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Summary

Project Background Demands for bandwidth are ever increasing and free-space optical technology
is expected to meet these needs [41]. Compared to radio frequency, laser communication is safer, does
not occupy regulated frequency bands, requires less power and offers much higher data-rates. Satellite
constellations are expected to provide global, high-speed, secure communications [41], but Laser Inter-
satellite Links (LISL) remain difficult due to narrow beam divergence angles and fast relative velocities.
For the Pointing, Tracking and Acquisition system to acquire a LISL within 1-2 minutes, it requires initial
pointing knowledge, which is challenging to precisely determine on-board (OB) the satellite [20].

Mynaric develops Laser Communication Terminals (LCT) and are focused on aerospace applica-
tions. Mynaric was founded in 2009, as a spin-off of DLR’s Institute of Navigation and Communication,
which has worked on LCT’s for 20 years. Separate branches of terminals include LCT’s for ground com-
munications, LCT’s for aviation and for the space environment. Mynaric’s LCT’s for space applications
are called CONDOR terminals and are specialized for LISL.

The project aims to analyse, develop, and evaluate OB GNSS-based orbit determination (OD) and
prediction algorithms for Low and Medium Earth Orbit (LEO, MEO) satellite laser communication. To
meet OB limitations and laser communication accuracy needs, the algorithms’ computational load and
contribution to the pointing uncertainty cone will be quantified. A baseline of 0.5 mrad PE contribution
is set as a conservative threshold to evaluate whether the Orbit Prediction (OP) quality is sufficient.

Research Scope This research will be focused on improving the host and target satellite’s pointing
knowledge and quantifying its impact on the pointing UC for LISL in a LEO/MEOQO constellation. This
will be done with 3 focuses in mind.

1. Analyzing the LISL variables in a LEO/MEO Satellite constellation and quantifying the expected
available communication windows for terminals matching CONDOR Mk2 and Mk3 viewing limita-
tions.

2. Implementing and testing Novel Kalman Filters (KF), improving the Preprocessing Extended
Kalman Filter, quantifying expectations for GNSS-OD performance in the LEO/MEO Satellite Con-
stellation.

3. Evaluating performance of GNSS-based OD-OP algorithms in various link case scenarios and
testing their applicability for Satellite Laser communication.

Simulated LEO/MEO Constellation The orbital scenarios will be dictated by specific LISL cases.
These were determined by simulating a LEO-MEO satellite constellation in TUDAT and defining several
link cases, representative of increasingly challenging link dynamics. The constellation parameters are
based on previous link analyses and expected use cases- to provide global communication capabilities,
include MEO satellites and cover the most populated Earth regions.

Table 1: Orbital parameters of the circular Laser communication Satellite Constellation.

Constellation | h[km] | i[deg] | Nr. Planes [-] | Sat/Plane [-] | Nr. Total sat. [-]
LEO near-polar | 1000 89 13 14 182

LEO med. Incl. | 1000 53 13 14 182

MEO 13892 | O 1 5 5

Link Availability Implementing the pointing limitations and slant range limits of CONDOR Mk2 as
LCT1 and Mk3 as LCT2, it was determined how many links can potentially be established by the ter-
minals of each satellite. Over 2 hours, on a LEO Polar satellite, LCT1 would have a maximum of 227
links with LEO Polar satellites (mostly in the 10-15 minute region), 240 with LEO Inclined (mostly 5-10



minute long) and 9 with MEO Satellites (10-15 minute or 60 minute links). In the same orbital conditions,
LCT2 has 294 links available to LEO Polar satellites (mostly 10-20 minute), 327 to LEO Inclined (mostly
10-25 minute) and 9 to MEO satellites (40+ minutes). This showed that the wider angular coverage of
LCT2 enables both more and longer links from a LEO Polar Host.

The same analysis on a LEO Inclined and a MEO host was made for both terminals. Using LCT1,
it showed 154 links to LEO Inclined (1-15 minutes), 233 to LEO Polar (mostly 1-15 minute long) and
8 to MEO satellites (30- minutes). More links were again seen for LCT2 - 227 to LEO Inclined, 327
to LEO Polar and 9 to MEO links, with 5 minute longer link windows than LCT1. For MEO, LCT1 did
not cover the required pointing angles and did not have any available link windows. In contrast, LCT2
indicates over 700 possible links with LEO Inclined and Polar hosts over an 8 hour window with mostly
long windows (60+ minutes), where Earth occultation was the main limitation. 2 links were detected to
MEO targets, namely the nearest leader and follower in the MEO plane.

Table 2: Overview of the 6 selected link cases to be used to benchmark the OD-OP algorithms.

. . Max AE Max. Link | Min. Link
Link nr. | Length [min] | Host Target Rate [deg/s] | Dist. [km] | Dist. [km]
1 60 | MEO MEO 0 24000 24000

2 60 | MEO LEO | 2 23000 13000

3 60 | LEOP | MEO 0.3 22500 13000

4 60 | LEOP | LEOP 0 3500 3500

5 20 | LEOP | LEOI 4 7000 50

6 60 | LEOI | LEOI 0.4 3300 100

As shown above, six link cases were selected for the subsequent algorithm implementation. 3 were
chosen to cover links with MEO satellites and 3 between satellites in LEO. MEO links to each shell
were chosen- a co-planar link to a MEO follower representing the easiest linking conditions in terms
of PE due to prediction errors and slightly more challenging links to LEO Inclined and Polar satellites
flying directly under the MEO satellite. The LEO link cases were also chosen to vary the link conditions
difficulty. The easiest LEO link case was the co-planar LEO Polar satellite with constant distance and
pointing angles. The 5th LEO Polar-Inclined case was among the most difficult links, as the satellites
fly in opposite directions and have an extremely close approach. The sixth case included a cross-plane
link of LEO Inclined satellites, which also represented difficult link conditions due to high angular rates,
varying link distance and cross-track link direction.

4 Prediction window lengths were selected to evaluate the OD-OP algorithms. First, a 100 second
window for the minimum link acquisition time requirement. The remaining windows were 10, 30 and 60
minutes, covering most of LEO and MEO cases, respectively.

GNSS-OD Performance 4 KF formulations were implemented and tested with the single-frequency
L1 pseudorange measurements of GRACE-FO, CHAMP and Jason-3 satellites. Using elevation-based
measurements selection, the filters showed varying performances. The novel Single-propagation Un-
scented Kalman and Preprocessing Extended Kalman Filters (SPUKF and PEKEF, respectively) per-
formed similarly worse than the basic Extended Kalman Filter (EKF) and the Unscented Kalman Filter
(UKF). Using CHAMP data, the EKF indicated 3D RMS OD errors around 40 m and the remaining filters
around 100 m. For Grace-FO data, EKF performed at around a 10 m accuracy, while the remaining
filters had accuracies below 25 m. Using Jason-3 data, all 4 filters performed at a similar 50 m accuracy.
Although this showed that the Novel SPUKF and PEKF perform competitively with the standard EKF,
their added complexity and computational load indicate that EKF is the recommended choice.

An Improved PEKF was implemented, which utilized a higher efficiency Newton-Raphson Predictor-
Corrector (NRPC), leading to the NRPC-PEKF. The original PEKF used Newton-Raphson method in
the Preprocessing block. After comparison, the NRM-PEKF and NRPC-PEKF performed identically in
terms of accuracy. Additionally, it was found the the NRPC provided the same solutions as the original
NRM, while in rare occasions requiring more computations. It is also more complex and therefore, it
was concluded that the NRPC-PEKF shows no benefits over the NRM-PEKF in GNSS-OD.



GNSS-OD-OP Analysis 3 OD-OP algorithms were defined to be evaluated in each link case with
different initial OD errors and OP methods. These were 1) Kinematic Algorithm (KA)- using only kine-
matic methods for OD and quadratic extrapolation for OP; 2) Basic-Dynamic Algorithm (BDA), using
pseudorange-based OD methods and basic J2 propagation, and 3) Complex-Dynamic Algorithm (CDA),
using carrier-phase OD methods and complex dynamic orbit propagation. The Initial OD errors for each
algorithm are shown below. For KA and BDA, the observed errors using Kinematic-OD and an EKF
with Jason-3 satellite data was chosen. The CDA initial errors were selected from literature for the
PROBA-2 satellite’s flight experience.

Table 3: State Errors for each Orbit Determination algorithm, showing the mean and standard deviation.

OD Algorithm Kinematic SPP | PR-based EKF | CP-based EKF
Radial Pos. Error [m] 11.0+/-46.0 6.5+/-33.6 0.5+/-0.5
Along-track Pos. Error [m] | -5.9+/-27.0 -4.1+/-28.2 0.3+/-1.2
Cross-track Pos. Error [m] | 0.7+/-32.0 -2.2+/-25.0 0.0+/-0.3

Radial Vel. Error [m/s] 0.0040+/-5.80 0.0230+/-2.51 -0.0030+/-0.0009
Along-track Vel. Error [m/s] | 0.2000+/-6.90 0.0130+/-2.86 -0.0001+/-0.0006
Cross-track Vel. Error [m/s] | -0.0004+/-12.80 | 0.0030+/-2.49 0.0001+/-0.0004

Short predictions for all 3 algorithms were done with predictions starting throughout different times
of the link window and evaluating the PE contribution after 100 s. The CDA showed minimum PE
contributions, peaking at 5 rad for the LEO Polar-LEO Inclined link. The KA and BDA performed
similarly, contributing below 100 rad for the 3 MEO link cases. For LEO link cases, supported the
LEO Polar link case with contributions below 200 rad. The LEO Polar- Inclined and cross-plane LEO
Inclined link PE contributions exceeded the 0.5 mrad threshold whenever the link distance was below
3500 km. At larger link distances, the PE contributions were 100-200 rad.

