQLWHO\ WKLQ VKHHW RYHU ZKLFK WKH
SDQHOV DUH DUUDQJHG LQ D ODWWLFH� $V D UHVXOW� WKH IORZ LQ WKH FORVH SUR[LPLW\ RI WKH ERG\ LV QRW UH�
DOLVWLF� DQG WKH PHWKRG LV QRW VHQVLWLYH WR IRUP GUDJ� 7KLV IXUWKHU LQIOXHQFH RQ WKH GUDJ� KRZHYHU�
LV QRW H[SHFWHG WR DOWHU WKH RXWFRPH RI WKLV UHVHDUFK LQ D PDMRU ZD\� 1RQHWKHOHVV� IXWXUH VWXGLHV
VKRXOG DGGUHVV WKHVH LQDFFXUDFLHV WR FRQILUP WKLV UHVHDUFK�

� )LQDOO\� WKH 9RUWH[ /DWWLFH 0HWKRG LV EDVHG RQ WKH DVVXPSWLRQ RI VPDOO DQJOHV�
7KLV DVVXPSWLRQ LV RQO\ YDOLG LI WKH DFWXDO DQJOHV DUH VPDOO� ,Q WKLV UHVHDUFK� VLGH VOLS LV VHW WR
]HUR DQG WKXV LW FDQ EH VDIHO\ FRQVLGHUHG DOZD\V VPDOO� KRZHYHU� WKH DQJOH RI DWWDFN LV H[SHFWHG
WR EH KLJK LQ WKH SDUW RI WKH IOLJKW HQYHORSH WKDW LQYROYHV DSSURDFK DQG ODQGLQJ� )RU WKLV UHDVRQ
WKH EUHDNSRLQWV RI WKH PRGHO GDWD DUH SDUWLFXODUO\ GHQVH EHWZHHQ �� DQG �� GHJUHHV RI DQJOH
RI DWWDFN� DV FDQ EH VHHQ LQ 7DEOH ""� 7KH LPSDFW RI WKLV HUURU RQ WKH UHVXOWV RI WKLV UHVHDUFK LV
QRW NQRZQ \HW� DQG LWV DVVHVVPHQW LV OHIW WR IXWXUH VWXGLHV RQ PRUH DFFXUDWH DHURG\QDPLF PRGHOV�

���� (TXDWLRQV RI 0RWLRQ
7KH FRHIILFLHQWV SURYLGHG E\ WKH 2',/,/$ VRIWZDUH DUH XVHG WR FRPSXWH WKH IRUFHV DQG PRPHQWV RQ
WKH DLUFUDIW E\ PHDQV RI DHURG\QDPLFV IRUPXODV �H�J� ൑  ኻ

ኼ
ဃ൴ኼ൘ൈፋ�� 7KHVH DUH WKHQ LQSXWWHG LQ WKH

HTXDWLRQ RI PRWLRQV RI D ��'R) IO\LQJ ERG\� DFFRUGLQJO\ WR WKH IROORZLQJ IRUPXODV�
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Ŷ፛
ဋ̂፛

ᗤ  ᗣ
� ፛̀፞

ዅኻ �
� ဋ፛ࢿ �
� � ,ዅኻဋ፛,

ᗤ ॲ ᗣ
3
Y፛
ဋ፛

ᗤ � ᗣ
�

൦፛ࢿ �
ፅᑓ
፦

,ዅኻ7
ᗤ � �����



���� 7ULP DQG /LQHDUL]DWLRQ ��

ZKHUH 3 LV WKH SRVLWLRQ YHFWRU� Y LV WKH YHORFLW\ YHFWRU� ဋ LV WKH URWDWLRQ YHORFLW\ YHFWRU� ൡ VWDQGV IRU
ERG\ IUDPH� ൤ VWDQGV IRU HDUWK IUDPH� ോ DQG 7 DUH WKH WRWDO IRUFH WRUTXH FRPSXWHG IURP WKH DHURG\QDPLF
GDWD RI 2',/,/$� DQG
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፛̀ፚ  ᗣ
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፛̀፞  ᗣ
FRVည FRV࿺ VLQည FRV࿺ ࢿ VLQ࿺

FRVည VLQ࿺ VLQတ ࢿ VLQည FRVတ VLQည VLQ࿺ VLQတ � FRVည FRVတ FRV࿺ VLQတ
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ᗤ � �����

ZKHUH J፛ LV WKH JUDYLW\ YHFWRU LQ ERG\ UHIHUHQFH IUDPH� 3�4�5 DUH WKH URWDWLRQ UDWHV� , LV WKH LQHUWLD
PDWUL[� ፛̀ፚ LV WKH URWDWLRQ PDWUL[ IURP ERG\ WR DHURG\QDPLF UHIHUHQFH IUDPHV� DQG ፛̀፞ LV WKH URWDWLRQ
PDWUL[ IURP ERG\ WR HDUWK UHIHUHQFH V\VWHPV�

���� 7ULP DQG /LQHDUL]DWLRQ
0DQ\ RI WKH FULWHULD XVHG IRU WKH RII�OLQH DVVHVVPHQW RI WKH +4 RI DQ DLUFUDIW� WRJHWKHU ZLWK PRVW RI WKH
WRROV RI FODVVLFDO FRQWURO WKHRU\� UHTXLUH WKDW WKH DHURG\QDPLF PRGHO EH WULPPHG DQG WKHQ OLQHDUL]HG
DURXQG WKH WULP SRLQW� 7KH WULPPLQJ SURFHVV LV WKH VDPH DV LQ 'H 0DUFR¶V ZRUN >��@� ZKLOH OLQHDUL]DWLRQ
LV VKRZQ LQ $SSHQGL[ %�

7KH OLQHDU PRGHO LV H[DPLQHG LQ GHWDLO LQ &KDSWHU �� 7R REWDLQ LW� WKH IROORZLQJ VWHSV DUH UHSHDWHG
IRU HDFK GLIIHUHQW FRQILJXUDWLRQ�

� WKH GHVLUHG IOLJKW FRQGLWLRQ LV FKRVHQ� DQG WKH UHVXOWLQJ LPSOLFDWLRQV DUH ZULWWHQ DV FRQVWUDLQWV IRU
WKH WULPPLQJ DOJRULWKP� ,Q WKH FDVH RI WKLV UHVHDUFK� WKH IOLJKW FRQGLWLRQ LV DOZD\V WKDW RI V\P�
PHWULFDO� OHYHO IOLJKW� KHQFH KRUL]RQWDO DFFHOHUDWLRQ� YHUWLFDO DFFHOHUDWLRQ� DQG SLWFK DFFHOHUDWLRQ
DUH DOO UHTXLUHG WR EH ]HUR E\ PHDQV RI WULPPLQJ FRQVWUDLQWV� $OO WKH DV\PPHWULFDO HTXDWLRQV RI
PRWLRQ FDQ EH QHJOHFWHG�

� 7KH FRQILJXUDWLRQ SDUDPHWHUV DUH FKRVHQ � LQ WKLV FDVH &* SRVLWLRQ DQG DLUVSHHG� &* SRVLWLRQ
GHWHUPLQHV WKH DHURG\QDPLF PRGHO� DLUVSHHG LV REWDLQHG E\ UHTXLULQJ WKH GLIIHUHQFH EHWZHHQ
DLUFUDIW VSHHG DQG GHVLUHG VSHHG WR ]HUR� ZKLFK SURYLGHV WKH IRXUWK FRQVWUDLQW�

� :LWK IRXU FRQVWUDLQWV� WKH HTXDWLRQV RI PRWLRQ FDQ EH WULPPHG DURXQG WKH GHVLUHG SRLQW E\ WXQLQJ
WKH IRXU YDULDEOHV� KRUL]RQWDO YHORFLW\� SLWFK DQJOH� HOHYRQV GHIOHFWLRQ �RQH HTXDO GHIOHFWLRQ IRU DOO
WKH IRXU HOHYRQV� DQG HQJLQH SRZHU�



���� 7ULP DQG /LQHDUL]DWLRQ ��

� 7KH VXFFHVV RI WKH WULPPLQJ SURFHVV LV FKHFNHG E\ PHDQV RI D FRVW IXQFWLRQ RI WKH IRXU FRQ�
VWUDLQWV� ,W ZDV REVHUYHG WKDW� LQ RUGHU WR WULP FRUUHFWO\ DQG PRUH FRQVLVWHQWO\ IRU GLIIHUHQW FRQ�
ILJXUDWLRQV� WKH FRQVWUDLQWV RQ SLWFK DFFHOHUDWLRQ DQG DLUVSHHG VKRXOG EH JLYHQ D ZHLJKW RI ���
FRPSDUHG WR WKRVH RQ KRUL]RQWDO DQG YHUWLFDO YHORFLW\� 7KH WULPPLQJ SURFHVV LV FRQVLGHUHG VXF�
FHVVIXO LI WKH FRVW IXQFWLRQ JLYHV D VPDOO QXPEHU �� ��ዅኻኺ��

� ,I WKH HTXDWLRQV DUH VXFFHVVIXOO\ WULPPHG� OLQHDUL]DWLRQ LV SRVVLEOH DURXQG WKLV SRLQW� ,W ZDV RE�
VHUYHG WKDW WKH DSSOLFDWLRQ RI WKH QXPHULFDO OLQHDUL]DWLRQ PHWKRG RI $SSHQGL[ % UHTXLUHV QR SDU�
WLFXODU ZHLJKW WXQLQJ� DQG LW SURYHG WR EH HIIHFWLYH IRU DOO WKH FRQILJXUDWLRQV ZKHQ YHULILHG DJDLQVW
DQDO\WLFDO OLQHDUL]DWLRQ RI WKH VDPH HTXDWLRQV�





�
+4 SUHOLPLQDU\ DQDO\VLV

7KH WKHRU\ H[SODLQHG LQ &KDSWHU � LV DSSOLHG WR WKH GDWD PRGHO RI &KDSWHU � WR SUHGLFW WKH +4 RI WKH
)O\LQJ�9� ,Q WKLV &KDSWHU� WKH PRVW UHOHYDQW UHVXOWV RI WKLV DQDO\VLV ZLOO EH SUHVHQWHG� ZLWK WKH SXUSRVH
RI GHWHUPLQLQJ XVHIXO H[SHULPHQWV IRU WKH SLORWHG VLPXODWLRQV WKDW ZLOO EH SUHVHQWHG LQ &KDSWHU ��

7KH VWUXFWXUH RI WKLV FKDSWHU IROORZV WKH VDPH RUGHU RI &KDSWHU �� HDFK VHFWLRQ RI &KDSWHU � LV WKH
DSSOLFDWLRQ RI WKH WKHRU\ RI WKH VDPH VHFWLRQ LQ &KDSWHU ��

���� 0RGHV IUHTXHQF\ DQG GDPSLQJ UDWLR
:KHQ WKH PRGHO LV OLQHDUL]HG DURXQG D WULPPHG SRLQW LW LV SRVVLEOH WR ZULWH WKH V\VWHP LQ IRUP RI D
WUDQVIHU IXQFWLRQ DQG REVHUYH WKH SROHV LQ WKH V SODQH RI WKH /DSODFH 'RPDLQ� 7KLV LV VKRZQ LQ )LJXUH
���� ZKLOH LQ )LJXUH ��� WKH VDPH SORW LV ]RRPHG�LQ RQ WKH SKXJRLG SROHV�

)LJXUH ���� /RQJLWXGLQDO SROHV RI WKH )O\LQJ�9 IRU GLIIHUHQW &*V DQG 0DFK QXPEHUV�

��



���� 0RGHV IUHTXHQF\ DQG GDPSLQJ UDWLR ��

)LJXUH ���� /RQJLWXGLQDO SROHV RI WKH )O\LQJ�9 IRU GLIIHUHQW &*V DQG 0DFK QXPEHUV� 'HWDLO RQ SKXJRLG SROHV�

)URP WKLV SORW� GDPSLQJ UDWLR DQG QDWXUDO IUHTXHQF\ RI SKXJRLG DQG VKRUW SHULRG DUH REWDLQHG� )RU
WKH SKXJRLG� ERWK GDPSLQJ UDWLR DQG IUHTXHQF\ DUH LQ WKH OLPLWV RI DFFHSWDEOH KDQGOLQJ TXDOLWLHV IRU
VWDQGDUG DLUSODQHV �VHH 6HFWLRQV ����� DQG ������� )RU H[DPSOH� DW QRPLQDO &* DQG ൒ൠൢ߶  ����
�PLGGOH FDVH�� WKH SKXJRLG SROHV DUH DW ����൤ ࢿ �� q ����൤ ࢿ ��൧� ZLWK IUHTXHQF\

ဋ፩፡  �����൰ൠൣ�൱�

GDPSLQJ UDWLR
࿸፩፡ ���ࢿ �൤ ࢿ ��

DQG WLPH WR GRXEOH
ࢿ

OQ �
࿸፩፡ဋ፩፡

 ���� �൱�

ZKLFK LV /HYHO � DFFRUGLQJ WR 0,/�)�����& �VHH 6HFWLRQ ������� WKH ´WLPH WR GRXEOH´ EHLQJ SRVLWLYH
\HW YHU\ ODUJH�

:KLOH WKH SKXJRLG LV LQ WKH UHFRPPHQGHG OLPLWV� WKH VKRUW SHULRG VKRZV XQVDWLVIDFWRU\ TXDOLWLHV�
7KH GDPSLQJ UDWLR LV DOZD\V JRRG� ZLWK WKH DYHUDJH EHWZHHQ &*V DQG 0DFK QXPEHUV EHLQJ

࿸፬፩  ������

ZKLFK LV /HYHO � DFFRUGLQJ WR 0,/�)�����&� EXW WKH IUHTXHQF\ RI WKH VKRUW SHULRG LV VORZ LQ DOO WKH
FDVHV� 7KH VKRUW SHULRG IUHTXHQFLHV IRU WKH QLQH FRQILJXUDWLRQV �� &*V� � 0DFK QXPEHUV� DUH UHSRUWHG
LQ )LJXUH ���� ZKHUH DOO WKH IUHTXHQFLHV DSSHDU UHODWLYHO\ FORVH WR HDFK RWKHU� 7KLV ILJXUH LV XVHG WR
VHOHFW WKUHH IOLJKW FRQGLWLRQV WKDW DUH PRVW UHSUHVHQWDWLYH RI WKLV VKRUW SHULRG IUHTXHQF\ LVVXH IRU WKH
DQDO\VLV DQG IRU WKH SLORWHG VLPXODWLRQV H[SHULPHQWV� VHH 6HFWLRQ ���� D ´IDVW´ VKRUW SHULRG FRQILJXUDWLRQ
�IRUZDUG &* DQG KLJK YHORFLW\ DW ��� 0DFK�� DQ ´DYHUDJH´ VKRUW SHULRG FRQILJXUDWLRQ �QRPLQDO &* DQG
DYHUDJH YHORFLW\ DW ���� 0DFK�� DQG D ´VORZ´ VKRUW SHULRG FRQILJXUDWLRQ �DIW &* DQG ´ORZ´ YHORFLW\ DW ���
0DFK��



���� )UHTXHQF\ DQDO\VLV ��

)LJXUH ���� 1DWXUDO IUHTXHQF\ RI WKH VKRUW SHULRG RI WKH )O\LQJ�9 IRU ፂፆ ዆ ፟፨፫፰ፚ፫፝� ፧፨፦።፧ፚ፥� ፚ፟፭� DQGፌፚ፜፡ ዆ ኺ�ኼ� ኺ�ኼ኿� ኺ�ኽ�

7R XQGHUVWDQG WKH UHOHYDQFH RI WKLV DVSHFW� LW LV LQVLJKWIXO WR SORW VKRUW SHULRG GDPSLQJ DQG IUHTXHQF\
LQ WKH VKRUW SHULRG WKXPESULQW RI ILJXUH ���� LQWURGXFHG LQ 6HFWLRQ ������

$OO WKH FRPELQDWLRQV RI IUHTXHQF\ DQG GDPSLQJ UDWLR IDOO LQ WKH VDPH DUHD� ZKLFK UHDGV ´9HU\ VORZ
UHVSRQVH� ODUJH FRQWURO PRWLRQ WR PDQHXYHU� GLIILFXOW WR WULP´� ,Q WKLV ]RQH RI WKH WKXPESULQW� WKH GDPS�
LQJ UDWLR LV DFFHSWDEOH EXW WKH IUHTXHQF\ LV WRR VORZ WR UHDFK WKH VDWLVIDFWRU\ ]RQH�

7KH VORZ VKRUW SHULRG LV H[SHFWHG WR KDYH D PDMRU LPSDFW RQ WKH KDQGOLQJ TXDOLWLHV� DQG D IOLJKW
FRQWURO V\VWHP VHHPV QHFHVVDU\ WR FRUUHFW IRU WKLV VORZ UHVSRQVH� )RU WKH SLORWHG VLPXODWLRQV� SLWFK
WUDFNLQJ DW GLIIHUHQW FRQWURO IUHTXHQFLHV VKRXOG SURYH LQVLJKWIXO LQ WKLV VHQVH�

)LJXUH ���� 6KRUW SHULRG WKXPESULQW RI WKH )O\LQJ�9 IRU ፂፆ ዆ ፟፨፫፰ፚ፫፝� ፧፨፦።፧ፚ፥� ፚ፟፭� DQG ፌፚ፜፡ ዆ ኺ�ኼ� ኺ�ኼ኿� ኺ�ኽ� )RU PRUH
LQIRUPDWLRQ DERXW WKH VKRUW SHULRG WKXPESULQW SORW� VHH 5RVNDP >��@�

���� )UHTXHQF\ DQDO\VLV
������ %RGH SORW DQG IUHTXHQF\ VHSDUDWLRQ
,Q WKH IUHTXHQF\ GRPDLQ� WKH %RGH SORWV DUH WKH WRROV RI HOHFWLRQ IRU DQDO\]LQJ WKH UHVSRQVH RI D V\VWHP�
7KH LQSXW WR WKH V\VWHP LV PRGHOOHG DV D VLQJOH FRQWURO IRU DOO WKH IRXU HOHYRQV� DV H[SODLQHG LQ 6HFWLRQ



���� )UHTXHQF\ DQDO\VLV ��

���� :LWK WKLV FRQWURO LQSXW� WKH IUHTXHQF\ UHVSRQVH RI SLWFK DQJOH DQG SLWFK UDWH DUH VKRZQ LQ ILJXUHV
��� DQG ��� IRU WKH DYHUDJH FRQILJXUDWLRQ�

,Q WKHVH� WKH JDLQ SHDN FRUUHVSRQGV WR WKH SKXJRLG IUHTXHQF\� ZKLFK LV UHODWHG WR D SROH LQ WKH ULJKW
KDOI SODQH DQG LV QHJDWLYHO\ GDPSHG� 7KH GLS LQ WKH SKDVH UHVSRQVH LV DOVR RULJLQDWHG E\ WKH XQVWDEOH
SKXJRLG� $IWHU WKH SKXJRLG IUHTXHQF\� D ൡൣ��ࢿ SHU GHFDGH VORSH LV H[SHFWHG LQ WKH SLWFK ERGH SORW
DQG D �ൣൡ VORSH LQ WKH UDWH ERGH SORW� VLQFH DQ DLUSODQH W\SLFDOO\ VKRZV DQ LQWHJUDWRU�OLNH EHKDYLRXU
EHWZHHQ WKH SKXJRLG DQG WKH VKRUW SHULRG IUHTXHQF\ >��@� 7KLV LV WKH FDVH LQ WKHVH SORWV�

+RZHYHU� GLIIHUHQWO\ IURP VWDQGDUG DLUFUDIW� WKH IUHTXHQF\ UDQJH RI WKLV SDUW RI WKH ERGH SORW EHWZHHQ
WKH IUHTXHQF\ RI WKH WZR PRGHV LV YHU\ QDUURZ� GXH WR WKH VORZ IUHTXHQF\ RI WKH VKRUW SHULRG �ZKLFK LV
DSSUR[LPDWHO\ ZKHUH WKH VORSH JHWV DQ DGGLWLRQDO ൡൣ��ࢿ SHU GHFDGH�� $V D FRQVHTXHQFH� WKH VKDSH
RI WKH ERGH SORW LV SDUWLDOO\ GLIIHUHQW IURP WKH XVXDO ERGH SORW RI DQ DLUFUDIW� LQGLFDWLQJ VRPH SRWHQWLDO
FRQWURO LVVXHV RI WKH DLUSODQH ZLWK FORVHG ORRS FRQWURO�

,Q IDFW� SLORW FRQWURO DFWLYLW\ OLHV XVXDOO\ ZLWKLQ WKH IUHTXHQF\ UDQJH RI ��� WR �� UDG�V� DQG LW LV GHVLU�
DEOH WKDW LQ WKLV IUHTXHQF\ UDQJH WKH DLUFUDIW SLWFK UHVSRQGV LQWHJUDWRU�OLNH ൡൣ��ࢿ� SHU GHFDGH VORSH�
VR WKDW WUDFNLQJ WDVNV DUH QRW KLQGHUHG�

2QH SUREOHP WKDW DULVHV IURP WKLV W\SH RI UHVSRQVH LV WKDW PDQ\ RI WKH FRPPRQO\ XVHG FULWHULD �WKDW
LV� PRVW RI WKH FULWHULD VXJJHVWHG LQ WKH 0,/�67'� DUH EDVHG RQ WKH DVVXPSWLRQ WKDW VKRUW SHULRG DQG
SKXJRLG IUHTXHQFLHV DUH ZHOO VHSDUDWHG� :LWK WKLV DVVXPSWLRQ QRW EHLQJ UHVSHFWHG� DOO WKH FULWHULD PXVW
EH XVHG ZLWK VSHFLDO FDUH DQG VRPH PLJKW QRW HYHQ EH GLUHFWO\ DSSOLFDEOH� ,Q DQ\ FDVH� WKH SLORWHG
VLPXODWLRQ H[SHULPHQWV ZLOO KDYH WR FDUHIXOO\ LQYHVWLJDWH WKH YLFLQLW\ RI WKH WZR PRGHV WR XQGHUVWDQG
WKH LPSDFW RI WKH VPDOO PRGHV VHSDUDWLRQ RQ WKH +4� )RU WKLV UHDVRQ� D IOLJKW FRQWURO V\VWHP ZLOO EH
GHVLJQHG LQ &KDSWHU � WR UHJXODWH SKXJRLG DQG VKRUW SHULRG IUHTXHQF\ DQG WHVW KRZ WKHLU VHSDUDWLRQ
LQIOXHQFHV WKH UHVSRQVH RI WKH DLUFUDIW�



���� )UHTXHQF\ DQDO\VLV ��

)LJXUH ���� %RGH SORW RI SLWFK DQJOH UHVSRQVH WR ORQJLWXGLQDO V\PPHWULFDO FRQWURO RI WKH IRXU HOHYRQV�

+HUH LW LV QRPLQDO &* DQG 9  ���� 0DFK�

)LJXUH ���� %RGH SORW RI SLWFK UDWH UHVSRQVH WR ORQJLWXGLQDO V\PPHWULFDO FRQWURO RI WKH IRXU HOHYRQV�

+HUH LW LV QRPLQDO &* DQG 9  ���� 0DFK�

������ %DQGZLGWK
7KH FKRVHQ FULWHULRQ IRU WKH IUHTXHQF\ GRPDLQ LV WKH 0,/�67' %DQGZLGWK FULWHULRQ� DV H[SODLQHG LQ
6HFWLRQ ����



���� )UHTXHQF\ DQDO\VLV ��

)RU QRPLQDO &*� 9  ���� 0DFK DQG ILUVW RUGHU ODJ DFWXDWRUV LQWURGXFHG EHIRUH� WKH %DQGZLGWK
FULWHULRQ LV DSSOLHG WR WKH IUHTXHQF\ UHVSRQVH RI )LJXUH ���� )URP WKLV SORW� LW LV SRVVLEOH WR FRPSXWH DOO
WKH TXDQWLWLHV XVHG IRU WKLV FULWHULRQ DV VKRZQ LQ )LJXUH ���� 6HFWLRQ ���� ဋፁፖ KHUH LVဋኻኽ኿  ����൰ൠൣ�൱�
VLQFH LW LV WKH ORZHVW IUHTXHQF\ EHWZHHQ ဋኻኽ኿ DQG ဋዀ፝፛� ဆ፩ KHUH LV

ဆ፩ တኼᒞᎳᎺᎲ�ࢿ  � ���
�����൶�ဋኻዂኺ���ࣅ  ����൱�

ZKHUH တኼᒞᎳᎺᎲ ൤൦ൣ���ࢿ  LV DOVR IURP ����

)LJXUH ���� %RGH SORW IRU 0,/�67' %DQGZLGWK FULWHULRQ� QRPLQDO &* DQG 9  ���� 0DFK� HOHYRQV DFWXDWRU G\QDPLFV LQFOXGHG�

%DVHG RQ WKHVH TXDQWLWLHV� WKH FULWHULRQ IRU WKH )O\LQJ�9 LV VKRZQ LQ )LJXUH ���� $VPHQWLRQHG EHIRUH�
WKH ဆ፩ TXDQWLW\ LV FRUUHODWHG �QRW HTXLYDOHQW� WR WKH GHOD\ FDXVHG E\ WKH IHHO V\VWHP DQG WKH DFWXDWRU
G\QDPLFV� EXW KHUH WKH DFWXDWRUV DUH PRGHOOHG DV D EDVLF ILUVW RUGHU ODJ DQG WKH IHHO V\VWHP LV H[FOXGHG
IURP WKH DQDO\VLV� $V D UHIHUHQFH� WKH WHVW�YHKLFOH XVHG LQ 0,/�67' �86$)�&$/63$1 7���� DQG WKH
%RHLQJ ������ KDYH ဆ፩  ���� GXH WR DFWXDWLRQ DQG IHHO V\VWHPV� $V D FRQVHTXHQFH� WKH UHOHYDQFH RI
ဆ፩ KHUH LV OLPLWHG� 7KLV EHLQJ VDLG� WKH )O\LQJ�9 LQ WKLV FRQILJXUDWLRQ VKRZV /HYHO � +4 DFFRUGLQJ WR WKLV
FULWHULRQ� ZLWK WKH %DQGZLGWK IUHTXHQF\ ဋፁፖ EHLQJ GHWHUPLQHG LQ WKLV FDVH E\ WKH ��� SKDVH PDUJLQ
DQG QRW E\ WKH JDLQ PDUJLQ�

7KH SKDVH SORW DIWHU ဋፁፖ GRHV QRW ORRN SDUWLFXODUO\ VWHHS� KHQFH QR FRQFHUQLQJ GHJUDGDWLRQ RI
WKH +4 LV H[SHFWHG WR EH FDXVHG E\ D VXGGHQ FKDQJH LQ WKH IUHTXHQF\ UHVSRQVH DV H[SODLQHG LQ 6HF�
WLRQ ���� +RZHYHU� IHHO V\VWHP DQG PRUH UHDOLVWLF DFWXDWRU G\QDPLFV PLJKW KDYH DQ LPSDFW RQ LWV VKDSH�

$V D FRQVHTXHQFH� LW ZRXOG EH LQVLJKWIXO WR PDNH XVH RI SLORWHG VLPXODWLRQV WR

� WHVW KRZ V\VWHP GHOD\V �IHHO V\VWHP� DFWXDWRUV� ���� PLJKW FKDQJH WKH VKDSH RI WKH IUHTXHQF\ UH�
VSRQVH DQG UHGXFH WKH +4 SUHGLFWHG ZLWK WKH %DQGZLGWK FULWHULRQ� WKH IHHO V\VWHP ZLOO EH LQFOXGHG
LQ WKH VLPXODWRU IRU WKH KXPDQ�LQ�WKH�ORRS H[SHULPHQWV DQG LW ZLOO EH WXQHG DV LQ 6HFWLRQ ������

� WU\ WR LQFUHDVH WKH ဋፁፖ RI WKH V\VWHP DQG SXVK LW LQWR /HYHO� E\ PHDQV RI FRQWURO DXJPHQWDWLRQ�
VHH &KDSWHU ��



���� *LEVRQ WLPH UHVSRQVH FULWHULD ��

)LJXUH ���� 0,/�67' %DQGZLGWK FULWHULRQ� IRUZDUG &*� 0DFK  ��� �JUHHQ�� QRPLQDO &*� 0DFK  ���� �EODFN�� DIW &*� 0DFK  
��� �UHG�� (OHYRQV DFWXDWRU G\QDPLFV LQFOXGHG�

���� *LEVRQ WLPH UHVSRQVH FULWHULD
7KH WZR *LEVRQ FULWHULD� )OLJKW 3DWK $QJOH DQG 'URSEDFN� DLP DW SUHGLFWLQJ WKH +4 RI DQ DLUFUDIW EDVHG
RQ WKH SXOO�XS WLPH UHVSRQVH� VHH 6HFWLRQ ����

������ 'URSEDFN
7R PHDVXUH GURSEDFN DQG WKH SLWFK UDWH LQIRUPDWLRQ QHHGHG IRU WKLV FULWHULD� WKH IXOO QRQ�OLQHDU )O\LQJ�9
UHVSRQVH LV WHVWHG ZLWK D ���� GHJ LQSXW RQ DOO WKH HOHYRQV DW VHFRQG �� WKHQ UHOHDVHG DW VHFRQG ���
7KH UHVSRQVH LV VKRZQ LQ )LJXUH ��� �GURSEDFN DQG RYHUVKRRW� DQG )LJXUH ���� �SLWFK UDWH� IRU WKH WKUHH
GLIIHUHQW FRQILJXUDWLRQV REWDLQHG LQ 6HFWLRQ ��� �IRUZDUG� QRPLQDO� DQG DIW &*� 0DFK  ���� ����� �����



���� *LEVRQ WLPH UHVSRQVH FULWHULD ��

)LJXUH ���� 'URSEDFN FULWHULRQ � GURSEDFN DQG RYHUVKRRW� )RUZDUG� QRPLQDO� DQG DIW &*� 0DFK  ���� ����� ���� (OHYRQV
DFWXDWRU G\QDPLFV LQFOXGHG�

)LJXUH ����� 'URSEDFN FULWHULRQ � SLWFK UDWH� )RUZDUG� QRPLQDO� DQG DIW &*� 0DFK  ���� ����� ���� (OHYRQV DFWXDWRU G\QDPLFV
LQFOXGHG�

%\ FRPELQLQJ WKH DQDO\VLV RI WKHVH WZR ILJXUHV RQH FDQ ORFDWH HDFK FRQILJXUDWLRQ LQ WKH *LEVRQ
'URSEDFN ERXQGDULHV SORW� )LJXUH ����� )URP WKH DQDO\VLV RI WKHVH WKUHH ILJXUHV �GURSEDFN�RYHUVKRRW�
SLWFK UDWH PD[ DQG VWHDG\ VWDWH� ERXQGDULHV�� LW DSSHDUV WKDW WKH IDVW VKRUW�SHULRG FRQILJXUDWLRQV �JUHHQ
DQG EODFN� DUH DVVRFLDWHG ZLWK D EDG SURSRUWLRQ EHWZHHQ GURSEDFN DQG TBP�TBVV� 7KLV ORFDWHV WKHVH
IDVWHU FRQILJXUDWLRQV LQ DQ DUHD RI WKH ERXQGDU\ SORW WKDW WKH 0,/�67' ERRN GHVFULEHV ZLWK WKH IROORZLQJ
REVHUYDWLRQ� ´,QFUHDVLQJ DWWLWXGH GURS EDFN OHG WR DEUXSW UHVSRQVH DQG EREEOLQJ� IURP ´VOLJKW WHQGHQF\´
WR ´FRQWLQXRXV RVFLOODWLRQV´� LQ WUDFNLQJ WDVNV� 6RPHWLPHV WKLV ZDV FDOOHG 3,2 EXW LW GLG QRW FDXVH
FRQFHUQ IRU VDIHW\�´ >��@�

2Q WKH RWKHU KDQG� IRU WKH VORZHU VKRUW SHULRG FRQILJXUDWLRQV �UHG LQ )LJXUH ����� WKH RYHUVKRRW KLQWV
DW D SRVVLEOH VOXJJLVK UHVSRQVH RI WKH )O\LQJ�9�

$OO WKH FRQILJXUDWLRQV IDOO LQ WKH VDWLVIDFWRU\ DUHD DV IDU DV WKH ൯፦�൯፬፬ UDWLR LV FRQFHUQHG� EXW D ORZ



���� *LEVRQ WLPH UHVSRQVH FULWHULD ��

൯፬፬ PLJKW EH WKH UHDVRQ EHKLQG ZLGH VSUHDG RI WKH FRQILJXUDWLRQV LQ WKH ERXQGDULHV SORW RI )LJXUH �����

$ IXUWKHU GHWDLOHG VHQVLWLYLW\ DQDO\VLV RQ � FRQILJXUDWLRQV �DOO WKH FRPELQDWLRQ RI � FHQWHU RI JUDYLW\
SRVLWLRQV� IRUZDUG� QRPLQDO� DQG DIW� DQG � VSHHGV 0DFK  ���� ����� ���� FRQILUPV WKH DQDO\VLV MXVW
SUHVHQWHG� ZLWK WKH DGGLWLRQDO LQIRUPDWLRQ WKDW LW LV WKH &* SRVLWLRQ WR GHWHUPLQH WKH QDWXUH RI WKH UH�
VSRQVH �ZKHWKHU RYHUVKRRW RU GURSEDFN LV SUHVHQW� DQG WKDW IRU VORZHU YHORFLWLHV WKH RYHUVKRRW LV PRUH
GLVWLQFW� ZKLOH IRU KLJKHU YHORFLWLHV WKH GURSEDFN LV PRUH VLJQLILFDQW�

:LWK WKH SLORWHG VLPXODWLRQV� WKH SXOO�XS PDQHXYHU VKRXOG EH WHVWHG DW GLIIHUHQW FRQILJXUDWLRQV DQG
ZLWK GLIIHUHQW FRQWURO DXJPHQWDWLRQV� 7KH JRDO VKRXOG EH WR VWXG\ WKH FRUUHODWLRQ EHWZHHQ WKH DLUFUDIW
FRQILJXUDWLRQV DQG WKH GURSEDFN�RYHUVKRRW W\SH RI UHVSRQVHV�

)LJXUH ����� 'URSEDFN FULWHULRQ � ERXQGDULHV� )RUZDUG &*� 0DFK  ��� �JUHHQ�� QRPLQDO &*� 0DFK  ���� �EODFN�� DIW &*�
0DFK  ��� �UHG�� (OHYRQV DFWXDWRU G\QDPLFV LQFOXGHG�

������ )OLJKW 3DWK $QJOH
7KH )OLJKW 3DWK $QJOH UHVSRQVH FDQ EH DQDO\VHG WR LQWHJUDWH WKH 'URSEDFN FULWHULRQ� *LEVRQ DQDO\VLV
VXJJHVWV WR ORRN DW WKH WLPH GHOD\ EHWZHHQ WKH FRQWURO LQSXW DQG WKH YLVLEOH )OLJKW 3DWK $QJOH UHVSRQVH�
)LJXUH ���� GLVSOD\V WKH UHVSRQVH IRU WKH WKUHH UHSUHVHQWDWLYH FDVHV RI VORZ� DYHUDJH DQG IDVW VKRUW
SHULRG UHVSRQVHV�

7KH WLPH GHOD\V IRU DOO WKH � FRQILJXUDWLRQV DUH VKRZQ LQ )LJXUH �����



���� *LEVRQ WLPH UHVSRQVH FULWHULD ��

)LJXUH ����� *LEVRQ )OLJKW 3DWK $QJOH� )RUZDUG &*� 0DFK  ��� �JUHHQ��

QRPLQDO &*� 0DFK  ���� �EODFN�� DIW &*� 0DFK  ��� �UHG�� (OHYRQV DFWXDWRU G\QDPLFV LQFOXGHG�



���� &RQWURO $QWLFLSDWLRQ 3DUDPHWHU ��

)LJXUH ����� *LEVRQ )OLJKW 3DWK $QJOH WLPH GHOD\V IRU DOO WKH FRQILJXUDWLRQV FRQVLGHUHG LQ WKLV UHVHDUFK� 7KH GDVKHG OLQH LV WKH
OLPLW VXJJHVWHG E\ *LEVRQ IRU JRRG KDQGOLQJ TXDOLWLHV� (OHYRQV DFWXDWRU G\QDPLFV LQFOXGHG�

)URP D FRPELQHG DQDO\VLV RI WKHVH UHVXOWV� LW LV FOHDU WKDW WKHUH LV D FRUUHODWLRQ EHWZHHQ WKH )3$
GHOD\ DQG ERWK WKH &* DQG WKH YHORFLW\ RI WKH DLUFUDIW� 7KH PRUH IRUZDUG WKH &* DQG IDVWHU WKH DLUFUDIW�
WKH VPDOOHU WKH GHOD\� ,I RQH FRQVLGHUV WKH UHFRPPHQGHG OLPLW IRU WKLV GHOD\ WR EH ��� VHFRQGV DV D
UHVXOW RI *LEVRQ¶V UHVHDUFK� WKHQ DOO WKH FRQILJXUDWLRQV ZLWK WKH DIW &* IDOO RXW RI WKLV OLPLW� WKRVH ZLWK
WKH QRPLQDO &* DUH MXVW ERUGHUOLQH� DQG WKRVH ZLWK WKH IRUZDUG &* DUH DOZD\V VDWLVIDFWRU\� ,Q RWKHU
ZRUGV� WKH FRQILJXUDWLRQV DVVRFLDWHG ZLWK VORZ VKRUW�SHULRG IUHTXHQF\ DUH DOVR SUHGLFWHG WR EH KDUG WR
PDQRHXYHU EHFDXVH RI D GHOD\ LQ WKH UHVSRQVH RI WKH )3$ WR WKH FRQWURO LQSXW� 5HPLQG IURP 6HFWLRQ
����� WKDW RI WKHVH WKUHH ORFDWLRQV� WZR DUH WKH VWDEOH OLPLWV GHWHUPLQHG E\ &DSSX\QV >��@ DQG RQH LV
WKH SRLQW LQ WKH PLGGOH RI WKLV UDQJH�

$GGLWLRQDOO\� LW HPHUJHV IURP WKLV SUHOLPLQDU\ DQDO\VLV WKDW ZKLOH WKH FRQILJXUDWLRQ ZLWK DIW &* JHQ�
HUDOO\ SHUIRUPV ZRUVH WKDQ WKH UHVW RI WKH FRQILJXUDWLRQV� LW DFKLHYHV KLJKHU �KHQFH JHQHUDOO\ EHWWHU�
VWHDG\ VWDWH YDOXHV RI SLWFK UDWH GXULQJ FOLPE�

,W LV FOHDU WKDW WKH )3$ UHVSRQVH LV FULWLFDO IRU WKH KDQGOLQJ TXDOLWLHV RI WKH )O\LQJ�9� 7KH &* VHHPV
WR KDYH DQ LPSRUWDQW LQIOXHQFH WKDW QHHGV WR EH IXUWKHUHG XQGHUVWRRG� DQG WKH FHUWLILFDWLRQ VWDQGDUGV RI
&KDSWHU � UHTXLUH SUHFLVH )3$ SHUIRUPDQFH WKDW UHVXOWHG FULWLFDO LQ SUHYLRXV UHVHDUFK �VHH &DSSX\QV�
>��@�� $V D FRQVHTXHQFH� D )3$ WUDFNLQJ WDVN ZLOO EH FDUULHG RXW LQ WKH SLORWHG�VLPXODWLRQV DQG VSHFLDO
DWWHQWLRQ ZLOO EH JLYHQ WR WKH SXOO�XS PDQRHXYHU� 7KH 6WDELOLW\ $XJPHQWDWLRQ V\VWHP LPSOHPHQWHG LQ
&KDSWHU � VKRXOG DOVR EH WXQHG WDNLQJ LQWR FRQVLGHUDWLRQ WKH )3$ TXDOLW\ DV SUHGLFWHG E\ WKLV FULWHULRQ�

���� &RQWURO $QWLFLSDWLRQ 3DUDPHWHU
7KH WKUHH FULWLFDO FRQILJXUDWLRQV REWDLQHG LQ 6HFWLRQ ��� EDVHG RQ WKH VKRUW SHULRG IUHTXHQF\ �IRUZDUG
&* DQG 0DFK  ��� �JUHHQ�� QRPLQDO &* DQG 0DFK  ���� �EODFN�� DIW &* DQG 0DFK  ��� �UHG�� DUH
UHSUHVHQWDWLYH RI DOO WKH � FRQILJXUDWLRQV FRQVLGHUHG LQ WKLV DQDO\VLV� VLQFH WKH VORZHU WKH VKRUW SHULRG
IUHTXHQF\� WKH ORZHU WKH +4 SUHGLFWHG ZLWK WKH &$3 FULWHULRQ� 7KLV LV VKRZQ LQ )LJXUH ����� ZKHUH LW LV
DSSDUHQW WKDW WKH IDVWHVW FRQILJXUDWLRQV IDOO ZHOO LQWR WKH /HYHO � ERXQGDULHV� ZKLOH VORZHU FRQILJXUDWLRQV
GHJUDGH LQWR /HYHO ��

7KLV FRQILUPV WKH LQWHUHVW LQ WKH SLWFK WUDFNLQJ SLORWHG VLPXODWLRQ WDVN WR LQYHVWLJDWH WKH GHJUDGDWLRQ



���� 6HQVLWLYLW\ DQDO\VLV RYHU URWDWLRQDO LQHUWLD DQG &* ��

RI WKH KDQGOLQJ TXDOLWLHV LQ WKH FDVH RI VORZHU FRQILJXUDWLRQV� ,Q SDUWLFXODU� WKH IRFXV ZLOO EH RQ XQGHU�
VWDQGLQJ ZKHWKHU WKH SLORW LV DEOH WR FRPIRUWDEO\ LQWHUSUHW WKH UHVSRQVH RI WKH )O\LQJ�9 IURP LWV ILUVW SLWFK
DFFHOHUDWLRQ LQ LWV VORZHU FRQILJXUDWLRQV�

)LJXUH ����� &RQWURO $QWLFLSDWLRQ 3DUDPHWHU� )RUZDUG &*� 0DFK  ��� �JUHHQ�� QRPLQDO &* 0DFK  ���� �EODFN�� DIW &* 0DFK
 ��� �UHG�� (OHYRQV DFWXDWRU G\QDPLFV LQFOXGHG�

���� 6HQVLWLYLW\ DQDO\VLV RYHU URWDWLRQDO LQHUWLD DQG &*
)RU WKH H[SORUDWRU\ QDWXUH RI WKLV UHVHDUFK� LW LV XVHIXO WR ORRN LQWR WKH HIIHFW RI LQHUWLDO FKDUDFWHULVWLFV
RQ WKH +4�

)LUVW RI DOO� WKH &* SRVLWLRQ FDQ EH VKLIWHG� $JDLQ WKH WKUHH &* ORFDWLRQV LQWURGXFHG LQ 6HFWLRQ �����
DUH FRQVLGHUHG� IRUZDUG &*� QRPLQDO &*� DQG DIW &* IURP WKH QRVH� $V IDU DV VWDELOLW\ LV FRQFHUQHG� LW
LV FOHDU IURP WKH DQDO\VLV RI WKH URRW�ORFXV PDS WKDW WKH &* VKRZV EHWWHU SKXJRLG FKDUDFWHULVWLFV IRU WKH
DIW &*� ZKHUH WKH SROHV KDYH QHJDWLYH UHDO SDUW IRU IDVW FRQILJXUDWLRQV DQG MXVW PLOGO\ SRVLWLYH IRU VORZHU
FRQILJXUDWLRQV� 2Q WKH RWKHU KDQG� WKH IRUZDUG &* LPSOLHV DQ XQVWDEOH SKXJRLG� DJDLQ ZLWK GHFUHDVLQJ
SHUIRUPDQFH IRU VORZHU FRQILJXUDWLRQV�

:KHQ WDNLQJ LQ FRQVLGHUDWLRQ WKH IUHTXHQF\ VHSDUDWLRQ RI SKXJRLG DQG VKRUW SHULRG� KRZHYHU� WKH
FORVHU WKH &* WR WKH QRVH� WKH ODUJHU WKH IUHTXHQF\ VHSDUDWLRQ� ,Q RWKHU ZRUGV� WKH FRQILJXUDWLRQ ZLWK
IRUZDUG &* KDV IDVWHU VKRUW SHULRG IUHTXHQF\ DQG EHWWHU SKXJRLG�VKRUW SHULRG VHSDUDWLRQ WKDQ WKH FRQ�
ILJXUDWLRQ ZLWK IRUZDUG &*�

'XH WR WKH REYLRXV UHODWLRQ RI \�D[LV LQHUWLD ൎ፲፲ ZLWK ORQJLWXGLQDO +4� LW LV LQWHUHVWLQJ WR VWXG\ WKH
VHQVLWLYLW\ RI WKH VKRUW SHULRG IUHTXHQF\ RQ ൎ፲፲� 7R JHW DQ LQVLJKWIXO SLFWXUH RI WKH VHQVLWLYLW\� WKUHH &*
FRQILJXUDWLRQV DUH FRQVLGHUHG �IRUZDUG� QRPLQDO� DQG DIW� DV XVXDO�� DLUVSHHG LV VHW WR 0DFK  ����
�DYHUDJH RI WKH 0DFK QXPEHUV FRQVLGHUHG VR IDU LQ WKLV UHVHDUFK�� DQG WKH LQHUWLD ൎ፲፲ LV UHGXFHG SUR�
JUHVVLYHO\ GRZQ WR ��� RI WKH LQLWLDO GHVLJQ YDOXH �������൤ � ��>൩൦൫ኼ@�� 7KH UHVXOWLQJ VKRUW SHULRG
IUHTXHQF\ SORWV DUH GLVSOD\HG LQ )LJXUH �����



���� 6XPPDU\ RI H[SHFWHG +4 ��

)LJXUH ����� 6HQVLWLYLW\ DQDO\VLV RI QDWXUDO VKRUW SHULRG IUHTXHQF\ ፰ᑟ RYHU \�D[LV LQHUWLD ፈᑪᑪ IRU WKH WKUHH &* �IRUZDUG� QRPLQDO�
DIW�� ፈᑪᑪ LV GHVLJQHG WR EH ኼ�዁ዀኻዃ፞ ዄ ኺ዁>፤፠ ࣄ ፦Ꮄ@ DW ����� $OO WKH SORWV DUH GUDZQ IRU 0DFK �����

7KLV VXJJHVWV WKDW E\ UHGXFLQJ ൎ፲፲ EHWWHU +4 DUH WR EH H[SHFWHG RYHUDOO�

���� 6XPPDU\ RI H[SHFWHG +4
$ XVHIXO RYHUYLHZ RI WKH +4 RI WKH )O\LQJ�9 FDQ EH REWDLQHG E\ FRQVLGHULQJ WKH UHVXOWV RI WKH SUHOLPL�
QDU\ DQDO\VLV RQ D OLPLWHG QXPEHU RI FDVHV� 'XH WR WKH VLJQLILFDQFH RI LW IRU WKLV UHVHDUFK �VHH VHFWLRQ
����� WKH VKRUW SHULRG IUHTXHQF\ LV D VXLWDEOH GULYHU IRU WKLV RYHUYLHZ� ,Q )LJXUH ���� WKH SUHGLFWHG OHYHOV
RI +4 DFFRUGLQJ WR HDFK RI WKH FULWHULD XVHG LQ WKLV FKDSWHU DUH JLYHQ IRU WKUHH GLIIHUHQW FRQILJXUDWLRQV�
RQH LV DVVRFLDWHG ZLWK WKH VORZHVW VKRUW SHULRG IUHTXHQF\ DPRQJ DOO WKH FRQILJXUDWLRQV FRQVLGHUHG LQ
WKLV UHVHDUFK �UHG FDVH�DIW &*� 0DFK  ����� RQH LV DVVRFLDWHG WR WKH IDVWHVW VKRUW SHULRG IUHTXHQF\
�JUHHQ FDVH� IRUZDUG &*� 0DFK  ����� DQG RQH LV LQ WKH PLGGOH RI WKHVH WZR �EODFN FDVH� QRPLQDO &*�
0DFK  ������ �7KLV WDEOH VKRXOG EH VHHQ DV DQ RYHUYLHZ VXPPDU\ RI WKLV &KDSWHU� ,WV FRQWHQW KDV
EHHQ GLVFXVVHG LQ WKH SUHYLRXV VHFWLRQV�� )RU UHIHUHQFH� &KDQ >��@ KLJKOLJKWV JHQHUDOO\ LQIHULRU KDQ�
GOLQJ TXDOLWLHV IRU EOHQGHG ZLQJ ERGLHV GXH WR UHOD[HG VWDELOLW\� LQVXIILFLHQW )3$ FRQWURO� 3,2 WHQGHQFLHV
LQ )3$ WUDFNLQJ� KLJKHU DQJOH RI DWWDFN DW ODQGLQJ DQG VHYHUH OLIW ORVVHV DIWHU HOHYRQV GHIOHFWLRQ�

2YHUDOO� LW LV FOHDU WKDW WKH )O\LQJ�9 ZRXOG EHQHILW IURP WKH DXJPHQWDWLRQ RI LWV UHVSRQVH ZLWK D 6WD�
ELOLW\ $XJPHQWDWLRQ 6\VWHP� ,Q IDFW� EDVHG RQ VRPH RI WKH FULWHULD VKRZQ LQ WKLV &KDSWHU� ZLWKRXW D
&RQWURO DQG 6WDELOLW\ $XJPHQWDWLRQ 6\VWHP �&6$6� WKH )O\LQJ�9 LV H[SHFWHG WR KDYH SRRU KDQGOLQJ
TXDOLWLHV IRU LWV VORZHU FRQILJXUDWLRQV� ,Q SDUWLFXODU� WKH VKRUW SHULRG IUHTXHQF\ VHHPV WR SOD\ D VLJQLIL�
FDQW UROH LQ WKH RYHUDOO TXDOLW\ RI WKH DLUFUDIW UHVSRQVH� DQG WKH &6$6 VKRXOG EH GHVLJQHG VWDUWLQJ IURP
WKH LVVXHV UHODWHG WR WKH FORVH YLFLQLW\ RI VKRUW SHULRG DQG SKXJRLG IUHTXHQFLHV� 7KH DSSURDFK WR &6$6
LPSOHPHQWDWLRQ LV WUHDWHG LQ &KDSWHU ��

7KH UHVXOWV RI WKLV SUHOLPLQDU\ DQDO\VLV DOVR SURYLGH VRPH IOLJKW WDVNV WKDW VKRXOG EH SHUIRUPHG LQ
WKH SLORWHG VLPXODWLRQV� 3LWFK WUDFNLQJ ZLOO EH XVHIXO WR IXUWKHU DQDO\VH WKH HIIHFWV RI WKH VORZ VKRUW
SHULRG IUHTXHQF\� WR XQGHUVWDQG WKH LVVXHV WKDW HPHUJHG ZLWK WKH 'URS %DFN FULWHULRQ� WR FRQILUP WKH
+4 GHJUDGDWLRQ SUHGLFWHG ZLWK WKH &$3� DQG WR H[SORUH WKH FRQWURO LVVXHV KLJKOLJKWHG E\ WKH EDQGZLGWK
FULWHULRQ� $OO RI WKLV ZLOO EH HODERUDWHG LQ &KDSWHU ��



���� 6XPPDU\ RI H[SHFWHG +4 ��

)LJXUH ����� 6XPPDU\ RI WKH SUHOLPLQDU\ DQDO\VLV UHVXOWV IRU WKH WKUHH FULWLFDO FDVHV H[SODLQHG LQ VHFWLRQ ����



�
&RQWURO DQG 6WDELOLW\ $XJPHQWDWLRQ

6\VWHP

���� 7KH QHHG IRU FRQWURO DXJPHQWDWLRQ
7KH UHVSRQVH RI DQ DLUFUDIW WR SLORW LQSXWV FDQ EH PDQLSXODWHG E\ PHDQV RI D 6WDELOLW\ $XJPHQWDWLRQ
6\VWHP �6$6� DQG RI D &RQWURO $XJPHQWDWLRQ 6\VWHP �&$6�� 7KH 6$6 DGGUHVVHV WKH FKDUDFWHULVWLFV
RI WKH LQQHU�ORRS UHVSRQVH RI WKH DLUFUDIW� WDNLQJ FDUH RI G\QDPLF VWDELOLW\ DQG GDPSLQJ� ZKLOH WKH &$6
HQKDQFHV DQG LPSURYHV WUDFNLQJ DQG IO\LQJ FDSDELOLWLHV RI WKH DLUFUDIW� DGGUHVVLQJ WKH RXWHU�ORRS�

,Q WKLV UHVHDUFK� WKH SLORWHG VLPXODWLRQV ZLOO DOVR VHUYH WR H[SORUH WKH SRWHQWLDO RI DQ DXJPHQWDWLRQ
V\VWHP WR LPSURYH WKH +4 RI WKH )O\LQJ�9� 0RUHRYHU� DFFRUGLQJ WR WKH UHVXOWV RI WKH SUHOLPLQDU\ DQDO\VLV
RI &KDSWHU �� D FHUWDLQ GHJUHH RI DXJPHQWDWLRQ VHHPV QHFHVVDU\ WR LPSURYH WKH RYHUDOO +4 LQWR /HYHO
� DQG DYRLG FRQWURO LVVXHV�

7KH DXJPHQWDWLRQ V\VWHP FDQ EH JHQHUDOO\ VHHQ DV PDGH XS RI WZR SDUWV � WKH LQQHU�ORRS DQG WKH
RXWHU�ORRS� ZKLFK ZLOO EH KHUH EULHIO\ LQWURGXFHG�

������ ,QQHU�ORRS DXJPHQWDWLRQ � 6WDELOLW\ $XJPHQWDWLRQ 6\VWHP
7KH LQQHU�ORRS RI D FRQWURO V\VWHP DLPV DW KDQGOLQJ WKH EDVLF FKDUDFWHULVWLFV RI WKH UHVSRQVH RI WKH
DLUFUDIW� VXFK DV VWDELOLW\ DQG RVFLOODWLRQV� ,W LV LPSOHPHQWHG WR PDNH VXUH WKDW WKH RXWHU�ORRS FDQ HIIHF�
WLYHO\ RSHUDWH WR LPSURYH WKH +4� ,I WKH LQQHU�ORRS SHUIRUPV SRRUO\� LW PLJKW EH GLIILFXOW RU LPSRVVLEOH IRU
WKH RXWHU�ORRS WR EH LPSOHPHQWHG FRUUHFWO\�

'HVLJQLQJ DQ RSWLPDO LQQHU�ORRS LV RXW RI WKH VFRSH RI WKLV UHVHDUFK� $ FODVVLFDO 3,' DSSURDFK LV
XVHG� ZKHUH WKH 3,' JDLQV DUH WXQHG WR LPSURYH SROH GDPSLQJ DQG VXSSRUW SROHV VHSDUDWLRQ DFFRUGLQJ
WR WKH UHVXOWV RI &KDSWHU �� LQ SDUWLFXODU RI 6HFWLRQ ������

,Q WKH IXWXUH� PRUH FRPSOH[ VWDELOLW\ DXJPHQWDWLRQ V\VWHPV VKRXOG EH FRQVLGHUHG� 0DQ\ QRQ�OLQHDU
FRQWURO DXJPHQWDWLRQ V\VWHPV UHO\ PDLQO\ RQ D PRGHO RI WKH FRQWUROOHG YHKLFOH� 7KLV LV XQGHVLUDEOH IRU
WKH FXUUHQW VWDWH RI WKH )O\LQJ�9 GXH WR WKH XQFHUWDLQWLHV RI WKH QHZ PRGHO GHVLJQ� 0RUH VHQVRU�EDVHG
DSSURDFKHV VKRXOG EH SUHIHUUHG� VXFK DV ,QFUHPHQWDO 1RQOLQHDU '\QDPLF ,QYHUVLRQ �,1',� &RQWURO� ,WV
PDLQ DGYDQWDJHV� DFFRUGLQJ WR UHFHQW UHVHDUFK �VHH IRU LQVWDQFH >��@ DQG >��@�� UHVLGH LQ WKH UREXVW
SHUIRUPDQFH DJDLQVW DHURG\QDPLF PRGHO XQFHUWDLQWLHV�

6RPH VWXGLHV KDYH EHHQ FDUULHG RXW RQ DXJPHQWDWLRQ V\VWHPV IRU RWKHU IO\LQJ�ZLQJ SURWRW\SHV ZKLFK
PLJKW VKDUH VRPH+4 FKDUDFWHULVWLFV ZLWK WKH )O\LQJ�9� ,Q SDUWLFXODU� VWXGLHV FDQ EH IRXQG RQ 8$9 IO\LQJ�
ZLQJV� VXFK DV >��@ ZKLFK IRFXVHV RQ D QRQOLQHDU PHWKRGRORJ\ WR GHFRXSOH WKH ODWHUDO DQG ORQJLWXGLQDO
G\QDPLFV� DQG >��@� LQ ZKLFK WKH HIIHFWLYHQHVV RI D FRQWURO ODZ WKDW DVVXUHV KLJK ODQGLQJ SUHFLVLRQ XQGHU
GLIIHUHQW ZLQG FRQGLWLRQV LV DVVHVVHG�

��



���� &6$6 GHVLJQ IRU WKH )O\LQJ�9 ��

������ 2XWHU�ORRS DXJPHQWDWLRQ � &RQWURO $XJPHQWDWLRQ 6\VWHP
7KH RXWHU�ORRS DFWXDOO\ GHWHUPLQHV WKH +4� WKH UHVSRQVH W\SH DQG LWV FKDUDFWHULVWLFV �JUDQWHG WKDW WKH
LQQHU�ORRS LV SURSHUO\ GHVLJQHG DQG WXQHG�� 'XULQJ WKH H[SHULPHQWV RI WKLV UHVHDUFK� DQ RXWHU�ORRS
DXJPHQWDWLRQ V\VWHP ZLOO EH WHVWHG WR JHW VRPH LQVLJKWV RQ WKH SRWHQWLDO LPSDFW RI WKH &$6 RQ WKH +4
RI WKH )O\LQJ�9� ,W LV QRW LQ WKH VFRSH RI WKLV UHVHDUFK WR RSWLPL]H WKH RXWHU�ORRS� EXW UDWKHU WR H[SORUH
WKH SRVVLELOLW\ WR GHVLJQ D FRQWURO V\VWHP WKDW DOORZV WKH FXUUHQW GHVLJQ RI WKH )O\LQJ�9 WR PHHW WKH
FHUWLILFDWLRQ UHTXLUHPHQWV�

7KH VWUDLJKW�IRUZDUG DSSURDFK WR WKH GHVLJQ RI WKH FRQWURO V\VWHP IRU WKLV VWXG\ LV H[SODLQHG LQ WKH
QH[W VHFWLRQ� ,Q WKH IXWXUH� KRZHYHU� PRUH FRPSOH[ DSSURDFKHV PLJKW EH WDNHQ LQ FRQVLGHUDWLRQ� )RU
LQVWDQFH� LQ >��@� D GLVWULEXWHG JHQHWLF DOJRULWKP LV XVHG WR GHVLJQ D FRQWURO V\VWHP IRU IO\LQJ ZLQJV
EDVHG RQ HYDOXDWLRQ IXQFWLRQV RI RYHUVKRRW� VWHDG\ WLPH� VWHDG\ HUURU� DQG RVFLOODWLRQ RI WKH UHVSRQVH
RI WKH PRGHO� 7KLV IRUPV DQ DXWRPDWLF DQG HIILFLHQW ZD\ WR GHVLJQ D )OLJKW &RQWURO 6\VWHP�

���� &6$6 GHVLJQ IRU WKH )O\LQJ�9
%DVHG RQ WKH DQDO\VLV SHUIRUPHG LQ &KDSWHU �� ERWK D 6$6 DQG D &$6 ZHUH GHVLJQHG WR WU\ WR HQKDQFH
WKH +4 RI WKH )O\LQJ�9� $FFRUGLQJ WR WKH SUHOLPLQDU\ DQDO\VLV SUHVHQWHG LQ &KDSWHU �� SLWFK UDWH FRQ�
WURO HPHUJHG DV D SRVVLEOH FRQWURO DSSURDFK� VLQFH LW PLJKW LQFUHDVH WKH FRQWUROODEOH EDQGZLGWK UDQJH
KHQFH LPSURYLQJ WKH +4� 2Q WRS RI WKLV� SLWFK UDWH FRQWURO LV D UDWKHU VWDQGDUG FRQWURO V\VWHP DQG SLORWV
DUH JHQHUDOO\ XVHG WR LW�

,I LPSOHPHQWHG LQ WKH IRUP RI D SLWFK FRQWUROOHU� WKH LGHD LV WR

� VPRRWK GRZQ WKH SKXJRLG E\ IHHGLQJ EDFN IRUZDUG YHORFLW\ RYHU WKURWWOH�

� UHJXODWH GDPSLQJ E\ IHHGLQJ EDFN SLWFK UDWH RYHU WKH HOHYRQV�

� VSHHG XS WKH RWKHUZLVH VORZ VKRUW SHULRG PRGH E\ ILQH�WXQLQJ WKH IHHGEDFN ORRS RI SLWFK DQJOH
RYHU WKH HOHYRQV�

ZKHUH WKH IRXU HOHYRQV DUH GHIOHFWHG V\PPHWULFDOO\ E\ D VLQJOH FRPPRQ FRQWUROOHU� IROORZLQJ WKH
FRQWURO DOORFDWLRQ GHVLJQ FKRLFH SUHVHQWHG LQ 6HFWLRQ ���� ,Q WKH FDVH RI SLWFK UDWH FRQWURO� WKH VDPH
&6$6 LV LPSOHPHQWHG E\ RSHQLQJ WKH RXWHU SLWFK DQJOH ORRS� 7KH &6$6 IRU WKH SLWFK DQJOH FRQWURO FDVH
LV VKRZQ LQ ILJXUH ���� 7R WHVW WKH HIIHFWLYHQHVV RI WKLV &6$6 GHVLJQ� WKH +4 DQDO\VLV LV UHSHDWHG ZLWK
WKH DXJPHQWHG V\VWHP�

%DVHG RQ WKH UHVXOWV RI WKH ILUVW VLPXODWLRQV� DOWHUQDWLYH FRQWURO V\VWHPV PLJKW EH GHVLJQHG IRU SLWFK
FRQWURO� VXFK DV &
� ,Q JHQHUDO� WKH IRFXV ZLOO EH PRUH RQ H[SORULQJ WKH +4 SRWHQWLDO RI RXWHU�ORRS WXQLQJ
UDWKHU WKDQ ILQH WXQLQJ WKH LQQHU�ORRS�

)LJXUH ���� &6$6 EORFN GLDJUDP� SLWFK FRQWURO FDVH�

6RPH SUHOLPLQDU\ VLPXODWLRQV ZHUH FRQGXFWHG WR WHVW WKH HIIHFWLYHQHVV RI WKLV W\SH RI DXJPHQWDWLRQ
V\VWHP RQ WKH )O\LQJ�9� ,W LV LPSRUWDQW WR QRWLFH WKDW LQ WKLV SKDVH RI WKH UHVHDUFK� WKH FRQWURO V\VWHP KDV
QRW \HW EHHQ WXQHG WR REWDLQ RSWLPDO KDQGOLQJ TXDOLWLHV� 2Q WKH FRQWUDU\� RQO\ D VLPSOH DQG SUHOLPLQDU\



���� &6$6 GHVLJQ IRU WKH )O\LQJ�9 ��

YHUVLRQ RI WKLV FRQWURO V\VWHP ZDV LPSOHPHQWHG� ,WV SXUSRVH LV WR YHULI\ WKH SRWHQWLDO RI DXJPHQWDWLRQ
IRU LPSURYLQJ WKH +4� ZKLOH ILQH WXQLQJ DQG UHDOLVWLF GHVLJQ ZLOO EH DGGUHVVHG ODWHU LQ WKLV UHVHDUFK�

$V DQ H[DPSOH RI WKH UHVSRQVH RI WKLV V\VWHP� WKH SLWFK UDWH UHVSRQVH RI WKH )O\LQJ�9 WR D FRP�
PDQGHG UDWH RI ���� GHJ�V LV VKRZQ LQ )LJXUH ���� +HUH D SLWFK UDWH FRQWURO V\VWHPZDV WXQHG WR LQFUHDVH
WKH VKRUW SHULRG IUHTXHQF\� 7KLV UHVSRQVH FDQ EH FRPSDUHG� LQ WKH VDPH ILJXUH� ZLWK WKH EDUH DLUIUDPH
UHVSRQVH WR D �� GHJ LQSXW RQ WKH HOHYRQV� 7KH HOHYRQV GHIOHFWLRQ DQJOH DUH GLVSOD\HG IRU WKH WZR
FRQILJXUDWLRQV LQ )LJXUH ���� ,Q ERWK FDVHV� LW LV IRUZDUG &* DQG 0DFK  ���� :KLOH WKH UHVSRQVH RI
WKH V\VWHP VKRZV EHWWHU KDQGOLQJ TXDOLWLHV WKDQ WKH EDUH IUDPH V\VWHP� WKH FRQWURO VXUIDFH GHIOHFWLRQ
QHHGHG IRU FRQWURO ZLWK WKLV NLQG RI DXJPHQWDWLRQ VHHPV WRR ODUJH� $V D FRQVHTXHQFH� IXUWKHU WXQLQJ
ZLOO EH QHHGHG WR JHW D UHDOLVWLF DQG IHDVLEOH V\VWHP� 7KH DXWR�WKURWWOH IHHGEDFN ORRS HIIHFWLYHO\ FRQ�
WUROV WKH SKXJRLG� DQG LW GRHV LQFUHDVH WKH VHSDUDWLRQ EHWZHHQ VKRUW SHULRG DQG SKXJRLG IUHTXHQF\�
2YHUDOO� WKLV FRQWURO V\VWHP DSSURDFK VHHPV DSSOLFDEOH WR WKH )O\LQJ�9 WR LPSURYH WKH +4� DQG SLORWHG
HYDOXDWLRQV ZLOO EH XVHG WR FRQILUP LWV SRWHQWLDO� %DVHG RQ WKH VLPXODWLRQV RI WKLV SUHOLPLQDU\ FRQWURO
V\VWHP� +4 LPSURYHPHQWV DUH H[SHFWHG LI FRPSDUHG WR WKH EDUH DLUIUDPH�

)LJXUH ���� 3LWFK UDWH UHVSRQVH RI WKH )O\LQJ�9 IRU WZR GLIIHUHQW FRQWURO V\VWHPV� SLWFK UDWH FRPPDQG DXJPHQWHG �����GHJ�V
SLWFK UDWH VWHS LQSXW� DQG EDUH DLUIUDPH ��� GHJ HOHYRQV GHIOHFWLRQ VWHS LQSXW�� 7KH DXJPHQWHG FDVH LV WXQHG WR LQFUHDVH VKRUW

SHULRG IUHTXHQF\� )RUZDUG &* DQG 0DFK  ����



)LJXUH ���� (OHYRQV GHIOHFWLRQ UHVSRQVH RI WKH )O\LQJ�9 IRU WZR GLIIHUHQW FRQWURO V\VWHPV� SLWFK UDWH FRPPDQG DXJPHQWHG
�����GHJ�V SLWFK UDWH VWHS LQSXW� DQG EDUH DLUIUDPH ��� GHJ HOHYRQV GHIOHFWLRQ VWHS LQSXW�� 7KH DXJPHQWHG FDVH LV WXQHG WR

LQFUHDVH VKRUW SHULRG IUHTXHQF\� )RUZDUG &* DQG 0DFK  ����



�
3LORWHG HYDOXDWLRQ RI +DQGOLQJ 4XDOLWLHV

���� 7KH SXUSRVH RI SLORWHG HYDOXDWLRQ
7KH PDWKHPDWLFDO FULWHULD LQWURGXFHG LQ &KDSWHU � DQG WKHQ DSSOLHG LQ &KDSWHU � RQ WKH DLUFUDIW PRGHO
RI &KDSWHU � SURYLGHG DQ RYHUYLHZ RI WKH H[SHFWHG KDQGOLQJ TXDOLWLHV RI WKH )O\LQJ�9 LQ ORQJLWXGLQDO�
ORZ VSHHG IOLJKW� 7KLV SUHOLPLQDU\ DQDO\VLV� KRZHYHU� QHHGV WR EH FRQILUPHG DQG SRVVLEO\ H[SDQGHG E\
KXPDQ�LQ�WKH�ORRS VLPXODWLRQV� LQ ZKLFK SLORWV FDQ JLYH VSHFLILF IHHGEDFN RQ WKH KDQGOLQJ TXDOLWLHV RI
WKH DLUFUDIW DFFRUGLQJ WR WKHLU RSLQLRQ� 7KLV RSLQLRQ� ZKLFK ZLOO EH FROOHFWHG LQ WKH IRUP RI D UDWLQJ DV H[�
SODLQHG LQ 6HFWLRQ ���� LV YDOXDEOH WR XQGHUVWDQG WKH TXDOLW\ RI WKH UHVSRQVH RI WKH FRPSOH[ SLORW�DLUFUDIW
V\VWHP� ZKLFK WKH DQDO\WLFDO FULWHULD FDQ RQO\ DSSUR[LPDWHO\ GHVFULEH�

7KH SLORWHG H[SHULPHQWV ZLOO FRQVLVW LQ WKH H[HFXWLRQ RI D QXPEHU RI IO\LQJ WDVNV� WUHDWHG LQ 6HFWLRQ
���� ZKLFK ZLOO DOO EH FDUULHG RXW LQ WKH 6,021$ VLPXODWRU RI 78 'HOIW� SUHVHQWHG LQ 6HFWLRQ ���

���� 5DWLQJ 6FDOH
,Q WKH FRQWH[W RI WKLV HYDOXDWLRQ HIIRUW� WKH ILUVW WKHRU\ WKDW PXVW EH PHQWLRQHG LV WKDW RI WKH &RRSHU�
+DUSHU UDWLQJ VFDOH� 7KH VFDOH LV D XVHIXO IUDPHZRUN XVHG WR JLYH D TXDQWLWDWLYH IRUP WR WKH TXDOLWDWLYH
RSLQLRQ RI WKH SLORWV >��� ��@� ,W LV EDVHG RQ D VWUDLJKWIRUZDUG FRQFHSW� WKH KLJKHU WKH +4 RI DQ DLUFUDIW�
WKH HDVLHU LW LV IRU WKH SLORW WR IO\ LW DQG SHUIRUP VRPH WDVNV� 7KHUHIRUH� LW LV HVVHQWLDO WR SODQ FDUHIXOO\
WKH VHW RI WDVNV WKDW WKH SLORWV ZLOO KDYH WR SHUIRUP� DQG WR GHWHUPLQH ZKDW LV WKH OHYHO RI SHUIRUPDQFH
H[SHFWHG E\ WKH SLORWV GXULQJ WKHVH DFWLYLWLHV� %DVHG RQ WKHVH WDVNV� WKH &RRSHU�+DUSHU UDWLQJ VFDOH
FDQ EH ILOOHG LQ E\ FRPELQLQJ WKH REMHFWLYH SHUIRUPDQFH RI WKH SLORW DQG WKHLU VXEMHFWLYH RSLQLRQ RQ WKH
+4 GXULQJ WKH WDVN�

7KH &RRSHU +DUSHU VFDOH LV VKRZQ LQ )LJXUH ���� 1RWLFH WKDW WKH UDWLQJ H[LVWV RQO\ DV D VSHFLILF
HYDOXDWLRQ RI WKH +4 GXULQJ D FHUWDLQ WDVN� DQG QRW DV DQ LQKHUHQW FKDUDFWHULVWLF RI WKH VROH DLUFUDIW�
$OVR� LI RQ RQH KDQG WKH UDWLQJ DOORZV IRU D TXDQWLWDWLYH H[SUHVVLRQ RI WKH +4� RQ WKH RWKHU KDQG LW LV
LPSRUWDQW WR NQRZ WKDW WKH UDWLQJV DUH QRW PHDQW WR EH DYHUDJHG DPRQJ WKH VHYHUDO WHVWV DQG SLORWV�
2Q WKH FRQWUDU\� WKH\ DUH VXSSRVHG WR EH UHDG DV D ZKROH� LQ RUGHU WR JHW DQ RYHUDOO SLFWXUH RI WKH
HYDOXDWLRQ� ,Q JHQHUDO� WKH RXWFRPH RI DQ\ H[SHULPHQW UDWHG ZLWK WKH &RRSHU�+DUSHU VFDOH FDQ EH UHDG
LQ SORWV VXFK DV D EDU FKDUW�

,W VKRXOG EH PHQWLRQHG WKDW DOWHUQDWLYH UDWLQJ VFDOHV KDYH EHHQ FRQVLGHUHG IRU WKLV UHVHDUFK DV ZHOO�
,Q SDUWLFXODU� WKH ´&UDQILHOG $LUFUDIW +DQGOLQJ 4XDOLWLHV 5DWLQJ 6FDOH �&$+456�´ >��@� WKH ´%HGIRUG
:RUNORDG 6FDOH´ >��@� WKH ´1$6$ 7DVN /RDG ,QGH[´ >��@ DQG WKH ´0RGLILHG &RRSHU +DUSHU IRU KLJKO\
DXWRPDWHG +XPDQ�0DFKLQH V\VWHPV´ >��@ ZHUH FRQVLGHUHG� ZKLFK DUH VRPH RI WKHPRVW FRPPRQ UDWLQJ
VFDOHV WRJHWKHU ZLWK WKH &RRSHU�+DUSHU RQH� +RZHYHU� WKH &$+456 LV PRUH VXLWDEOH IRU DGYDQFHG
WHVWV WKDW FRPELQH ORQJLWXGLQDO DQG ODWHUDO FRQWURO� WKH %HGIRUG VFDOH UHTXLUHV WKH LQWHJUDWLRQ RI WKH
SULPDU\ WDVNV ZLWK VHFRQGDU\ WDVNV ZKLFK ZRXOG UHTXLUH D PRGHO ZLWK EHWWHU DFFXUDF\ WKDQ WKH RQH
XVHG LQ WKLV UHVHDUFK� WKH 0RGLILHG &RRSHU +DUSHU 6FDOH IRU KLJKO\ DXWRPDWHG V\VWHPV LV QRW DSSOLFDEOH

��



���� (YDOXDWLRQ 7DVNV DQG 7HVW 3ODQ ��

WR WKH )O\LQJ�9� VLQFH QR KLJK OHYHO GLVSOD\ LPSOHPHQWDWLRQ KDV EHHQ VWXGLHG \HW� DQG WKH 1$6$ WDVN
ORDG LQGH[ VHHPV VXSHUIOXRXV IRU WKH SXUSRVH RI WKLV UHVHDUFK�

$V D FRQVHTXHQFH� WKH RULJLQDO &RRSHU�+DUSHU VFDOH LV FKRVHQ DV WKH SUHIHUUHG UDWLQJ VFDOH IRU WKH
H[SHULPHQWV RI WKLV UHVHDUFK�

)LJXUH ���� 7KH &RRSHU�+DUSHU UDWLQJ VFDOH� IURP >��@�

���� (YDOXDWLRQ 7DVNV DQG 7HVW 3ODQ
$V PHQWLRQHG DERYH� LW LV LPSRUWDQW IRU WKH FRUUHFW XVH RI WKH &RRSHU�+DUSHU VFDOH WKDW WKH WDVNV IRU WKH
SLORWHG VLPXODWLRQV DUH ZHOO GHILQHG DQG DJUHHG ZLWK WKH SLORWV� $ PHDVXUDEOH TXDQWLW\ VKRXOG EH GH�
FLGHG DV D EHQFKPDUN IRU WKH SHUIRUPDQFH RI WKH SLORWV GXULQJ WKH VLPXODWLRQV� DQG WKH &RRSHU�+DUSHU
SLORW UDWLQJ VKRXOG EH UHDG LQ FRPELQDWLRQ ZLWK WKLV PHDVXUHG EHQFKPDUN� ,Q SDUWLFXODU� DGHTXDWH DQG
GHVLUDEOH SHUIRUPDQFH OHYHOV QHHG WR EH GHILQHG IRU HDFK WDVN XQGHU HYDOXDWLRQ� 7KH JRDO RI WKH SLORW�
WKHQ� LV WR DFKLHYH WKH GHVLUHG OHYHO RI SHUIRUPDQFH�

7KH GHSHQGHQW YDULDEOHV IRU WKH H[SHULPHQWV �VHH VHFWLRQ ���� DUH�

� WKH �VXEMHFWLYH� UDWLQJ RI WKH SLORWV RQ WKH +4�

� WKH �REMHFWLYH� PHDVXUDEOH SHUIRUPDQFH RI WKH SLORWV GXULQJ HDFK IOLJKW WDVN DV FRPSDUHG WR WKH
GHVLUHG SHUIRUPDQFH�

7KHVH YDULDEOHV ZLOO EH XVHG WR GHWHUPLQH WKH KDQGOLQJ TXDOLWLHV RI WKH )O\LQJ�9 E\ PDQLSXODWLQJ WKH
LQGHSHQGHQW YDULDEOHV WKDW FRPH IURP WKH SUHOLPLQDU\ DQDO\VLV SUHVHQWHG VR IDU�

� WKH ORFDWLRQ RI WKH FHQWHU RI JUDYLW\� WR VWXG\ LWV LQIOXHQFH RQ WKH ORQJLWXGLQDO G\QDPLFV RI WKH
DLUFUDIW WKDW ZDV HYLGHQW DOO WKURXJKRXW &KDSWHU ��

� WKH URWDWLRQDO LQHUWLD RI WKH DLUFUDIW� WR DQDO\VH LWV H[SHFWHG LPSDFW RQ WKH VKRUW SHULRG IUHTXHQF\
DV SRLQWHG RXW LQ 6HFWLRQ ����

� WKH &RQWURO DQG 6WDELOLW\ $XJPHQWDWLRQ 6\VWHP �&6$6�� WR H[SORUH LWV SRWHQWLDO WR LPSURYH WKH
KDQGOLQJ TXDOLWLHV DV GLVFXVVHG LQ 6HFWLRQ �����

� WKH 7DVNV WR EH SHUIRUPHG GXULQJ WKH VLPXODWLRQ �GLVFXVVHG LQ WKLV VHFWLRQ��



���� 6,021$ 6LPXODWRU ��

7KH H[KDXVWLYHQHVV DQG PXWXDOO\ H[FOXVLYHQHVV RI WKH UDWLQJ LV JXDUDQWHHG E\ WKH &RRSHU�+DUSHU
VFDOH >��@� ZKHUHDV WKH SHUIRUPDQFH LQ WKH WDVNV LV PHDVXUHG LQ D PHWULF VFDOH �H�J�� WKH GLVWDQFH LQ
PHWHUV EHWZHHQ WKH WDUJHW ODQGLQJ ORFDWLRQ DQG WKH SLORW DFWXDO ODQGLQJ ORFDWLRQ�� )RU HDFK PHWULF� DG�
HTXDWH DQG GHVLUHG SHUIRUPDQFH OHYHOV DUH GHFLGHG LQ RUGHU WR JLYH D SUHFLVH JRDO WR WKH SLORW DQG WR
HYDOXDWH WKH SHUIRUPDQFH RQ DQ REMHFWLYH VFDOH�

'LIIHUHQW FRPELQDWLRQV RI WKH LQGHSHQGHQW YDULDEOHV ZLOO \LHOG D QXPEHU RI VLPXODWLRQ DFWLYLWLHV WKDW
ZLOO EH FDUULHG RXW LQ WKH 6,021$ VLPXODWRU RI 78 'HOIW� 7KH JRDO LV WR SHUIRUP WZR URXQGV RI H[SHU�
LPHQWV� VHSDUDWHG E\ D RQH�ZHHN JDS WR ZRUN RQ WKH LQWHUPHGLDWH UHVXOWV DQG SRVVLEO\ UH�WKLQN WKH
VLPXODWLRQV DFFRUGLQJO\�

7KH WDVNV WKDW DUH JRLQJ WR EH VLPXODWHG DUH GHWHUPLQHG IURP D FRPELQDWLRQ RI FRQFOXVLRQV RI
&KDSWHU � �+4 RII�OLQH DQDO\VLV� DQG RI WKH FHUWLILFDWLRQ UHTXLUHPHQWV RI &KDSWHU ��

� 7UDQVLWLRQ IURP DSSURDFK�ODQGLQJ LQWR JR�DURXQG� REWDLQ GHVLUHG FOLPE LQ GHVLUHG WLPH�
7KLV LV HVVHQWLDOO\ DQ RSHQ ORRS WDVN ZLWK QR WUDFNLQJ� UHODWHG WR WKH UHTXLUHPHQWV RI ($6$
&������ DOUHDG\ PHQWLRQHG LQ &KDSWHU �� :LWK WKLV WDVN� WKH SLORW LV H[SHFWHG WR EH DEOH WR
FRPPHQW RQ WKH SHUIRUPDQFH RI WKH )O\LQJ�9 GXULQJ JR�DURXQG DQG SXOO�XS PDQHXYHUV� 6RPH
SRWHQWLDO LVVXHV ZHUH LGHQWLILHG GXULQJ WKH RIIOLQH DQDO\VLV �VHH VHFWLRQ ���� UHODWHG LQ SDUWLFXODU WR
WKH VOXJJLVK )3$ UHVSRQVH�
7KH REMHFWLYH SHUIRUPDQFH PHWULFV IRU WKLV WDVN DUH WKH REWDLQHG FOLPE DQG WKH WLPH WR UHDFK WKH
GHVLUHG FOLPE� ($6$ &������ UHTXLUHPHQW ZLOO EH XVHG WR VHW WKH DGHTXDWH DQG GHVLUHG OHYHOV
IRU WKLV WDVN� 6HH IRU UHIHUHQFH >��@ DQG >��@�

� 3LWFK WUDFNLQJ
7KLV WDVN LQYHVWLJDWHV SRWHQWLDO LVVXHV LQ FORVHG ORRS FRQWURO� :KHQ LW FRPHV GRZQ WR WUDFNLQJ�
WKH QDUURZ EDQGZLGWK RI VWDEOH FRQWURO �VHH VHFWLRQ ���� LV H[SHFWHG WR EH D OLPLWLQJ IDFWRU� )RU
WKH FLYLO WUDQVSRUWDWLRQ SXUSRVH RI WKH )O\LQJ�9� ODUJH DPSOLWXGH PDQHXYHUV DUH WKH PRVW UHOHYDQW
WR IRFXV RQ� +RZHYHU� WHVWLQJ WKH WUDFNLQJ FDSDELOLWLHV RI WKH DLUFUDIW DOVR IRU IDVWHU WDVNV PLJKW
JLYH XVHIXO LQVLJKWV RQ WKH OLPLWDWLRQV FDXVHG E\ WKH VORZ VKRUW SHULRG IUHTXHQF\�
7KH VTXDUHG GLIIHUHQFH IURP WKH WDUJHW SLWFK DQJOH LV WKH REMHFWLYH SHUIRUPDQFH PHWULF LQ WKLV WDVN�
7KH DGHTXDWH DQG GHVLUHG OHYHO ZLOO EH GHWHUPLQHG DIWHU WKH ILUVW SUHOLPLQDU\ VLPXODWLRQV� 6HH IRU
UHIHUHQFH >��@ DQG >��@�

� )OLJKW SDWK DQJOH �)3$� WUDFNLQJ
7KH WUDFNLQJ WDVN ZLOO EH UHSHDWHG IRU )3$ WUDFNLQJ� 7KH H[SHULPHQWV DLP DW H[SORULQJ WKH )3$
FRQWURO SRWHQWLDO RI WKH )O\LQJ�9 DQG SRVVLEO\ DW LGHQWLI\LQJ WKH VORZ )3$ UHVSRQVH WKDW HPHUJHG
LQ 6HFWLRQ ������ $V D FORVHG ORRS FRQWURO WDVN� LW VKRXOG DOVR KHOS WR IXUWKHU XQGHUVWDQG WKH
SHUIRUPDQFH OLPLWV RI WKH )O\LQJ�9 DV KLJKOLJKWHG E\ &DSSX\QV �>��@� DQG DJDLQ E\ WKH FHUWLILFDWLRQ
UHTXLUHPHQWV RI &KDSWHU ��
7KH VTXDUHG GLIIHUHQFH IURP WKH WDUJHW )3$ LV WKH REMHFWLYH SHUIRUPDQFH PHWULF LQ WKLV WDVN� 7KH
DGHTXDWH DQG GHVLUHG OHYHO ZLOO EH GHWHUPLQHG DIWHU WKH ILUVW SUHOLPLQDU\ VLPXODWLRQV� 6HH IRU
UHIHUHQFH >��@ DQG >��@�

���� 6,021$ 6LPXODWRU
6LPLODU WR DQ ($6$ OHYHO�' VLPXODWRU �EXW QRW TXDOLILHG DV VXFK�� WKH 6,021$ VLPXODWRU RI 78 'HOIW
LV WKH IDFLOLW\ LQ ZKLFK WKH H[SHULPHQWV RI WKLV UHVHDUFK ZLOO EH FRQGXFWHG� %HLQJ DQ HGXFDWLRQDO DQG
UHVHDUFK VLPXODWRU� LW LV QDWXUDOO\ VXLWDEOH IRU VWXGLHV RI QHZ DHURVSDFH FRQFHSWV VXFK DV WKH )O\LQJ�9�

������ ,PSOHPHQWDWLRQ
3DUW RI WKLV UHVHDUFK FRQVLVWV LQ WKH LPSOHPHQWDWLRQ RI WKH VRIWZDUH UHTXLUHG WR VLPXODWH WKH )O\LQJ�9 LQ
6,021$� 7KH VLPXODWRU LQWHUIDFH LV EDVHG SDUWO\ RQ &�� DQG SDUWO\ RQ 3\WKRQ� LQ D VLPXODWLRQ HQYLURQ�
PHQW FDOOHG '8(&$� '8(&$ KDV LWV RZQ IXQFWLRQV DQG PRGXOHV DQG UHTXLUHV VSHFLDOL]HG NQRZOHGJH�



���� 6,021$ 6LPXODWRU ��

IRU ZKLFK LWV GRFXPHQWDWLRQ >�@ LV H[KDXVWLYH� $ XVHIXO IHDWXUH RI '8(&$ LV WKH SRVVLELOLW\ RI HDVLO\
FRS\LQJ WKH PRGXOHV XVHG LQ RWKHU VLPXODWLRQV DQG LQWHJUDWH WKHP LQ D QHZ SURMHFW�

)RU WKLV VWXG\� WKH PRGXOHV WKDW ZLOO EH WDNHQ DQG� LI QHFHVVDU\� DGDSWHG DUH�

� ,PDJH JHQHUDWLRQ �)OLJKW*HDU�

� 6LGHVWLFN LQWHUIDFH

� &RQWURO /RDGLQJ

� &XHLQJ �9LVXDO� 0RWLRQ� 6RXQG� )RUFH IHHO�

� ,QVWUXPHQWV DQG $YLRQLFV GLVSOD\ �(),6�

ZKHUHDV WKH UHVHDUFK�VSHFLILF PRGXOHV WKDW QHHG WR EH LPSOHPHQWHG DUH�

� (TXDWLRQ RI PRWLRQ RI WKH DLUFUDIW� 7KLV LV D FRPSOH[ PRGXOH WKDW WDNHV SLORW¶V FRQWURO DV DQ LQSXW
DQG \LHOGV WKH UHVSRQVH RI WKH DLUFUDIW� ,W FRPSUHKHQGV�

± -621 ILOH UHDGHU �WR UHDG WKH 2',/,/$ PRGHO ILOH�
± ([WUDSRODWLRQ DQG LQWHUSRODWLRQ �WR H[WHQG WKH GDWDVHW VWDUWLQJ IURP WKH2',/,/$PRGHO EUHDN�
SRLQWV� DV GLVFXVVHV LQ &KDSWHU ��

± )OLJKW &RQWURO 6\VWHP �VHH &KDSWHU ��
± $FWXDWRUV G\QDPLFV �VHH &KDSWHU ��
± (QJLQHV PRGHO �WR EH LQWHJUDWHG LQWR (20 PRGXOH� �VHH &KDSWHU ���
± 7ULPPLQJ �IROORZLQJ $LUEXV DSSURDFK WR WULPPLQJ ZLWK DXWRPDWLF UHVHW RI VLGHVWLFN FHQWHU�

� &RFNSLW URWDWLRQ �LI QHHGHG WR DGMXVW SLORW¶V YLHZ DW KLJK DQJOH RI DWWDFN GXULQJ ODQGLQJ�

� 7DVN PDQDJHU

� 7DVN�VSHFLILF GLVSOD\V

7KH IHHO V\VWHP ZLOO EH WXQHG DFFRUGLQJ WR WKH PD[LPXP FRQWURO IRUFHV UHTXHVWHG E\ WKH ($6$
FHUWLILFDWLRQ UHTXLUHPHQWV SUHVHQWHG LQ 6HFWLRQ ����

������ 9DOLGLW\ RI WKH VLPXODWLRQ
3LORWHG VLPXODWLRQV IRU +4 VKRXOG DLP DW KLJK OHYHOV RI DFFXUDF\� :KHQ DVVHVVLQJ WKH RXWFRPH RI WKH
H[SHULPHQWV� LW LV LPSRUWDQW WR NHHS LQ PLQG DOO WKH OLPLWDWLRQV RI WKH PRGHO �VHH VHFWLRQ ������� DQG
WKRVH RI WKH VLPXODWRU� ,Q ILJXUH ��� �IURP >��@�� VRPH RI WKH HOHPHQWV WKDW FRPSRVH WKH SLORW�YHKLFOH LQ
D VLPXODWLRQ DUH GLVSOD\HG� %DVLFDOO\ DOO WKH EORFNV LQ WKLV ILJXUH KDYH D FHUWDLQ GHJUHH RI XQFHUWDLQW\
DQG GLIIHUHQFH IURP D UHDO IOLJKW� -XVW WR PHQWLRQ VRPH� WKH PRYLQJ EDVH RI D VLPXODWRU LQWURGXFHV
DUWLILFLDO G\QDPLFV VXFK DV ZDVK�RXW DQG OLPLWHG PRWLRQ IHHGEDFN� WKH GLVSOD\V DQG WKH FRQWURO SDWKV
PLJKW KDYH DOWHUHG GHOD\V FRPSDUHG WR UHDO DLUFUDIW� WKH SLORWV PLJKW KDYH GLIIHUHQW WUDLQLQJ DQG H[�
SHULHQFHV� RU HYHQ GLIIHUHQW DGDSWDWLRQ DSSURDFKHV� WXUEXOHQFH DQG FURVVZLQG DUH QHJOHFWHG LQ WKLV
UHVHDUFK� DQG PDQ\ PRUH� &RRSHU DQG +DUSHU DUJXH WKDW ´,Q VRPH FDVHV� D WHVW SLORW ZLOO UHFRJQL]H WKH
GLVSDULW\ DQG SURYLGH JXLGDQFH LQ LQWHUSUHWDWLRQ RI UHVXOWV� EXW WKH ILQDO DQVZHU LQ PDQ\ FDVHV ZLOO RQO\ EH
NQRZQ ZKHQ JURXQG DQG IOLJKW HYDOXDWLRQV DUH REWDLQHG IRU WKH VDPH DLUFUDIW DQG WDVN�´ �>��@ ����� S����

)XUWKHUPRUH� LQ WKH 1$72 WHFKQLFDO UHSRUW 572�75���� VRPH DGYLFH LV JLYHQ RQ WKH XVH RI VLP�
XODWRU IOLJKW IRU +4 YHULILFDWLRQ� ,Q SDUWLFXODU� LW LV UHFRPPHQGHG WKDW ´DOO G\QDPLF PRGHOV� OLNH VHQVRU
QRLVH DQG G\QDPLFV� DQWL�DOLDVLQJ ILOWHUV� VWLFN G\QDPLFV DQG VWUXFWXUDO PRGH ILOWHUV� VDPSOLQJ DQG FRP�
SXWHU GHOD\ HIIHFWV� DUH LQFRUSRUDWHG DV HDUO\ DV SRVVLEOH� ,I WKHVH PRGHOV GR QRW H[LVW� DSSUR[LPDWLRQV
VKRXOG EH XVHG�´ �>�@� S� �����



���� 6,021$ 6LPXODWRU ��

)LJXUH ���� 3LORW�YHKLFOH G\QDPLF V\VWHP� IURP >��@ S��

,Q WKH VDPH GRFXPHQWV LW LV VXJJHVWHG WKDW SLORW FRQWURO VKRXOG EH DV PXFK GHFRXSOHG DV SRVVLEOH�
DQG WKDW LQWHUDFWLRQ EHWZHHQ UROO DQG SLWFK ORRSV VKRXOG EH WDNHQ LQWR FRQVLGHUDWLRQ LQ WKH ILQDO HYDOXD�
WLRQ RI WKH UHVXOWV� �>�@� %3��� DQG %3������

6RPH RI WKHVH DVSHFWV ZLOO QRW EH IXOO\ DGGUHVVHG LQ WKLV UHVHDUFK� 7KH G\QDPLFV� GHWHUPLQHG E\
WKH PRGHO SUHVHQWHG LQ &KDSWHU �� DUH DVVXPHG WR EH FRPSOHWHO\ GH�FRXSOHG� 0RUHRYHU� WKH DLUFUDIW
VXE�V\VWHPV ZKLFK KDYH QRW EHHQ PHQWLRQHG LQ WKLV VHFWLRQ ZLOO EH FRSLHG IURP RWKHU SURMHFWV DQG ZLOO
QRW EH VSHFLILFDOO\ GHVLJQHG IRU WKH )O\LQJ�9� $V D FRQVHTXHQFH� WKH UHVXOWV RI WKHVH H[SHULPHQWV QHHG
WR EH FRQILUPHG DQG LQWHJUDWHG E\ IXWXUH VWXGLHV ZLWK PRUH DFFXUDWH DQG VSHFLILF PRGHOV�





�
&RQFOXVLRQV

3UHYLRXV UHVHDUFK RQ WKH )O\LQJ�9 GHILQHG WKH JHRPHWU\ RI WKH DLUFUDIW SURWRW\SH IRU WKLV UHVHDUFK� 7KH
IXOO PRGHO SDUDPHWHUV ZHUH GHWHUPLQHG LQ SUHYLRXV UHVHDUFK E\ RSWLPL]LQJ D QXPEHU RI IDFWRUV� LQ SDU�
WLFXODU OLIW�WR�GUDJ UDWLR DQG VWDELOLW\� 7KH FRQWURO VXUIDFHV ZHUH WHQWDWLYHO\ GHVLJQHG DV IRXU HOHYRQV DQG
WZR UXGGHUV�

$ OLVW RI FULWLFDO PDQHXYHUV KDV EHHQ VHOHFWHG RXW RI WKH PRVW UHOHYDQW ($6$ UHTXLUHPHQWV DQG WKH
UHODWLYH DFFHSWDEOH PHDQV RI FRPSOLDQFH� ,Q SDUWLFXODU� FHUWDLQ SHUIRUPDQFH OHYHOV DUH UHTXHVWHG IRU
WKH SXOO�XS PDQHXYHU DQG JRRG KDQGOLQJ TXDOLWLHV KDYH WR EH SURYHQ GXULQJ JR�DURXQG WDVNV� $FFRUG�
LQJ WR SUHYLRXV ZRUN DQG WR WKLV UHVHDUFK� WKHVH UHTXLUHPHQWV DUH FULWLFDO IRU WKH FHUWLILFDWLRQ RI WKH
)O\LQJ�9 VLQFH WKH DLUFUDIW PLJKW VWUXJJOH WR DFKLHYH WKH GHPDQGHG SHUIRUPDQFH OHYHOV LQ WKH VORZHVW
FRQILJXUDWLRQV�

$V DQ DSSURDFK WR SUHGLFWLQJ WKH KDQGOLQJ TXDOLWLHV RI WKH )O\LQJ�9� D UHYLHZ RI WKH PRVW FRPPRQO\
XVHG DQDO\VLV FULWHULD ZDV FRQGXFWHG� 7KH VHULHV RI FULWHULD WKDW UHVXOWHG IURP WKLV UHYLHZ ZDV LQVSHFWHG
FULWLFDOO\ WR DVVHVV WKHLU YDOLGLW\ IRU WKH FDVH RI WKH )O\LQJ�9� 6RPH RI WKH DVVXPSWLRQV WKDW IRUP WKH WKH�
RUHWLFDO EDFNJURXQG RI WKHVH FULWHULD ZHUH LQ IDFW QRW DSSOLFDEOH WR WKLV UHVHDUFK� ,Q SDUWLFXODU� WKH VPDOO
VHSDUDWLRQ EHWZHHQ WKH VKRUW SHULRG DQG WKH SKXJRLG IUHTXHQFLHV UHTXLUH VSHFLDO FDUH� 2YHUDOO� LW ZDV
FRQFOXGHG WKDW LW PDNHV VHQVH WR DSSO\ WKH FULWHULD WR DFTXLUH D SUHOLPLQDU\ XQGHUVWDQGLQJ RI WKH UH�
VSRQVH RI WKH )O\LQJ�9� VLQFH WKH EDVHOLQH DVVXPSWLRQV RI WKH VHOHFWHG FULWHULD DUH QRW H[SHFWHG WR
LQYDOLGDWH VLJQLILFDQWO\ WKH RXWFRPH RI WKH DQDO\VLV�

%DVHG RQ WKH )O\LQJ�9 GHVLJQ MXVW GHILQHG� $LUEXV VXSSOLHG WKH DHURG\QDPLFV PRGHO E\ PHDQV RI
WKHLU KRXVH VRIWZDUH� WKH 2',/,/$ 9RUWH[ /DWWLFH 0HWKRG� 'XH WR WKH DVVXPSWLRQV EHKLQG WKLV PHWKRG�
WKH PRGHO QHHGV WR EH FRUUHFWHG ZLWK DGGLWLRQDO ]HUR�OLIW GUDJ� DQG LQ WKH IXWXUH DGGLWLRQDO VWXGLHV RQ
IORZ VHSDUDWLRQ DURXQG WKH )O\LQJ�9 ZLOO EH UHTXLUHG IRU WKH GHILQLWLRQ RI WKH YDOLGLW\ RI WKLV UHVHDUFK� 7KH
GDWD IURP WKLV PRGHO ZHUH WKHQ LPSOHPHQWHG LQWR DQ (20 PRGHO WR SHUIRUP SUHOLPLQDU\ VLPXODWLRQV�

7KLV PRGHO ZDV XVHG WR FDUU\ RXW D SUHOLPLQDU\ DQDO\VLV ZLWK WKH VHOHFWHG HYDOXDWLRQ FULWHULD� 7KH UH�
VXOWV SRLQW DW DQ RYHUDOO ZHOO�SHUIRUPLQJ DLUFUDIW� ZLWK /HYHO � KDQGOLQJ TXDOLWLHV IRU PDQ\ FRQILJXUDWLRQV
RI FHQWHU RI JUDYLW\ ORFDWLRQ �IRUZDUG DQG QRPLQDO &*� DQG DLUVSHHG ���� DQG ���� 0DFK�� +RZHYHU�
IRU WKH DIWPRVW FHQWHU RI JUDYLW\ ORFDWLRQ FRQVLGHUHG LQ WKLV UHVHDUFK DQG WKH VORZHU FRQILJXUDWLRQV ����
0DFK�� WKH KDQGOLQJ TXDOLWLHV GHJUDGH LQWR /HYHO � DQG /HYHO � DFFRUGLQJ WR VRPH FULWHULD �VKRUW SHULRG
IUHTXHQF\� SKXJRLG GDPSLQJ UDWLR� EDQGZLGWK� &$3� *LEVRQ 'URSEDFN� *LEVRQ )OLJKW 3DWK $QJOH�� 7KH
UHDVRQ LV WKDW LQ WKLV FRQILJXUDWLRQV WKH )O\LQJ�9 UHVSRQGV LQ D VOXJJLVK ZD\� ZLWK ODUJH PDQHXYHULQJ
QHHGHG WR DFKLHYH FRQWURO� $GGLWLRQDOO\� LW LV DSSDUHQW WKDW WKH DLUFUDIW PLJKW WHQG WRZDUGV SLORW LQGXFHG
RVFLOODWLRQV IRU WKHVH VORZHU FRQILJXUDWLRQV� 7KH VKRUW SHULRG IUHTXHQF\ ZDV IRXQG WR EH VORZ FRPSDUHG
WR WKH UHFRPPHQGHG VWDQGDUG� DQG WKH VPDOO VHSDUDWLRQ EHWZHHQ VKRUW SHULRG DQG SKXJRLG IUHTXHQFLHV
KLQWV DW SRVVLEOH IXUWKHU KDQGOLQJ TXDOLWLHV GHJUDGDWLRQ IRU VORZHU FRQILJXUDWLRQV�

7KH RXWFRPH RI WKH SUHOLPLQDU\ DQDO\VLV ZDV XVHG DV D VWDUWLQJ SULQFLSOH IRU WKH GHVLJQ RI D IOLJKW
FRQWURO V\VWHP� 7KH LGHD LV WR LPSOHPHQW D SLWFK�UDWH FRQWURO V\VWHP ZKLOH DQ DXWR�WKURWWOH IHHGEDFN
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��

ORRS LPSURYHV WKH VHSDUDWLRQ RI SKXJRLG DQG VKRUW SHULRG IUHTXHQF\� 7KLV FRQWURO V\VWHP ZDV WXQHG
WR LQFUHDVH WKH VKRUW SHULRG IUHTXHQF\ DQG VRPH VLPXODWLRQV ZHUH FRQGXFWHG WR YHULI\ LWV IHDVLELOLW\�
7KH LQWHUSUHWDWLRQ RI WKHVH VLPXODWLRQV VXJJHVWV WKDW ODUJH FRQWURO VXUIDFH GHIOHFWLRQV DUH QHHGHG IRU
HIIHFWLYH FRQWURO� EXW WKH DUFKLWHFWXUH RI WKH FRQWURO V\VWHP VHHPV WR EH ILW IRU WKH GHVLUHG LPSURYHPHQW
RI WKH KDQGOLQJ TXDOLWLHV RI WKH )O\LQJ�9�

%DVHG RQ WKLV SUHOLPLQDU\ VWXG\� D WHVW SODQ ZDV PDGH� 7KH SLORW ZLOO SHUIRUP D QXPEHU RI WDVNV
�JR�DURXQG� SLWFK WUDFNLQJ� IOLJKW SDWK DQJOH WUDFNLQJ� WR LQYHVWLJDWH KRZ WKH )O\LQJ�9 FRPSDUHV ZLWK WKH
FHUWLILFDWLRQ UHTXLUHPHQWV �SXOO�XS DQG JR�DURXQG PDQHXYHUV LQ SDUWLFXODU�� DQG WR LQVSHFW WKH FRUUHOD�
WLRQ EHWZHHQ WKH KDQGOLQJ TXDOLWLHV DQG WKH VKRUW SHULRG IUHTXHQF\� $ QXPEHU RI LQGHSHQGHQW YDULDEOHV
ZLOO EH PDQLSXODWHG GXULQJ WKH VLPXODWLRQV LQ RUGHU WR PDS WKH FRUUHODWLRQ EHWZHHQ LQHUWLDO FKDUDFWHULV�
WLFV �FHQWHU RI JUDYLW\ ORFDWLRQ� \�D[LV LQHUWLD�� VSHHG ���� WR ��� 0DFK�� DQG KDQGOLQJ TXDOLWLHV� )LQDOO\�
WKH IOLJKW FRQWURO V\VWHP ZLOO EH WXQHG LQ DW OHDVW WZR GLIIHUHQW ZD\V� VR DV WR H[SORUH WKH SRVVLELOLW\ RI
HQKDQFLQJ WKH KDQGOLQJ TXDOLWLHV E\ PHDQV RI DXJPHQWDWLRQ�

7KH VLPXODWLRQV ZLOO EH H[HFXWHG ZLWK WKH SDUWLFLSDWLRQ RI D OLPLWHG QXPEHU RI ./0 SLORWV ����� XVLQJ
WKH VLPXODWRU IDFLOLW\ RI 78 'HOIW� WKH 6,021$ VLPXODWRU� 7KH RXWFRPH RI WKH VLPXODWLRQV ZLOO EH WZRIROG�
RQ RQH KDQG� WKH RSLQLRQ RI WKH SLORWV RQ WKH SHUIRUPDQFH RI WKH )O\LQJ�9 ZLOO EH FROOHFWHG DFFRUGLQJ WR
WKH &RRSHU�+DUSHU DSSURDFK WR KDQGOLQJ TXDOLWLHV SLORWHG HYDOXDWLRQV� RQ WKH RWKHU KDQG� WKH REMHFWLYH
SHUIRUPDQFH RI WKH SLORWV IRU WKH VSHFLILF WDVN ZLOO EH PHDVXUHG DQG XVHG WR FRPSOHWH WKH RYHUDOO SLFWXUH
RI WKH KDQGOLQJ TXDOLWLHV�



"
$HURG\QDPLFV GDWD

7KH DHURG\QDPLFV PRGHO VXSSOLHG E\ $LUEXV LV FRPSXWHG E\ PHDQV RI 2',/,/$� D 9RUWH[ /DWWLFH
0HWKRG &)' DOJRULWKP� 7KH GDWD LV JLYHQ LQ WKH IRUP RI D -621 ILOH ZKLFK ZDV H[SRUWHG WR 0$7�
/$% DQG UHDG DV D OLVW�

6RPH LQDFFXUDFLHV KDYH EHHQ QRWLFHG LQ WKH GDWD� PRVW OLNHO\ GXH WR DSSUR[LPDWLRQ HUURUV LQ 2',/,/$�
:KHUH WKH VRIWZDUH KDG UHWXUQHG D FOHDUO\ ZURQJ YDOXH LW ZDV GHFLGHG WR PDQXDOO\ FRUUHFW IRU WKHVH
HUURUV�

,Q WKH IROORZLQJ SDJHV� IRXU UHSUHVHQWDWLYH SORWV DUH VKRZQ IRU HDFK &* SRVLWLRQ� OLIW FRHIILFLHQW RYHU
DOSKD� GUDJ FRHIILFLHQW RYHU DOSKD� 0 FRHIILFLHQW RYHU DOSKD� DQG 0 GHULYDWLYH FRHIILFLHQW RYHU DOSKD IRU
F�  �� GHJ �F�  OHIW UXGGHU� IRU )RUZDUG &*�

��





��

)LJXUH $��� $HURG\QDPLF FRHIILFLHQWV GDWD RYHU DOSKD� OLIW� GUDJ� )RUZDUG &*�



��

)LJXUH $��� $HURG\QDPLF FRHIILFLHQWV GDWD RYHU DOSKD� 0� 0 GHULYDWLYH IRU F� �� GHJ� )RUZDUG &*�



��

)LJXUH $��� $HURG\QDPLF FRHIILFLHQWV GDWD RYHU DOSKD� OLIW� GUDJ� 1RPLQDO &*�



��

)LJXUH $��� $HURG\QDPLF FRHIILFLHQWV GDWD RYHU DOSKD� 0� 0 GHULYDWLYH IRU F� �� GHJ� 1RPLQDO &*�



��

)LJXUH $��� $HURG\QDPLF FRHIILFLHQWV GDWD RYHU DOSKD� OLIW� GUDJ� $IW &*�



��

)LJXUH $��� $HURG\QDPLF FRHIILFLHQWV GDWD RYHU DOSKD� 0� 0 GHULYDWLYH IRU F� �� GHJ� $IW &*�



#
/LQHDUL]DWLRQ

7KH OLQHDU PRGHO ZDV REWDLQHG E\ OLQHDUL]LQJ WKH IXOO PRGHO E\ PHDQV RI QXPHULFDO OLQHDUL]DWLRQ� DF�
FRUGLQJ WR D ILQLWH GLIIHUHQFH PHWKRG DSSURDFK�

൥ᖣ�൶ኺ� ࣵ
൥�൶ኺ � ߶� ࢿ ൥�൶ኺ�

߶
�

ZKHUH ൥ᖣ�൶� LV WKH GHVLUHG GHULYDWLYH RI WKH IXQFWLRQ ൥�൶�� ൶ኺ LV WKH SRLQW DURXQG ZKLFK WKH GHULYDWLYH
LV FRPSXWHG� DQG ߶ LV D VPDOO QXPEHU �ࣵ ��ዅ��� )RU WKLV UHVHDUFK� WKH IXQFWLRQV ൥�൶� DUH JLYHQ E\ WKH
HTXDWLRQV RI PRWLRQ RI WKH )O\LQJ�9� ZKLFK DUH EDVHG RQ WKH DHURG\QDPLF GDWD H[SODLQHG LQ &KDSWHU ��

:LWK WKLV PHWKRG� WKH VWDWH VSDFH UHSUHVHQWDWLRQ RI WKH )O\LQJ�9 UHVSRQVH FDQ EH ZULWWHQ DV

൶̂  െ൶ � േ൳

$ LV WKH PDWUL[ RI WKH GHULYDWLYHV RI HDFK VWDWH ZLWK UHVSHFW WR HDFK VWDWH� % LV WKH PDWUL[ RI WKH
GHULYDWLYHV RI HDFK VWDWH ZLWK UHVSHFW WR HDFK FRQWURO LQSXW� [ DQG X DUH UHVSHFWLYHO\ WKH VWDWH YHFWRU

൶  >൝፞� ൞፞ � ൟ፞� ൚፛� ൛፛�൜፛� ൮� ൯� ൰� တ� ࿺� ည@

DQG WKH LQSXW YHFWRU

൳  >ൢኻ� ൢኼ� ൢኽ� ൢኾ� ൢ኿� ൢዀ� ൙ኻ� ൙ኼ@�

,Q WKHVH YHFWRUV� WKH YDULDEOHV DUH WKRVH GLVFXVVHG LQ &KDSWHU ��

� ൝፞� ൞፞ � ൟ፞ DUH WKH [�\�] SRVLWLRQV ZLWK UHIHUHQFH WR (DUWK�

� ൚፛� ൛፛�൜፛ DUH WKH [�\�] YHORFLWLHV ZLWK UHIHUHQFH WR WKH ERG\ IUDPH RI WKH )O\LQJ�9�

� ൮� ൯� ൰ DUH WKH URWDWLRQ UDWHV�

� တ� ࿺� ည DUH WKH HXOHU DQJOHV ZLWK UHIHUHQFH WR (DUWK�

� ൢኻ� ൢዀ DUH WKH UXGGHU�OLNH FRQWURO VXUIDFHV�

� ൢኼ� ൈ኿ DUH WKH RXWHU DLOHURQV�

� ൢኽ� ൢኾ DUH WKH LQQHU DLOHURQV�

� ൙ኻ� ൙ኻ DUH WKH WKUXVW IRU WKH OHIW DQG ULJKW HQJLQHV UHVSHFWLYHO\�
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8VLQJ WKHVH QDPLQJ FRQYHQWLRQ� WKH $ DQG % PDWULFHV DV LQWURGXFHG DERYH DUH DV IROORZV�
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7KH QXPHULFDO OLQHDUL]DWLRQ PHWKRG LV DSSOLHG WR REWDLQ DOO WKH HOHPHQWV RI PDWULFHV $ DQG % RI WKH
VWDWH�VSDFH UHSUHVHQWDWLRQ RI WKH UHVSRQVH RI WKH )O\LQJ�9� 7KLV ZD\� WKH WZR PDWULFHV DUH ZULWWHQ DV
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7KH RXWFRPH RI WKLV OLQHDUL]DWLRQ LV DFFXUDWH� DQG LW KDV EHHQ YDOLGDWHG DJDLQVW WKH DQDO\WLFDO OLQ�
HDUL]DWLRQ RI WKH VDPH HTXDWLRQV �FRPSXWHG E\ ZULWLQJ WKH DQDO\WLFDO GHULYDWLYH RI HDFK VWDWH HTXDWLRQ
ZLWK UHVSHFW WR HDFK VWDWH DQG LQSXW�� DQG DJDLQVW WKH QRQ�OLQHDU PRGHO DURXQG WKH OLQHDUL]DWLRQ SRLQW�
,Q WKH IROORZLQJ ILJXUH� D FRPSDULVRQ EHWZHHQ OLQHDUL]HG DQG QRQ�OLQHDU PRGHOV LV VKRZQ IRU WKH SLWFK
DQJOH UHVSRQVH WR D V\PPHWULF ��GHJUHH VWHS LQSXW RQ WKH IRXU DLOHURQV� $V FDQ EH VHHQ� WKH WZR
UHVSRQVHV DUH HVVHQWLDOO\ HTXLYDOHQW�

)LJXUH %��� &RPSDULVRQ EHWZHHQ OLQHDUL]HG DQG QRQ�OLQHDU PRGHOV� 6KRUW SHULRG RQO\� IRUZDUG &*� 0DFK  ����
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>�@ '8(&$ 'RFXPHQWDWLRQ� 85/ KWWSV���GXHFD�WXGHOIW�QO�GRF��

>�@ &HUWLILFDWLRQ VSHFLILFDWLRQV� 85/ KWWSV���ZZZ�HDVD�HXURSD�HX�GRFXPHQW�OLEUDU\�
FHUWLILFDWLRQ�VSHFLILFDWLRQV�

>�@ )O\LQJ�9 ILUVW VFDOHG PRGHO IOLJKW� 85/ KWWSV���ZZZ�WXGHOIW�QO�HQ�DH�IO\LQJ�Y�
IO\LQJ�VFDOH�PRGHO�

>�@ 7KH )O\LQJ�9� 85/ KWWSV���ZZZ�WXGHOIW�QO�HQ�DH�IO\LQJ�Y�

>�@ )L[HG�:LQJ )O\LQJ 4XDOLWLHV 7HVWLQJ� 9ROXPH ,9� 85/ KWWSV���FDIH�IRXQGDWLRQ�Y��SGIB
WHFK�)O\LQJ�4XDOLWLHV�3$9�)O\LQJ4XDO�7HVW*XLGH�SGI�

>�@ 3HRSOH RI WKH )O\LQJ�9� 85/ KWWSV���ZZZ�WXGHOIW�QO�OU�IO\LQJ�Y�SHRSOH�

>�@ ´$0&��� *HQHUDO $FFHSWDEOH 0HDQV RI &RPSOLDQFH IRU $LUZRUWKLQHVV RI
3URGXFWV� 3DUWV DQG $SSOLDQFHV� $QQH[ ,, WR (' 'HFLVLRQ ���������5´´�
85/ KWWSV���ZZZ�HDVD�HXURSD�HX�FHUWLILFDWLRQ�VSHFLILFDWLRQV�
DPF����JHQHUDO�DFFHSWDEOH�PHDQV�FRPSOLDQFH�DLUZRUWKLQHVV�SURGXFWV�SDUWV�

>�@ KHOL�DLU�QHW � %DQGZLGWK SKDVH GHOD\ FULWHULD� 85/ KWWS���KHOL�DLU�QHW������������
EDQGZLGWK�SKDVH�GHOD\�FULWHULD��

>��@ ($6$ 6LJQLILFDQW 6WDQGDUGV 'LIIHUHQFHV� &6��� $PHQGPHQW �� YV �� &)5 3DUW �� $PHQG�
PHQW ��� � 85/ KWWSV���ZZZ�HDVD�HXURSD�HX�VLWHV�GHIDXOW�ILOHV�GIX�HDVDB
VVGBOLVWBFV���BDPGWB��BYVB��FIUB��BDPGWB���BLVVXH��SGI�

>��@ &KHQ� =�� =KDQJ� 0�� &KHQ� <�� 6DQJ� :�� 7DQ� =�� /L� '�� =KDQJ� %� ´$VVHVVPHQW RQ FULW�
LFDO WHFKQRORJLHV IRU FRQFHSWXDO GHVLJQ RI EOHQGHG�ZLQJ�ERG\ FLYLO DLUFUDIW´� &KLQHVH -RXUQDO
RI $HURQDXWLFV� ����������±����� ����� ,661 ���������� GRL� KWWSV���GRL�RUJ���������
M�FMD������������� 85/ KWWSV���ZZZ�VFLHQFHGLUHFW�FRP�VFLHQFH�DUWLFOH�SLL�
6�����������������

>��@ &RRN� 0� 9� &KDSWHU �� � )O\LQJ DQG +DQGOLQJ 4XDOLWLHV� ,Q &RRN� 0� 9�� HGL�
WRU� ´)OLJKW '\QDPLFV 3ULQFLSOHV �7KLUG (GLWLRQ�´� SDJHV ���±���� %XWWHUZRUWK�+HLQHPDQQ�
WKLUG HGLWLRQ HGLWLRQ� ����� ,6%1 ������������������ GRL� KWWSV���GRL�RUJ���������
%�������������������������� 85/ KWWSV���ZZZ�VFLHQFHGLUHFW�FRP�VFLHQFH�
DUWLFOH�SLL�%��������������������

>��@ +DUW�6�*� ´1DVD�7DVN /RDG ,QGH[ �1$6$�7/;�� �� <HDUV /DWHU´� 3URFHHGLQJV RI WKH +X�
PDQ )DFWRUV DQG (UJRQRPLFV 6RFLHW\ $QQXDO 0HHWLQJ� ���������±���� ����� GRL� ��������
������������������� 85/ KWWSV���GRL�RUJ����������������������������

>��@ /L� -�� &KHQ� ;�� /L� <�� =KDQJ� 5� ´&RQWURO V\VWHP GHVLJQ RI IO\LQJ�ZLQJ 8$9 EDVHG RQ QRQOLQHDU
PHWKRGRORJ\´� 'HIHQFH 7HFKQRORJ\� ���������±���� ����� ,661 ���������� GRL� KWWSV���
GRL�RUJ���������M�GW������������� 85/ KWWSV���ZZZ�VFLHQFHGLUHFW�FRP�VFLHQFH�
DUWLFOH�SLL�6�����������������

>��@ /LQGTYLVW� '� ´0HWKRG IRU (YDOXDWLQJ )O\LQJ 4XDOLWLHV )URP 'HVNWRS 6LPXODWRU´� /XOHD 8QLYHUVLW\
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https://dueca.tudelft.nl/doc/
https://www.easa.europa.eu/document-library/certification-specifications
https://www.easa.europa.eu/document-library/certification-specifications
https://www.tudelft.nl/en/ae/flying-v/flying-scale-model
https://www.tudelft.nl/en/ae/flying-v/flying-scale-model
https://www.tudelft.nl/en/ae/flying-v
https://cafe.foundation/v2/pdf_tech/Flying.Qualities/PAV.FlyingQual.TestGuide.pdf
https://cafe.foundation/v2/pdf_tech/Flying.Qualities/PAV.FlyingQual.TestGuide.pdf
(null)://(null)%20https://www.tudelft.nl/lr/flying-v/people
https://www.easa.europa.eu/certification-specifications/amc-20-general-acceptable-means-compliance-airworthiness-products-parts
https://www.easa.europa.eu/certification-specifications/amc-20-general-acceptable-means-compliance-airworthiness-products-parts
http://heli-air.net/2016/02/25/bandwidth-phase-delay-criteria/
http://heli-air.net/2016/02/25/bandwidth-phase-delay-criteria/
https://www.easa.europa.eu/sites/default/files/dfu/easa_ssd_list_cs-25_amdt_15_vs_14cfr_25_amdt_141_issue1.pdf
https://www.easa.europa.eu/sites/default/files/dfu/easa_ssd_list_cs-25_amdt_15_vs_14cfr_25_amdt_141_issue1.pdf
https://www.sciencedirect.com/science/article/pii/S1000936119302493
https://www.sciencedirect.com/science/article/pii/S1000936119302493
https://www.sciencedirect.com/science/article/pii/B9780080982427000109
https://www.sciencedirect.com/science/article/pii/B9780080982427000109
https://doi.org/10.1177/154193120605000909
https://www.sciencedirect.com/science/article/pii/S2214914716301398
https://www.sciencedirect.com/science/article/pii/S2214914716301398
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>��@ %HQDG� -� ´7KH )O\LQJ 9 � $ QHZ $LUFUDIW &RQILJXUDWLRQ IRU &RPPHUFLDO 3DVVHQJHU 7UDQVSRUW´� ��
����� GRL� ����������������

>��@ %RXUJHW� *�� 9RV� 5� ´7KH HIIHFW RI ODQGLQJ JHDU LPSOHPHQWDWLRQ RQ )O\LQJ 9 DHURG\QDPLFV� VWDELOLW\
DQG FRQWUROODELOLW\´� 'HOIW 8QLYHUVLW\ RI 7HFKQRORJ\� �� ����� GRL� KWWS���UHVROYHU�WXGHOIW�QO�
XXLG����HFD���������G����GG��H�H�������H��

>��@ &RRSHU� *�� +DUSHU� 5� ´7KH XVH RI SLORW UDWLQJV LQ HYDOXDWLRQ RI DLUFUDIW KDQGOLQJ TXDOLWLHV´� 1$6$
$PHV 7HFKQLFDO 5HSRUW� �� �����

>��@ &RWWLQJ� 0� (YROXWLRQ RI )O\LQJ 4XDOLWLHV $QDO\VLV� 3UREOHPV IRU D 1HZ *HQHUDWLRQ RI $LUFUDIW�
SDJH ���� �� �����

>��@ GH &DVWUR� +� 9� )O\LQJ DQG KDQGOLQJ TXDOLWLHV RI D IO\�E\�ZLUH EOHQGHG�ZLQJ�ERG\ FLYLO WUDQVSRUW
DLUFUDIW� �����

>��@ 'H 0DUFR� $�� 'XNH� (�� %HUQGW� -� ´$ JHQHUDO VROXWLRQ WR WKH DLUFUDIW WULP SUREOHP´� ,Q $,$$
0RGHOLQJ DQG 6LPXODWLRQ 7HFKQRORJLHV &RQIHUHQFH DQG ([KLELW� SDJH ����� �����

>��@ 'RQPH]� %�� &XPPLQJV� 0�/�� *UDKDP� +� '�� %U]H]LQVNL� $�6��� 0RGLILHG FRRSHU KDUSHU VFDOHV
IRU DVVHVVLQJ XQPDQQHG YHKLFOH GLVSOD\V� ,Q ´3URFHHGLQJV RI WKH ��WK 3HUIRUPDQFH 0HWULFV IRU
,QWHOOLJHQW 6\VWHPV :RUNVKRS´� SDJHV ���±���� �����

>��@ (KOHUV� -�� 1LHGHUPHLHU� '�� /HLVVOLQJ� '� ´9HULILFDWLRQ RI D )O\LQJ :LQJ +DQGOLQJ 4XDOLWLHV $QDO\VLV
E\ PHDQV RI ,Q�)OLJKW 6LPXODWLRQ´� GRL� �������������������� 85/ KWWSV���DUF�DLDD�
RUJ�GRL�DEV���������������������

>��@ )$$� $& ����' � ´)OLJKW 7HVW *XLGH IRU &HUWLILFDWLRQ RI 7UDQVSRUW &DWHJRU\ $LU�
SODQHV´� 85/ KWWSV���ZZZ�IDD�JRY�GRFXPHQW/LEUDU\�PHGLD�$GYLVRU\B&LUFXODU�
$&�������&����SGI�

>��@ )DJJLDQR� )�� 9RV� 5� ´$HURG\QDPLF 'HVLJQ 2SWLPL]DWLRQ RI D )O\LQJ 9 $LUFUDIW´� 'HOIW 8QLYHUVLW\
RI 7HFKQRORJ\� �� �����

>��@ )LHOG� (�� 5RVVLWWR� .�� 0LWFKHOO� '� /´DQGLQJ $SSURDFK )O\LQJ 4XDOLWLHV &ULWHULD )RU $FWLYH &RQWURO
7UDQVSRUW $LUFUDIW´� SDJH ��� �� �����

>��@ )LHOG�(�� 5RVVLWWR�.� $SSURDFK DQG ODQGLQJ ORQJLWXGLQDO IO\LQJ TXDOLWLHV IRU ODUJH WUDQVSRUWV EDVHG
RQ LQ�IOLJKW UHVXOWV� GRL� �������������������� 85/ KWWSV���DUF�DLDD�RUJ�GRL�DEV�
��������������������

>��@ )URVW� &� 5�� )UDQNOLQ� -� $�� +DUG\� *� +� ´(YDOXDWLRQ RI )O\LQJ 4XDOLWLHV DQG *XLGDQFH 'LVSOD\V
IRU DQ $GYDQFHG 7LOW�ZLQJ 672/ 7UDQVSRUW $LUFUDIW LQ )LQDO $SSURDFK DQG /DQGLQJ´´� �� ����� GRL�
��������������������

>��@ +DUSHU� 5� 3�� &RRSHU� *� (� ´+DQGOLQJ TXDOLWLHV DQG SLORW HYDOXDWLRQ´� -RXUQDO RI *XLGDQFH� &RQWURO�
DQG '\QDPLFV� ��������±���� ����� GRL� ���������������� 85/ KWWSV���GRL�RUJ����
�������������

>��@ +DUULV�'� ´0HDVXUHPHQW RI 3LORW 2SLQLRQ :KHQ $VVHVVLQJ $LUFUDIW +DQGOLQJ 4XDOLWLHV´� 0HD�
VXUHPHQW DQG &RQWURO� ���������±���� ����� GRL� ��������������������������� 85/
KWWSV���GRL�RUJ����������������������������

>��@ +HQGDUNR�� 0� ´'HYHORSPHQW RI D +DQGOLQJ 4XDOLWLHV HYDOXDWLRQ WRROER[ RQ WKH EDVLV RI *LEVRQ
&ULWHULD´� �����

>��@ +RGJNLQVRQ� -� ´+LVWRU\ RI /RZ�2UGHU (TXLYDOHQW 6\VWHPV IRU $LUFUDIW )O\LQJ 4XDOLWLHV´� -RXUQDO RI
*XLGDQFH� &RQWURO� DQG '\QDPLFV� ���������±���� ����� GRL� ��������������� 85/ KWWSV�
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https://arc.aiaa.org/doi/abs/10.2514/6.2011-6540
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https://www.faa.gov/documentLibrary/media/Advisory_Circular/AC%2025-7C%20.pdf
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>��@ +RO]DSIHO� )�� +HOOHU� 0�� :HLQJDUWQHU� 0�� 6DFKV� *�� DQG &RVWD� 2� ´'HYHORSPHQW RI FRQWURO
ODZV IRU WKH VLPXODWLRQ RI D QHZ WUDQVSRUW DLUFUDIW´� 3URFHHGLQJV RI 7KH ,QVWLWXWLRQ RI 0HFKDQLFDO
(QJLQHHUV 3DUW *�MRXUQDO RI $HURVSDFH (QJLQHHULQJ � 352& ,167 0(&+ (1* *�- $ (� ����
���±���� �� ����� GRL� ����������������-$(52����
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YHUV IRU DLUFUDIW KDQGOLQJ TXDOLWLHV HYDOXDWLRQ´� ,Q ��QG $WPRVSKHULF )OLJKW 0HFKDQLFV &RQIHUHQFH�
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%LEOLRJUDSK\ ��

>��@ 7KLEDXW� &�� 9RV� 5� ´+DQGOLQJ 4XDOLWLHV RI D )O\LQJ 9 &RQILJXUDWLRQ´� 'HOIW
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