Results for longer predictions are shown below. Again the CDA’s impact on PE was found to be well
below the threshold of 0.5 mrad for link cases and windows. The BDA now outperformed the KA, as the
extrapolation-based predictions diverge severely for longer windows. For MEO cases, the KA could
still support a 10 minute window for Co-planar MEO satellites. The BDA could support all MEO cases
up to 10 minutes. Neither of the two could support any LEO link cases, although the BDA’'s impact was
at least 2 factors smaller than the KA’s at 10 minutes.

Table 4: 99.7th percentile of the maximum PE [urad] for the 10/30/60 min. predictions.

t pred. | Copl. MEO - MEO Inter-orb. MEO - LEO | Inter-orb. LEO P - MEO
[min] KA BDA | CDA | KA BDA | CDA | KA BDA CDA
10 400 300 0.2 7500 400 0.2 5400 400 0.2
30 9700 900 0.4 148100 | 2000 1.1 400500 1900 1.1
60 64000 1800 | 0.9 2153500 | 2500 1.2 1457400 | 3700 1.2
tpred. | Copl. LEOP-LEOP Inter-shell LEO P - LEO | | Intra-shell LEO | - LEO |
[min] KA BDA CDA | KA BDA CDA | KA BDA CDA
10 31600 2200 1.2 1590800 | 43300 | 21.3 | 5100 2800 3

30 154200 | 7800 | 3.1 1590800 | 43300 | 21.3 | 24100 15500 | 6.3
60 1038300 | 14500 | 4.6 - - - 2330800 | 127900 | 39.9

It was therefore concluded that with the considered OD performance, CDA can provide accurate
coarse pointing knowledge, while the KA and BDA can perform well in short-term predictions.

For future research, it was recommended to analyze the impact of different numerical integra-
tors, state representations and the impact of simplified rotation/ephemeris models. Also, as only
pseudorange-based models were implemented during this research, it is recommended to also imple-
ment a carrier-phase based OD algorithm to test whether its performance is in-line with the expectations
in literature. The benefit of having the analyzed CDA for OD-OP is immense, as long-term predictions
could be made with minimal PE contributions. However, in order to cope with CP-based OD issues
such as cycle-slips, a robust real-time method to determine the quality of an OD solution would be
needed.
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n Tracking noise errors [m]
Attitude [rad]
ERA Earth Rotation Angle [rad]
GMST Greenwich Mean Sidereal Time rotation [rad]
E Earth Gravitational Parameter [m3/s?]
Polar motion Matrix []
atm Atmospheric density [kg/m3]
Correlation time [s]
Complete transition Matrix [-]
r State transition Matrix [-]
L Earth rotational velocity [rad/s]
L Earth rotational velocity Vector [rad/s]

Sidereal time rotation Matrix

[-]
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Introduction

The goals for this introductory chapter are explaining the importance of Satellite Laser communication,
necessity of relative navigation knowledge and where this research fits in the industrial and academic
fields. This is done by first providing background of the project in section 1.1. Subsequently, previous
laser communication missions and communication satellite constellations and the constellation used for
this research are documented in section 1.2. Afterwards, attention is be brought to orbit determination
and prediction options in section 1.3, where the analysed methods are defined. The research aims and
their importance are discussed in section 1.4, where the central research questions are listed. Finally,
the outline of the entire report is presented in section 1.5.

1.1. Project Background

In subsection 1.1.1, the benefits and potential applications of laser communications are introduced. In
subsection 1.1.2, the importance of Pointing, Acquisition and Tracking schemes are mentioned. Finally,
the background of Mynaric and its developed and manufactured laser communication terminals are
documented in subsection 1.1.3.

1.1.1. Laser Communication Benefits

Laser communication provides various benefits over typical Radio Frequency (RF) communication.
Compared to RF, optical communication requires considerably less power, does not occupy regulated
frequency bands, provides much higher data rates, has lower risk of jamming and are much safer due
to having a beam width of around 10 urad [50]. With the demand for bandwidth continuously increasing,
RF communication systems have the inherit issue of restricted and limited spectrum usage, whereas
optical communication does not have frequency usage restrictions. Additionally, optical frequencies
can be reused, which is made possible by the small beam divergence of communication laser beams
[20]. Due to all the aforementioned benefits, free-space optical technology is expected to meet the ever
increasing bandwidth needs [41].

Optical links can be further utilized for space applications. Specific use cases include relay of high-
resolution Earth observation data or providing global internet connectivity. Laser Inter-satellite Links
(LISL) can be used for communication between individual satellites or entire satellite constellations.
Links are also possible from space to aircraft or UAV’s. The potential optical link categories are shown
in Figure 1.1. These technologies can provide connectivity to commercial aircraft, enable high-speed
communication between satellites, enable capabilities to downlink higher volumes of Earth Observa-
tion. Finally, providing global communication would connect all- urban, rural and areas that cannot be
reached by radio-towers, even providing maritime connectivity.

1.1.2. Pointing, Acquisition and Tracking

Although LISL have extremely favourable qualities, they also require significant efforts. Optical beamwidth
for long-range communication is in the range of 10-30 urad. In contrast, Pointing Errors (PE) due to
platform motion, Point-ahead angles, imperfect initial relative position and attitude knowledge are in
the mrad range- over 100 times larger than the beam divergence. Thus, a Pointing, Acquisition and

1
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Figure 1.1: System architecture diagram of the Mynaric laser communication network. [43]

Tracking (PAT) system is critical to compensate for these PE and systematically acquire, and maintain
a LISL [20].

In order to reduce the PE from mrad to sub-urad levels, the PAT system first performs an acquisition
scan of the initial Uncertainty Cone (UC), searching for the receiving beacon, then links the beams,
switches to narrow beam communication and maintains alignment. At this point, communication can
be initialized and tracking follows.

A critical goal is to minimize the link acquisition time and maximize acquisition success rates, leading
to overall more communication time. Link acquisition by itself is a key technology for satellite laser com-
munication. However, this will not be looked into during this thesis, as in general- the bigger the initial
Pointing UC is, the more time and lower success rates for link acquisition can be expected. Therefore,
the thesis instead will be focused on minimizing a specific UC contribution.

Among these UC contributions is the relative Line of Sight (LOS) vector error. The LOS depends
on the relative position knowledge between the host and target satellites, as well as the host’s atti-
tude. While the attitude knowledge is provided by common attitude sensors, position information is
challenging to quickly and accurately determine for the host satellite [20].

While there is no hard limit on the total UC to enable link acquisition, a general threshold shall
be setup. In previous missions, experimental and simulation tests have indicated various results. In
[58] it is mentioned that the SILEX Laser Communication Terminal (LCT) on-board the ARTEMIS satel-
lite spirally scanned a 1.7 mrad pointing UC with a wide beacon laser and succeeded in most of the
attempted LISL with the SPOT-4 satellite. [76] indicated that using numerical simulations, spatial ac-
quisition could be established with an average of 10s for a 1-mrad UC. Considering the LOS error, it
is only one of many UC components. Therefore, a more conservative threshold will be set-up of 0.5
mrad to accommodate for other PE contributions.

1.1.3. Mynaric CONDOR Terminals

Mynaric develops LCT which are specifically focused on free-space optical communication in aerospace
applications. Mynaric was founded in 2009, as a spin-off of DLR’s Institute of Navigation and Commu-
nication, which has worked on LCT’s for 20+ years. Since then, Mynaric has demonstrated high-speed
links in air-air, air-ground and ground-ground scenarios. Now, some of Mynaric’s goals include devel-
oping and manufacturing LCT’s for large satellite constellations in LEO [41] and providing LCT’s for
LEO-MEO relay links [23].
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Mynaric’s LCT’s for space applications are called CONDOR terminals and are specialized for LISL.
An overview of the 1st-generation CONDOR Mk1 LCT can be seen in Figure 1.2. CONDOR Mk1 was
designed for a link distance <4500 km in LEO and providing data rates of 10 Gbps. lts Optical System
Assembly (OSA) consisted of [41]:

» Coarse Pointing Assembly (CPA) - consisting of a steerable mirror and responsible for establish-
ing steady pointing toward the target satellite. It provides large angular motions to cope with the
link dynamics for initial open loop pointing and acquisition.

» Telescope Assembly - an afocal telescope, tasked with magnifying or reducing the received/out-
going beam diameter to achieve the required optical quality of the laser.

» Transmitting (Tx)/Receiving (Rx) Optics - containing an inner optical subsystem, which collimates
the Tx beam, stabilizes/separates the Tx/Rx beams, actuates the Point-Ahead Angle (PAA) of the
Tx beam, tracks error feedback measurements, etc.

Coarse Pointing Assembly

Electronics Assembly

,| Optical System Assembly

.i Interface Plate

Figure 1.2: CONDOR Mk1 system overview [41]

The 2nd and 3rd generation LCT's- CONDOR Mk2 and CONDOR Mk3 can be seen in Figure 1.3.
CONDOR Mk2 was built to establish intra-plane and cross-plane LISL in LEO, supporting distances
up to 5000 km. Meanwhile, CONDOR Mk3 supports link distances over 10000 km, thus enabling
links to MEO. In CONDOR’s case, satellite laser communication is split into 2 pointing procedures-
coarse and fine pointing. The CPA covers the large field of range due to the satellite link dynamics and
compensates for the target satellite’s attitude actuators. It leads to a small enough pointing uncertainty
cone, such that the Fine Pointing Assembly (FPA) can detect the target beacon and establish a link.

A diagram of the coarse pointing knowledge flow and its key algorithms can be seen in Figure 1.4.
The entire system here is split into 3 components- the CONDOR LCT, Host Satellite Platform and the
Ground Segment. The initial pointing knowledge processing steps are as follows:

* Orbit Determination. The GLoban Navigation Satellite System (GNSS) receiver provides discrete
pseudorange/carrier phase measurements yy, which are processed by the Orbit Determination
(OD) algorithm to determine the host satellite position x}, at time ty

+ Orbit Prediction. The OP algorithm receives the determined host satellite position x;, at time tx
and the uplinked target satellite position x; at time tr. Both of the positions are propagated for
the communication time window t, resulting in the predicted target X¢.pred(t) and host Xn;pred(t)
positions.

» Relative Pointing Calculation. The Cartesian host and target satellite coordinates are converted
to a relative LOS vector, which goes through transformations to the horizontal vehicle-carried
reference frame. Using the host satellite’s attitude information (t), the body-fixed frame LOS is
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(2) CONDOR Mk2 [24]. (b) CONDOR MK3 [25].

Figure 1.3: Optical System Assemblies of Mynaric’s 2nd and 3rd generation Space LCTs.

computed, which can then be converted to the terminal frame. This leads to the pointing vector
representation in Azimuth/Elevation angles for the prediction window preq(t).

» The Coarse Pointing Assembly points the Tx/Rx optics towards the the target satellite, providing
the pointing at an accuracy of coarse(t), Which leads to the Initial Uncertainty Cone to be scanned
by the Pointing Acquisition and Tracking system.

Host Attitude

Bt )
Determination (&) Ground Station

GNSS receiver

observations Uplink

System
Host Satellite Ground Segment
i ri(tr)
v Y L 4
(Orbit Determination .| Orbit Prediction .| Relative Pointing Coarse Pointing Pointing, Acquisition
Algorithm i Algorithm ke Algorithm Assembly and Tracking
Thi rtmd(t} Em‘ed{t
CONDOR Terminal Thpred(t) i

Figure 1.4: Initial Coarse Pointing knowledge components and the relevant algorithms.

This thesis will be contribute to Mynaric’s goals by improving the host and target satellite’s pointing
knowledge and quantifying its impact on the UC. This will be done by analysing the initial OD and sub-
sequent OP. The analysis will be done in the context of LEO and MEO satellite LISL with the pointing
limitations of CONDOR Mk2 and Mk3, evaluating the resulting UC in various link cases and communi-
cation windows lengths. In the future, the results will be used as guidelines for the software to be used
on Mynaric’s LCTs.

1.2. Satellite Laser Communication

In this section, the state of the art in satellite laser communication will be presented and the constel-
lation to be analyzed in this report will be defined. First, past laser communication satellites will be
documented in subsection 1.2.1. Subsequently, in subsection 1.2.2. Finally, the chosen LEO/MEO
constellation parameters will be presented in subsection 1.2.3.
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1.2.1. Past Laser Communication Satellites

Optical communication between satellites began in late 20th century, in various link cases. In 1980s, an
experimental demonstration, as described by [52], a LISL was established from LEO to Geostationary
Orbit (GEO) and vice-versa between the French Earth observation SPOT-4 AND European telecom-
munication ARTEMIS satellites [12]. GEO-ground links were established by the Japanese OICETS
in 2006, as described by [27]. In LEO, LISL were established in 2008 between the TerraSAR-X and
NFIRE satellites, while [19] describes the ground-LEO uplink to NFIRE in 2010. In 2013, NASA's
LLCD program established Lunar-ground links [42]. LEO-ground downlinks were done in 2014, on
SOCRATES [8]. European Data Relay System (EDRS) established GEO-ground downlinks in 2016
using TESAT’s second generation LCT [49]. In 2017, LEO-ground downlinks were established by on
a cubesat by NASA's OCSD program [54]. [32] mentions the microsatellite RISESAT, which estab-
lished LEO-ground downlinks in 2019. DLR’s OSIRIS program is developing LEO-ground LCT’s for
small satellites [13]. The upcoming CLICK mission aims at demonstrating full-duplex LISL in addition
to downlinks from cubesats in LEO [56]. Despite LISL being demonstrated between ground, the Moon,
LEO and GEO, none have yet been done in MEO.

1.2.2. Planned Laser Communication Constellations

An overview of currently planned communication satellite constellation shells can be seen in Table 1.1.
Of the listed constellations, Amazon’s Kuiper plans to utilize Ka-band without specifying if they intend to
utilize ISL. Telesat will operate in the Ku-band and will utilize intra and cross-plane ISL. Both OneWeb
and SpaceX will utilize Ku-band. OneWeb does not intend to utilize ISL from the start of operations,
while SpaceX’s Starlink plans to utilize LISL.

It can be seen that the constellations mainly target the highly populated area coverage. The majority
of the satellites will be in inclined orbital planes. While all the shells of Kuiper are inclined, the other
constellations have smaller numbers of satellites in near-polar orbits to provide coverage to the less
populated areas.

Table 1.1: Orbital Parameters of Communication Satellite Constellations, according to their FCC filings

Constellation h [km] | i[deg] | Nr. Planes [-] | Sat/Plane [-] | Nr. Total sat. [-]
550 53 72 22
540 53.2 72 22
SpaceX’s Starlink [60] 570 70 36 20 4408
560 97.6 6 58
560 97.6 4 43
1015 | 98.98 27 13
Telesat [65] 1325 | 50.88 40 33 1671
1200 87.9 36 49
OneWeb [45] 1200 40 32 72 6372
1200 55 32 72
630 51.9 34 34
Amazon’s Kuiper [63] 610 42 36 36 3236
590 33 28 28

1.2.3. Chosen Constellation
The constellation used in the link analysis will consist of two LEO and a single equatorial MEO shell. A
thorough constellation design will not be performed in this research. Firstly, it is outside of the chosen
scope. Furthermore, Mynaric aim to deliver the LCT as a payload module, but are not involved with
the LEO/MEO satellite platform or constellation design. Nevertheless, a choice must still be made on
the basic constellation structure, as this will dictate the LISL dynamics. The constellation shells are
summarized in Table 1.2.

This constellation will be simulated for 24 hours using TUDAT. The constellation choice is loosely
based on expected use cases, previously analyzed orbital scenarios and historical constellation design
choices. The argumentation is as follows:

» The LEO shell altitudes are chosen to match fitting orbital scenarios for Laser Communication.
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Table 1.2: Orbital parameters of the selected Laser communication Satellite Constellation. All considered shells are in circular

orbits.
Constellation | h[km] | i[deg] | Nr. Pl. [-] | Sat/Pl. [-] | Nr. tot. sat. [-] | T [hr]
LEO near-polar | 1000 89 13 14 182 1.75
LEO med. Incl. | 1000 53 13 14 182 1.75
MEO 13892 | O 1 5 5 7.97

» The adjacent orbital plane spacing within a single LEO shell was chosen to provide cross-plane
link opportunities. This means the maximum distance does not exceed 4000 km. With 13 planes
per shell, the cross-plane distance at the equator is roughly 3520 km. This leaves an additional
margin for maximum link distance increase due to the satellite relative phasing.

» The intra-orbit spacing for the LEO shells is roughly 3300 km with 14 satellites per plane at the
chosen altitude. This is well within the maximum link distance supported by the CONDOR Mk?2.

» Two LEO shells were chosen- near-polar and medium inclination. The medium inclination shell is
a common use case, as this inclination is inexpensive in terms of V needed for the launch and
covers the most populated regions of Earth. The near-polar orbit was added to add coverage to
the high latitude and polar regions, in addition to being a desired inclination for maximum coverage
in observation missions [36]. The two shells combined will provide global coverage and will be
sufficient to quantify the challenging fast-dynamic cross-plane LEO link cases.

» The MEO shell was chosen rather loosely- simply to provide challenging LEO-MEO, LISL cases.
It was intentionally chosen not to have small relative velocities w.r.t. Earth’s surface, as MEO-
ground links are not a link case of interest for the CONDOR terminals.

1.3. Orbit Determination and Prediction Background

In this section, a brief overview of orbit determination and prediction methods is provided. This is done
in subsection 1.3.1 and subsection 1.3.2, respectively. In subsection 1.3.3, it is explained which of
those methods will be analyzed in this report.

1.3.1. Overview of Orbit Determination Methods

OD can be done on-ground and uplinked to the satellite or performed entirely on-board. Ground-based
tracking systems include the French Doppler Orbitography and Radiopositioning Integrated by Satellite
(DORIS) [74], the Satellite Laser Ranging (SLR) system [46] and the Two-line Element (TLE) tracking
data provided by the US Space Surveillance Network. However, these methods depend on Ground
Stations (GS) and generally have a poor latency, which leads to increasingly degraded OD accuracy be-
fore new measurements are available. In contrast, On-board (OB) Global Navigation Satellite System
(GNSS) receivers can provide continuous measurements and can be processed on-board, delivering
orbit solutions minutes or seconds after observations are made [71]. Therefore, only on-board GNSS-
based OD methods will be considered.

Using Global Positioning System (GPS) data for OD has been done in the 1990s by JPL and GSFC,
where the GEODE navigation software was developed. Using pseudorange measurements, EUVE OD
was accurate to 10 m RMS, and TOPEX/POSEIDON- 7.8 m, as documented by [17]. The German
Aerospace Center (DLR) developed the PHOENIX-XNS receiver, equipped with an integrated RTOD
software for LEO satellites, which operated on X-SAT and PROBA-2 mini-satellites, as described by
[14] and [39]. Utilizing an Extended Kalman filter (EKF), a high-fidelity reduced dynamic (RD) orbit
model and using a linear combination of GPS 1 C/A code and carrier phase (CP) measurements, it
provided an OD accuracy of 1 m [35]. [38] presented a prototype algorithm, compatible with current
OB processors, using Group and Phase lonospheric Correction (GRAPHIC) measurements, an EKF
and a careful trade-off of the Dynmical Model (DM) achieving an OD accuracy of 0.4-0.6 m, using
broadcast ephemerides.

Methods other than the EKF also show promise in GNSS-based OD. [70] points out the EKF uses
first-order linearization of the nonlinear system, which can introduce large errors in the true posterior
mean and covariance of the transformed state distribution, leading to sub-optimal performance/diver-
gence of the filter, thus proposing using the Unscented Kalman Filter (UKF), which was first formulated
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by [28] and uses nonlinear propagation. [29] stated that in GPS navigation, the EKF issues are relevant.
[9] applied the UKF in GPS-based OB OD of CHAMP and KOMPTSAT-2, achieving more stable and
accurate OD than the EKF. [51] compared the UKF and EKF and found the UKF converges faster and
is less likely to diverge for low-fidelity DM, which is relevant for computationally limited OB OD meth-
ods. [5] investigated Single Propagation UKF (SPUKF), where only the sigma point representing the
a-posteriori mean state vector was propagated. Compared to an UKF, the SPUKF was 92.6% faster
with a similar accuracy. Another modification to the classical EKF OD was investigated by [3], who
added a preprocessing block to the EKF. First resolving the pseudorange measurements into a coarse
position solution using the multivariate Newton-Raphson Method (NRM). It can be used for EKF initial-
ization and as the measurement, for an overall simpler filter formulation. Compared to a typical EKF,
the Preprocessing-EKF (PEKF) lead to a slightly increased OD accuracy, but the run-time increased
by 50%.

1.3.2. Overview of Orbit Prediction Methods

An exact number of orbit prediction schemes is difficult to establish, as these algorithms can differ
both in fundamental formulation ways and in very minor modifications. Fortunately, in general, Orbit
Prediction methods can be summarized into 3 distinct categories [68]:

1. General Perturbation (GP) methods, where the orbit is calculated analytically. These methods
are generally computationally light but are limited in their achievable accuracy. They require ana-
lytical approximations of the considered accelerations, are generally formulated in element space
(Keplerian, Equinoctial), They require the considered perturbations to be separated in terms of
long and short periodic, and secular terms [6] and are usually expressed in series expansions.
The most commonly used implementation is the Simplified General Perturbations 4 (SGP4) orbit
propagator, based on modified Brouwer’s theory [7], which includes different perturbing acceler-
ations based on the orbital period. SGP4 is the currently used theory to maintain the NORAD
catalogue.

2. Special Perturbation (SP) methods, which numerically integrate the EOM. These techniques are
generally computationally much heavier, but can also produce very accurate results compared
to GP methods. SP require accurate modelling of the perturbing effects, which allow to express
them as perturbing accelerations in the EOM. Provided with initial conditions, the EOM can then
be numerically integrated to the next step. Therefore, SP techniques not only suffer from limited
physical model accuracy, but also contain Truncation Errors (TE)- due to the limited order of
the numerical integrator and Rounding Errors (RE) due to the limited numerical representation,
Nevertheless, these techniques are often used to derive the "truth” trajectories in analyses.

3. Semianalytical Sattelite Theory (SST) techniques, which combine the features of GP and SP,
leading to a mix between their accuracy and efficiency. While the fast-varying elements are
expressed with analytical approximations, numerical integrators are used for the slow varying
elements.

Significant effort in OP research has been aimed towards utilizing Machine Learning (ML) techniques.
There is a lack of knowledge of the space/time variation of Earth gravity, atmospheric drag, solar radi-
ation pressure and the space object’s initial state [47], which limits the accuracy of physics-based OP
methods. In contrast, ML presents different modelling capabilities, as they are based on large amounts
of data. In [47], the potential of ML applied to OP was analyzed by simulating LEO satellite truth or-
bits and GS measurements. First, the orbit was predicted with a reduced dynamic method and then
corrected with the Support Vector Machine (SVM) method. It was shown that from the simulated track-
ing data, SVM can indeed learn the underlying unmodelled orbit pattern. In [55], it was proposed to
improve the Simplified General Perturbations 4 (SGP4) model using Lost Short-Term Memory (LSTM).
OP accuracy was also improved by training a SVM with TLE data [48], showing potential in using these
methods for collision avoidance.

1.3.3. Chosen Approaches

While many options are available for both OD and OP, only a limited number of techniques can be
analyzed further. Therefore, multiple OD and a single OP technique will be selected based on their
applicability to LISL.
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7KHVH LQFOXGH PXOWLSOH .DOPDQ )LOWHUYV .) WKH NLQHPDWLF 2' PHW
TXLUHG IRU *166 GDWD SURFHVVLQJ 7KRVHLQFOXGHUHDGLQJDQG SURF
*166 EURDGFDVW HSKHPHULGHV LQWR QDYLJDWLRQ YHKLFOH RUELWYV

$IWHU DQDO\WLQIJDQG GHWHUPLQLQJ WKH UHFRPPHQGHG 2'DQG 23 VR
LPSOHPHQWHG DQG WKXV QHHGV WR FRQVLGHU 2% &RPSXWHU 2%& QHH
SURYLGH WKHDFWXDO VRIWZDUH WR EH XVHG RQ ERDUG D EOXHSULQW I
7TKLVLPSRVHVWZRUHTXLUHPHQWYV ILUVW WKHZ2' 23 VRIWZDUHVKDOO EH
VHFRQGO\ WKH 2' 23 PHWKRGYVY VKDOO EH FRPSDWLEOH ZLWK FXUUHQWO\
&/ RI WKH FKRVHQ PHWKRGV PXVW EH RQ WKH VDPH RUORZHU &/ WKDQ SU}
WKDW KDYH IOLJKW H[SHULHQFH

7KH *36 PRGXOHV WR EH XVHG IRU 0\QDULFYfV &21'25 WHUPLQDOV DUH Q
WHVWLQIJWKHPHWKRGY SXEOLFO\DYDLODEOH *36 UHFHLYHUDQG UHSUH
LQFOXGHV GDWD IURP &+%$03 *5%&( )2 DQG -DVRQ PLVVLRQV

S5HVHDUFK 4XHVWLRQV

%URDG FHQWUDO 5HVHDUFK 4XHVWLRQV 54 DQG WKH VXEVHTXHQW QDU
FRYHUHDFK DVSHFW RI WKH WKHVLV 2QFH WKH VXE TXHVWLRQV DUH DQV
DQVZHU WR HDFK FHQWUDO TXHVWLRQ

7KHILUVW TXHVWLRQ FRYHUV WKH OLQNJHRPHWU\DQG FRPPXQLFDWLR
WLRQ LQ WKH DQDO\JHG /(2 0(2 FRQVWHOODWLRQ $Q DLP LV WR TXDQWLI\
ZKLFK GHWHUPLQH WKH /26 SUHGLFWLRQ WLPH OHQJWK DQG WR VHOHFW
FDSWXUH WKH VFRSH RI HDV\ GLIILFXOW OLQN FRQGLWLRQV LQ WKH /(2 0
ZLQGRZV DQG OLQN FDVHV ZLOO EH XVHG WR EHQFKPDUN WKH LQWHJUDYV
54

7KH VHFRQG TXHVWLRQ LV DLPHG DW FRYHULQJ VRPH JDSV LQ *166 EDVI
WLPXP DOJRULWKP IRURQ ERDUG XVH 1RYHO .) ZLWK SURPLVLQJDFFXUD
ZLOO EH LPSOHPHQWHG DQG IRU WKH ILUVW WLPH WHVWHG ZLWK *166 UH
&+$03 -DVRQ DQG *5$%$&( )2 PLVVLRQV 7KHLU DFFXUDF\ZLOO DOVR EH TX
VXUHPHQWYV XSGDWH UDWHY ,Q DGGLWLRQ W\SLFDO *166 2' PHWKRGYV ZL
PDQFH ZLOOEH TXDQWLILHGDQG FRPSDUHG WR WKH QRYHO ILOWHUV WR' S
23 )LQDOO\ DQDWWHPSW ZLOO EHPDGHWRLPSURYHWKHRULJLQDO 3(.) X
3(.) DQG WHVWLQJ ZKHWKHU WKH KLJKHU HIILFLHQF\ QXPHULFDO PHWKRC
WKH RULJLQDO 3(.)

7KH WKLUG FHQWUDO TXHVWLRQ LQWHUIDFHV WKH RXWFRPHV I[URP WKt
ULWKPV WR HYDOXDWH WKH RYHUDOO 3( FRQWULEXWLRQ RI WKHVH DOJR
DOJRULWKPV ZLOO XVH LQFUHDVLQJO\FRPSOH[2' RSWLRQV DQG 23 PHWK
FRPSOH[ G\QDPLF /,6/ FDVHV TXDQWLILHGLQ54 ZLOOEHXVHG WR TXDQW
23 DOJRULWKP IRUWKHFULWLFDO FRPPXQLFDWLRQ ZLQGRZV )XUWKHUPTF
ZLOOEHHYDOXDWHG IRUOLQN DFTXLVLWLRQ SXUSRVHV DQDO\]LQJ WKH
WKH OLQN FRQGLWLRQV &RQFOXVLRQV UHJDUGLQJWKHDSSOLFDELOLW\
ZLOO EH PDGH ZKLOH UHJDUGLQJWKH PUDG PD[LPXP 3(FRQWULEXWLRG

:KDW /DVHU ,QWHU VDWHOOLWH OLQN SURSHUWLHV RFFXULQD FRPEL

D:KDWDUHWKHDYDLODEOH FRPPXQLFDWLRQ ZLQGRZ WLPH GLVWUL]
DQG LQWHU VKHOO LQ /(2 /(2 0(2 0(2 /(2 0(2DQG0(2 /(20LQNV"
E:KDW DUH WKH FULWLFDO FRPPXQLFDWLRQ WLPH FXW RIIVLQ WHU|

GRZV"
F:KDW DUH WKH UDQJHV DQG UDWHV RI DJLPXWK HOHYDWLRQ DQG
LQWHU RUELW DQG LQWHU VKHOO LQ /(2 /(2 0(2 0(2 /(2 0(2DQG 0(:
G+RZPDQ\OLQNVRIHDFKW\SHFDQEHHVWDEOLVKHG E\VDWHOOLWF
SODQH SHU RUELWDO UHYROXWLRQ"



5HSRUW RXWOLQH

:KLFK .DOPDQ )LOWHU IRUPXODWLRQV DUH RSWLPDO IRUWKH LQLWLD
QDWLRQLQ VDWHOOLWHFRQVWHOODWLRQV"

D:KDW HUURUV DUH WKH H[SHFWHG 56: SRVLWLRQ DQG YHORFLW\ HU
UHGXFHG G\QDPLF 6) SVHXGRUDQJH EDVHG *166 2' PHWKRGV"

E:KDWHUURUVDUHWKHH[SHFWHG56: SRVLWLRQDQG YHORFLW\HUU
6) FDUULHU SKDVH EDVHG *166 2' PHWKRGV"

F+RZ GR QRYHO SVHXGRUDQJH EDVHG 150 3(.) DQG 638.) SHUIRUP Z
SDUHG WR W\SLFDO (.) DQG 8.) IRUPXODWLRQV LQ WHUPV RI 2' DFFX

G+RZGRQRYHO SVHXGRUDQJH EDVHG 150 3(.)DQG 638.) SHUIRUP ZLV
PHDVXUHPHQW XSGDWHV UDWHV LQ WHUPV RI 2' DFFXUDF\"

H'RHV WKH SHUIRUPDQFH RIWKH 150 3(.) DO JRULLPASKIR YGHREKHP © & WIHGB)
DKLJKHUHIILFLHQF\153& URRW ILQGLQJPHWKRG LQ WHUPV RI 2' D

KDW LV WKH SHUIRUPDQFHRILQWHJUDWHG 2' 23 VFKHPHIRU/,6/LQ W
OLWHFRQVWHOODWLRQ"

D:KDW LV WKH 3( FRQWULEXWLRQ IRU LQFUHDVLQJO\ FRPSOH[ LQWF
/(2 0(2 FRQVWHOODWLRQ GXULQJWKH FULWLFDO FRPPXQLFDWLRQ

E:KDW LV WKH 3( FRQWULEXWLRQ IRU HDFK 2' 23 DOJRULWKP IRU WK
ZLQGRZ WKURXJKRXW WKH DYDLODEOH OLQN FRPPXQLFDWLRQ ZLQ

F+RZORQJFDQ HDFK LQWHJUDWHG 2' 23 DOJRULWKP VXSSRUW HDF#
FHHGLQJ WKH PD[LPXP DOORZHG 3( FRQWULEXWLRQ WKUHVKROG"

SHSRUW RXWOLQH

7KH UHSRUW LV VWUXFWXUHG DV IROORZV +DYLQJDOUHDG\LQWURGXFH
RI WKLV UHVHDUFK WKH WKHRU\WKDW ZLOO EH DSSOEKBS\WHWKH WHFKQ!I
FKRVHQ FRQVWHOODWER®Q $W K PIX)O DMWKHGSIRWHQWLDO /,6/ DQG WKHLU SF
DUH TXDQWLILHG 6XEVHTXHQWO\ PXOWLSOH *166 EDVHG RUELW GHWH
DQG WHVMKIDG WEKHUH FRQFOXVLRQV UHJDUGLQJ WKH QRYHO ILOWHU SH
2' HUURUV LQ VDWHOOLWH ODVHU FRPPXQLFDWLRQ FRQVWHOODWLRQV I
LQWHUIDFHG ZLWK WKH VXEVHTXHQW RUELW SUHGLFWLRQDQG WKH\DUH I

RI'WKHLU 3RLQWLQJ (U URIDBRQM BILEXIWL RRYAGMXVLRQV DQG IXUWKHU UHF
FDQ EH IR¥BGESWHU



([KHRUHWLFDO %DF

,Q WKLV FKDSWHU WKHWKHRUHWLFDO EDFNJURXQG EHKLQG WKH UHVHDL
GXFHOCHREWLRIROORZHG E\UHOHYDQW VHFMWLHR@QFPINUBRAMWQ\ FDOFXODW I
GHVFULEHBWDRRIROORZHG E\*166 EDFNFWRR@PEHQ VSHFLILFVRIDVWURG\(
DFFHOHUDWLRQ PRGHOOLYHPWH IR RORHQ WHIGHLIRUP XODWLRQV IRU FKR\

PHWKRGV DUH HMHAWIQRHEG L Q

7LPH 6\VWHPV

7TLPHLVIXQGDPHQWDO LQ PDQ\EUDQFKHV RI VFLHQFH EXW LW LV HVSHFL
KRZIDVW WKHREMHFWY DUHPRYLQJ )RXUWLP® VFDOHYVY FDQ EH GLVWLQ.

6LGHUHDO WLPH ZKLFK LY UHODWHG WR (DUWKTfV URWDWLRQ DURXQ
WUDQVLWY RIGLVWDQW VWDUWY RYHU D ORFDO PHULGLDQ

6RODU WLPH ZKLFK LV DOVR UHODWHG WR (DUWKfVY URWDWLRQ DURX
WUDQVLWY RI WKH6XQ RYHUD ORFDO PHULGLDAQ

‘\QDPLFDO WLPH ZKLFK LV EDVHG RQ WKH PRWLRQ RIERGLHV +DYLQ.
WKH PRWLRQ RIDERG\ E\REVHUYLQJWKHPRWLRQIURP RQH SRLQW W
PXFK WLPH KDV HODSVHG

$WRPLF WLPH ZKLFKLVY EDVHG RQ VSHFLILF TXDQWXP WUDQVLWLRQV
DOORZLQJWR GHILQHD VHFRQG DV D IL[HG QXPEHU RI F\FOHYV

6HYHUDO GLVWLQJXLVKHG UHDOL]DWLRQV RI WKHPHQWLRQHG WLPH V\V\
SURMHFW *166 EURDGFDVW HSKHPHULGHV UHIHU WR *36 ZHHNV DQG VHFF
UHIHUWR -XOLDQ 'D\VVLQFHDVSHFLILFHSRFK )XUWKHUPRUH 78'$7 XVH
DQG WKHUHIRUH FRQVLVWHQW FRQYHUVLRQV WR D FRPPRQ WLPH V\VWHEF
FRPSDUDEOHUHVXOWY 7KHGHILQLWLRQVDQG WKHUHODWLRQV RIUHOH
EHORZ

7%, ,QWHUQDWLRQDO,$WRPHTFVVHBIRQ DQ DWRPLF FORFNDQGLVUHODWHG
E\DGGLQJDIL[HG VHFRQGV DVIROORZV

tt1 = tta +32:184

7*36 *36 WLPA6 WLPHDOVRZRUNVRQWKHDWRPLFWLPHVFDOH ,WV RULJI
8QLYHUVDO 7LPH 87& DW -DQXDU\ 87& ,WLVDKHDG RIRI87&E
VHFRQ&VDGGHG VLQFH

treps = tutc * Nis

JWLVLQYDULDQW MXVW OLNHDWRPLFWLPHDQGH[DFWO\ VHFRQGV EHK
LQ -DQXDU\ WK



5HIHUHQFH )UDPHV

7KH*36 WLPH V\VWHPLVRIWHQXVHGLQVHFRQG IREDW KLY FRHUW BM/YV W D
LV XWLOL]JHG WR SURFHVYV *36 PHDVXUHPHQWYV RUt\WHKH tY6CGEHIRQIBE MWW H |
QXPEHU RIVHFRQGV VLQFH WKH WK *36 HSRFK @D QXDU\ 87& >

trepss = treps  treps;o

ZKHY&bss LV WKH QXPEHU RI VHFRQGY EHWZHHQ Wd¢H DAGHW KB FW IGTBE H L Q
WLPH HISRE K

Ne) WKH 87& WLPH ZDV VHW WR EH VHFRQGV EHKLQG DWRPLF WLPH °
VLQFH WKHQ LQFUHDVH WKHJDS DQG LQ 87& LV VHFRQGV EHKLQG 7$

*067 *UHHQZLFK OHDQ 6LGHIW&DOHEBHVHQWY WKH DQJOH EHWZHHQ WKI
HTXLQR[RIGDWHDQG WKH *UR& OZRL O EIHH|BGHYQ@HG IRUD JHQHUDO WLPH

omsT = 67310:54841 + (876000 + 8640182812866 yT1 + 0:0931043;, 6:2 10 T3,

'KHUTgr; DUH WKH -XOLDQ FHQWXULHV VLQFH -DQXDU\ DW WKH
T _ louri 2451545
oTiT 36525
-XOLDQ 'DMWLDQ 'DWH -' LV PHDVXUHG LQ GD\V VLQFH -DQXDU\ % &
LPSOLHV EHLQJEDVHG RQ87 :KHQ SURYLGHG D GDWHLQ WKH IRUPDW \U
7(Noe + (Nmo+9y 275 Ns/60+ Nmin 4
o =367 L (4 2 Jm 57 ng+17210135+ — 80—

int int
ZKHYHA LY WKH -XOLDQ G btWUWHH MM EWWRULSQWHIHU WUXQFDWbhbR Q@RI WKH IORD
ng DUH WKH LQWHJHU YDOXHV IRU QXPEHU RI\HDUV PRQWKVmQG GD\V RI
Nmn Ns DUHLQWHJHU YDOXHV IRUKRXUV PLQXWHVDQG VHFRQGV RI WKH Ul

$QRWKHU XVHG IRUP LV WKHORGLILHG -XOLDQ 'DWH 0-' H[SUHVVHG DV
tmip = typ 24000005
VRPH FRPPRQO\ XVHG -XOLDQ GDWHHSRFKVDUHDVIROORZV

7DEOH &RPPRQO\ XVHG -XOLDQ 'DWHV DQG WKHLU UH& SHFWLYH HSRFKV DQG GIL

(SRFK -XOLDQ |DW/WH WLPH VA\VWHP

WK *36 (SRFK -DQXDU\ 87&
- -DQXDU\ 77
- -DQXDU\ 87

87 8QLYHUVDBQ@LFPHUVDO WLPHDLPVWRDFKLHYHD FRQVWDQW DYHUDJH
+RZHYHU WKHOHQJWKRIRQHVHFRQGLVY QRWFRQVWDQW DV LWGHSHQG
DQG (DUWKYTV URWDWLRQ 7KH RIIVHW EHWZHHQ 87 DQG 7%, LV SXEOLVKH!
6HUYLFHV ,(56 LQ %XOOHWLQ %

S5HIHUHQFH )UDPHYV

,Q WKLV VHFWLRQ WKHUHOHYDQW UHIHUHQFH IUDPHV DQG WUDQVIRUPD
$O00 RI WKH XVHG UHIHUHQFH IUDPHV DUH FDUWHVLDQ ULJKW KDQGHG IU

O9HKLFOH FDUULHG )UDPHYV

56: 5DGLDO $ORQJ WUDFN &URVV WUDFN )UDPH

7KH 56: IUDPH DOLJQHG ZLWK WKH RUELWDO WUDFNDQG WKH 17: I[UDPH D
VKRZQLIXUH $OWKRXJK ERWK RI WKHVH IUDPHVY FRLQFLGH ZLWK WKH VD
GRGLIITHUVOLJKWO\ 7KH56: IUDPHKDV LWV 5D[LVDOLJQHG ZLWK WKH JH!
WR WKH UDGLDO YHFWRUDQG JHQHUDOO\ QRW H[DFWO\ FRLQFLGLQJ ZLW
V\VWHP KDV LWV 7 D[LY SDUDOOHO WR WKH YHORFLW\ YHFWRU DQG LV WK
> @ 7KHVXEVHTXHQW IUDPHYVY ZLOO EH H[SUHVVHG ZLWK UHVSHFW WR WK



5HIHUHQFH )UDPHV

JLIXUH > @ 56: DQG 17: IUDPHV

/Y IDVHU &RPPXQLFDWLRQ 7HUPLQDO JUDPH
7KHLPSOHPHQWDWLRQRIWKH /&7 IUDPH /) LQ VHSDUDWHRULHQWDWLR
DQG WKH 56: IUDPH DUH VKRZQ X QHN,KHLVHIRSRIUWD QW WR QRWH WKDW LW
WKH VDWHOOLWHYTV ERG\ IUDPH FRLQFLGHV ZLWK WKH 56: IUDPH 7KXV
HIITHFWLYHO\RQ WKH (DUWK IDFLQJVLGH RIWKH VDWHOOLWH

(DFK /&7 IUDPH LV YHU\ VLPLODU DQG RQO\ GLIIHU LQ PLQRU WUDQVOT
URWDWLRQ YDULHV IRUWKH ; < D[HV ZLWK UHVSHFW WR WKH VDWHOOLWH
KDYLQJ WKH ; D[HV SDUDOOHO WR WKH IOLJKW GLUHFWLRQ DQG /) SHU
WUDQVODWLRQDO WHUPV GHSHQG RQ WKH VDWHOOLWHYV EXV GLPHQVLR
WKLV FDVH LW ZDV DVVXPHG WKDW WKH\ DUH VIPPHWULFDOO\ VSDFHG R
VLGHRID XQLW FXEHVDW

JLIXUH OHIW /&7 IUDPHV VKRZQ RQ D FXEHVDW EXV ZLWK WKH 56: IUDPH FRLQFLGLQJ ZL'
$ILPXWK DQG (OHYDWLRQ DQJOHFRQYHQWLRQVIRUD /26 LQ WKH /&7 IUDPI



5HIHUHQFH )UDPHV

(DUWK &HQWHUHG )UDPHYV

(&v -
7KH ILUVW IUDPH WR GHILQH LV WKH QWHUQDWLRQDO &HOHVWLDO 5HIH
JHQHUDOO\ PRVW FRQYHQLHQW WR IRUPXODWH WKH (TXDWLRQV RI ORWLF
RIRWKHUERGLHY VXFKDV 6XQ RUWKHORRQ

7KH (DUWK &HQWHUHG ,QHUWLDO (&, UHIHUHQFH IUDPH LV DQ ,&5) GH
VKRZQLDKUH WKH D[LV , SRLQW WRZDUGV WKH 9HUQDO HTXLQR[ - LV URW
JRHVWKURXJKWKH1RUWK SROH ZKLOHWKHRULJLQLYVDWWKHFHQWHUR
RI'WKH (&,LVWKHKHLFKLYDQ (DUWK &HQWHUHG TXDVL ,QHUWLDO UHIHUH(

,WLVEDVHGRQ WKH ,$8 VA\VWHP ZKHUH WKHPRWLRQ RIWKH HTXL

ZLWK WKH ,$8 BURFHVVLRQ PRGHO DQG WKH ,$8 7TKHRU\ RI 1XWDWL
EHUHIHUUHG WR DV (&,

JLIXUH $[HV Rl WKH (DUWK &HQWHUHG ,QHUAVLDO UHIHUHQFH IUDPHYV >

(&() :*6
7KH , QWHUQDWLRQDO 7THUUHVWULDO 5HIHUHQFH )UDPH ,75) LVDQRWKH!
WDWHV ZLWK (DUWK ,WLVFRPPRQO\UHIHUUHGWRDV WKH (&() FRRUGLQD
ZKHQ FRPSXWLQJ WKH (DUWK JUDYLWDWLRQDO DWWUDFWLRQ RUSURFHYV
ZKHQ IRUPXODWLQJ (20LQ ,75) DGGLWLRQDO DFFHOHUDWLRQV PXVW EH F
RIWKHIUDPH 1DPHO\ WKHVHDUH WKH &RULROLV DQG &HQWULIXJDO DFF
$ FRPPRQO\ XVHG UHDOLVDWLRQ LV WK :R UDKL FHKRLG/HXW/LHG6 E® W36 P>
DQG PDWFKHV WR WKH ,75) ZLWKLQ D IHZ FHQWLPHWG&UYV (&() ZLOO EH XVF
&RQYHUVLRQV EHWZHHQ WKH (&, DQG (&() IUDPHV UHTXLUH WKH XVH RI {
(23 SURYLGHG E\WKH ,(56 1DPHO\ WKHVH PRGHOV DUH QHHGHG

f3UHFHVVLRQ GHVFULELQJ WKH VHFXODU FKDQJH LQ (DUWKY{V URWDW
E\/XQL VRODU WRUTXHV

F1IXWDWLRQ ZKLFKGHVFULEHVY WKH VKRUW WHUP SHULRGLF YDULDWLF
PDLQO\FDXVHG EV/XQL VRODU WRUTXHYV

t6LGHUHDO 7LPH UHODWHG WR 8QLYHUVDO 7LPHDQG GHVFULELQJ (DU
t3RODUORWLRQ 7KHFRRUGLQDWHV RI (DUWKTfV SROH UHODWLYH WR W

JUDPH 7UDQVIRUPDWLRQ

(&() WR (&,
%DVLF 5RWDAKIHRORAW DWLRQV P\URXRGMMKIH SULQFLSDO D[HV DUH OLVWH(
2 3
1 0 0
ROT{( )= 40 coy ) sin( )>
0 sin() coyq )

2 . 3

co ) O sin()

ROT,( )=4 0 1 0 o
sin() 0 coy )



5HIHUHQFH )UDPHV

2cos( ) sin( ) 03
ROT3( )= 4sin( ) coy ) 05
0 0 1

7TUDQVIRUPDWLRQ %OXQWLBOQEIIHFWY PXVW EH WDNHQ LOWR DFFRXQW
(&, %HVLGHV (DUWKYVY URWDWLRQ WKHHIIHFWV RIJUDYLWDWLRQDO IRU
(DUWKTV RULHQWDWLRQ 7KHJUDYLWDWLRQDO DWWUDFWLRQ RI WKH 6X
OHDG WR D YHU\VPDOO WRUTXH RQ (DUWK FDXVLQJVPRRWK ORQJSHULR
WR DV OXQL VRODU SUHFHVVLRQ $Q DGGLWLRQDO WRUTXHRQ WKH EXOJ
RVFLOODWLRQV LQ (DUWKYV URWDWLRQD[LV FDXVLQJPRQWKO\YDULDW
WKHRULHQWDWLRQ RI (DUWKfV URWDWLRQV D[LV HFOLSWLF®ODQH ZKL

7TKHVH HIITHFWV DUH WDNHQ LQWR DFFRXQW ZKHQ WUDQVIRUPLQJ IURP
WLRQV 7KHFRPSOHWH WUDQVIRUPDWLRQ LV

rECI - PN(t)( t)( t)rECEF

ZKHBPMNM LV WKH PDWUL[ SURGXFW RI WKH 3UHFHVIWLW® D Y GGIEKWHD/OLBRWDW
WUL[RIGDWHWRIE3IRODUORWLRQURWDWLRQPDWUL[RIGDWH 7KHWUDQV
$VWURQRPLFDO 8QLRQ ,$8 WKHRU\

BUHFHVVLRQ DQG IKMWBWRB@WUL[ LY XVHG WR UHODWH WKH &HOHVWLDO ,
(DUWKIV URWDWLRQ QRUPDO WR WKH WA XY H[TSXDHYR B GADRYW KH (&, >

2 3
1 apXé ap XpYp Xp
PN=4 apXpYp 1 apY? Y S ROT3(sn)
Xp Yp 1 ap(X§+YP2)

ZKHHEHO05+1/8( X5+ Y?) DQ& Yp DUH WKH\DQG [ FRRUGLQDWHY RI WKH &HOHV
BROHZ U W (&, /HQIWK\H[SUHVYVLRQVYP;,IH XNHALWREIDTHRXIODMWHLDO 7LP
DQRPDOLHVY +HOLRFHQWULF ORQJLWXGHV ULJKW DVFHQVLRQV RI WKH L
WKH 6XQ DQG WKH ORRQ HEISUBGUMGERQDO FRUUHFWLRQV LQFOXGH WKH
WLPH GHSHQGHQW HIITHFWV DYDLODEOHDV SDUW R1 (23

6LGHUHDO 7LPH YRWINVWGRQHDO WLPH URWDWLRQ XMVRYW WKH (DUWK URWD\

(t)= ROT3( Era)

ZKHWkRL LV WKH (DUWK 5RWDWLRQ $QJOH FDOFXODWHG DV D IXQFWLRQ RI
87 WLPH

era =2 (0:7790572732640 + D0273781191135448D (UT,) 2451645))

3RODUORWLRQ YyRWBWORQ ORWLRQ 30 URWDWLRQDFFRXQWV IRUWKH PR
D[LVZ UW (DUWKJV FUXVW 7R DFFRXQW IRUWKLY URWDWLRQ DQJOHV D
E\WKH ,QWHUQDWLRQDO , (56&, DK} ®IMEIDYFHHPHYWWF VHFRQGV

$GGLWLRQDOO\LQ,$8 FRQYHQWLRQV LWLVQHHGHG WR WDNH LG
PHULGLD GSORRBWRBSOHWH 30 URWDWLRQ LV

( )= ROT3( sYROT2(xp)ROT1(Yp)

ZKH&HV WKHDIRUHPHQWLRQHG SULPHPHULGLDQ ORFDWRU ZKLFKLVIRXC
DQG DQQXDO z@ BbEXHFDQ EH FDOFXODWHG XVLQJ 77

s®=  0:000047TT



/LQN *HRPHWU\ &DOFXODWLRQYV

,PSDFW RQ $FFHOHUDWLRQV LQ (&()

‘KHQ H[SUHVVLQJ DFFHOHUDWLRQV LQ D URWDWLQJ UHIHUHQFH IUDPH L\
WKHURWDWLRQ YHFWRURQWKHDFFHOHUDWLRQ WHUPV $GGLWLRQDO W
DUH DV IRO@RZV >

' recer 2'e TrEcer !

PECEF = PECI E ('e Trecer)

ZKHUH WKH ILUVW WHUP LV WKH DFFHOHUDWLRQLQDQ LQHUWLDO IUDPH
WKH FKDQJLQJ URWDWLRQUDWH DQGLV IRUFLUFXODURUELWY WKH W
LV WKH FHQWULSHW 8D BHARHOHWBRMWURQDWLRQ UDWH Y HEWRW RMKE () Z U \
DFFHOHUDWLRQ LQ (&,

WLV QRW QHFHVVDU\ WR ULJRURXVO\HYDOXDWH WKH (&, (&() WUDQVI]
LQVWHDG LW LV VXIILFLHQW WR FRQVLGHU D VLPSOLILHG H[SUHVVLRQ IR
$Q DSSUR[LPDWH URWDWLRQ YHFWRU FDQ EH XVHG DORQJ ZLWK WKH 3RC
LPSURYHV WKH PRGHOOLQJ DFFXUDF\ Rl WKH &RULRO®@V IRWHFbIRBN RW HRRU
YHFWRU LV H[SUHVVHG DV 0 1

le (H@0A

'E

ZKHUHLV D VFDODU (DUWK URWDWLRQDO YHORFLW\ HTXDO WR H Ul

ILQN *HRPHWU\ &DOFXODWLRQV

(DUWK RFFXOWDWLRQ FRQGLWLRQ FRFNSEWID R RREX B H TCRIFAVP 6 \Q WRIG YLHD
VLRQ RI VDWHOOLWH SRVLWLRQV WR YREYWEQYLRQJOHY DUH GHVFULEHG

JLQN 9LVLELOLW\ &RQGLWLRQV
7KH OLQN GLVWDQFHV RU YLHZLQJ DQJOHYVY VXSSRUWHG E\ WKH WHUPLQI
IDFWRU (DUWK2FFXOWDWLRQFDQDOVRSUHYHQW OLQNY 7RGHWHUPLQ|
RWKHU VHYHUDO DQJOHV PXVW EH HVWDEOLVKHG LQ WKH VDWHOOLWHV
JLIXUH> @ 1DPHO\ WKHVHDQJOHV DUH

h (DUWKITVDQJXODUUDGLXVDV VHHQ IURP WKH KLJKHU RUELW VDWH
I (DUWKIV DQJXODUUDGLXV DV VHHQ IURP WKH ORZHU RUELW VDWHC(

T
¥
+ oDQG (DUWKFHQWUDO DQJOHV DW RFFXOWDWLRQ DQG WUDQVLW HG

JLIXUH *HRPHWU\DQG UHOHYDQW DQJOHV EHWZHHQ WKH /(2 DQG 0(2 VDWBOOLWHY WR GH

7TKH RFFXOWDWLRQ FRQGLWLRQV FDQ EH GHULYHG IURP PXOWLSOH SRLQV
FUDIW RFFXOWDWLRQ RFFXUV LI

h< h DQG jj ji>jriicosn



/LQN *HRPHWU\ &DOFXODWLRQYV

ZKHUHLY WKH DQJOH EHWZHHQ WKH QDGLU YEHEHWRY DQ &/ MWMHKH DDQIE R(2/L
VDWHOOLWHY IURP WKH 0(2 VDWHOOLWHTV SRLQW RI YLHZ )URP WKH /(2
FRQGLWLRQV DUH

1<
ZKHUHLY WKH DQJOH EHWZHHQ WKH QDGLU Y HHWRZHUHPQ GVWH H(®D DQK RI( & L
VDWHOOLWHV IURP WKH /(2 VDWHOOLWHIVY SRLQW RIYLHZ &RQYHUVHO\
WKHRSSRVLWH FRQGLWLRQ WKDW WKH UHODWLYHQDGLU /26 DQJOH LV F

7KHVHDQJOHVY FDQ EHFRPSXWHG XVLQJ WKH VDWHOOLWH SRVLWLRQ YHF
RUELWDO SDUDPHWHUYV (DUWKTV DQJXODUUDGLXVIURPD/(2RUO(2VDW
1 Re + Ram
jirnii
ZKHRHLY (DUWKTV RRR{G LXWKHEAO OWLWXGH XS WR ZKLFK WKHDWPRVSKHUL]I
jirnj UHIHUV WR WKH KLJKHU VDWHOOLWHIVY RUELWDO UDGLXV
OHDQZKLOH WKHRDQ@QIWHNFVDOFXODWHG XVLQJ WKHLU (DUWK FHQWHUHG
GRW SURGXFW UXOH
h = COS 1 rhilh = Sl = r.h. Srh rl) =
Drall 1 ml) Jiredi Ji(ra )i
DQDORJRXVO\ IURP WKHORZHU VDWHOOLWH

r ro(ry r
_ 1 I hi - cos ! I(ri rn)

| = ———— = CO — =
irdi i owii Jirdgi g re)i
BRLQWLQJ $QJOH &RPSXWDWLRQV
7KH 7THUPLQDO SRLQWLQJDQJOHV DUH FRPSXWHG E\ XVLQJ WKH KRVW WD
KRVW VDWHOOLWHYVY DWWLWXGH )RUWKLV DQDO\VLY WKHVWDUW SRLQW

WKH (&, UHIHUHQFH IUDPH 7KHVH DUH FRQYHUWHG LQWR D /26 E\ VXEWUTL
YHFWRUV

h = Sin

LOSEeci =1t rn
7KH /26 LQ (&, LV WKHQ URWDWHG WR WKH VDWHOOLWH ERG\ IUDPH ZKLF|
ZLWK WKH 56: UHIHUHQFH IUDPH 7KH /26 LQ 56: LV FDOFXODWHG E\ XVLQJ\
56:
LOS rsw = ROT RSW/ECH | OS ¢,
ZKHUH WKH URWDW/SKE EP OWEFDOFXODWHG XVLQJWKH56: XQLW @HFWRUV H
2.3
R
ROT RSW/ECI - 4 45
W

ZKHBHS W DUH WKH XQLW YHFWRUV LQ WKH 5DGLDO $ORQJ WUDFN DQG &
FDOFXODWHG XVLQJKRVW SRVLWLRQ DQG YHORFLW\ XQLW YHFWRUV YLD

R = fhec
W = fheci  Pnec
8§=W R

.l VSDFHFUDIW DWW LW X G HRODPERQ ¥ RE I GHEH WDKMID (&, DQG VDWHOOLWH
IUDPHV ,Q WKLV FDVH WKH /26 LQ 56: LV DVVXPHG WR EHHTXLYDOHQW WF

7KH3RLQWLQJDQJOHV RIDJLPXWKDQG HOHYDWLRQ DUH WKHQ FDOFXOI
SRQHQWV WR $]LPXWKEDQG (OHYDWLRQ

arctan2( zgf ;YsF )

i _XBE
arcsin JLOS ]

ZKH#bretan2 LV WKH DUFWDQ WKDW RXWSXWV DQJOUDS LO DV WEH DU HRIRUIDRQRH
WKH /26 ZKLFKHIIHFWLYHO\LVY WKHVODQW UDQJH



*166 WDFNJURXQG

JLIXUH 9LVXDOL]DWLRQ RI *166 &RQVWHOODWLRQV *36 *DOLOHR@*/21$66 DQG %HL'R

*166 %DFNJURXQG

,Q WKLV VHFWLRQ VRPH EDFNJURXQG UHJDUGLQJ *166 FRQVWXHEOODWLRC
VHFWLR®Q@XEVHFWLROQHVSHFWLYHO\ 7KHQ EDVLFV RI *166 EDVHG RUE|
GRFXPHQWXBVIHFWLRQ

*166 &RQVWHOODWLRQYV
$ *OREDO 1DYLJDWLRQ 6DWHOOLWH 6\VWHP LV D FRQVWHOODWLRQ RI VL
*HRVWDWLRQDU\RUELWY WKDW WUDQVPLW UDQJLQJPHDVXUHPHQWYV IRU
PXOWLSOHRSHUDWLRQDO RUQHDU RSHUDWLRQDO *166 *OREDO 3RVLWL
E\WKH 8QLWHG 6WDWHV FRQVLVWLQJRI VDWHOOLWHY LQ OHGLXP (DUW
RSHUDWLRQDO *166 7KH VHFRQG RQH ZDV */21%$66 GHYHORSHG E\ WKH 5)
DOVR FRQVLVWLQJRI VDWHOOLWHY *DOLOHR WKH (XURSHDQ JOREDO (
EDVHG RQ WKH VDPH SK\VLFDO SULQFLSOHV DV *36 */21%$66 DQG RWKHU
FORFNV LQ RUELW DUH XVHG DV D VRXUFH IRU UDGLR VLJQDO EDVHG UD(
&KLQHVH VDWHOOLWHZAQADWYK WKWHRQHMQHUDWLRQV RIVDWHOOLWHY ODXQI
$OWKRXIK%HL'RXSURYLGHGOLPLWHGFRYHUDJHVWDUWLQJLQ VLG
V\VWHPYV %'6 LQ DQG %'6 LQ KDV LPSURYHG LW ERWKLQ FRYHUDJ
WKH %9HL'RX VIVWHP SURYLGHV IUHH 3UHFLVH 3RLQW 3RVLWLRQLQJ 3
> @
7TKHVKHOOV RIWKH*166 FRQVWHO)QDMLIR QK HUIHRMLEXNDDQ STUIDPHWHUYV
PDULIHWEQH &RQVLVWHQWO\ HDFK *166 SODQHLV PHGLXP LQFOLQHG WR
IRUWKHPRVW GHQVHO\ SRSXODWHG UHJLRQV

7DEOH *HQHUDO FKDUDFWHULVWLFV RIHD®K *166 &RQVWHOODWLRQ >

*166 K>NP@ 2UELWDO B3HULRG >IGH P&@Q @ODQHV > @
*36

*/21%$66
*DOLOHR
%HL'RX

*166 6LJQDOV

*166 VLIQDOV DUH HOHFWURPDJQHWLF ZDYHV LQ WKH UDGLR IUHTXHQF\ V
ODWRUV RQ ERDUG ZKLFK JHQHUDW Hfy KK B BB IHHUMDLO QUDHOTVX H@ PAK H /
JHQHUDWHG E\ LQWHJHt) PXOMEBOUEBW ZRYRY DUH EHWZHHQ DQG *
ZKLFK UHVXOWV LQ ZDYHOHQJWKV RI FP 6LJQDOV DUH JHQHUDOO\ SU
FRPSHQVDWH LRQRVSKHULF GHOD\V

7KH GDWD LV HQFRGHG LQ YDOXHV RI DQG ZKLFK UHSUHVHQWYV WKF
PRGXODWLRQLV XVHG ZKHUH WKH FDUULHU ZDYH SKDVH VKLIWV E\  f DV
DQG ZKLFKLVMKRIZ®L@ 7KHFRPSRQHQWYV RI WKH JHQHUDO *36 VDW!|
DVIROORZV

$&DUULHUV / DMWED/IQVPLWWHG DWolUHTXHGELBIQG fo 0+]



*166 WDFNJURXQG

JLIXUH 9LVXDOL]DWLRQ RIELSKDVHPRGX@DWLRQ RI FDUULHU ZDYH >

f: FRGHVUDQVPflglBOWHG DW] 7KLV LV WKHHQFU\SWLRQ FRGH 7KHPRG)
FRGHDQG: FRGHUHVXOWVLQWKH< FRGH 7KLVLVGRQHWRGHQ\DFFI
XVHUV

f3UHFLVLRQ SURWHWMVPQ® 3 PRR@MIREXDWWHG RQ ERWK/ DQG/ WLV HQ
WKH < FRGHDQGLVRQO\DFFHVVLEOH ZKHQ WKH VHFUHW FRQYHUVLR

t&RDUVH $FTXLVLWLRWQU® @ VFFR@MBWHG DOW] ORGXODWHG RQ/ XVLQJ SKI
TXDGUDWXUH WHFKQLTXH ZLWK WKH 3 FRGH 7KLV FRGHLVDYDLODEO

$1DYLIJDWLRQ PWW\DmMMNPflo20W6B0G DMV 0+] 7KHPHVVDJHFRQWDLQV LQIRL
DERXWVDWHOOLWHKHDOWK FORFN RUELW DQG RWKHU FRUUHFWLR

7KH PRGXODWHG FDUULH U\ DXUHMWLHRSUGT XQW HRE \@
L1(t) = A1PC(t)WC(t)DC (t)co(f 1t) + a;C/ A(t)DC (t)sin (f 1t)

L2(t) = A,P C(t)WC(t)DC (t)cos(f 2t)

ZKHUH WKH XQPRGXODWHG F DI )=Haicus® t) D G B RKMH\GHTXHQFHV R1 WKH 3 |
& $ FRGH : FRGH DQG QDYLJDWCRQCPA{tY WICIt) Y0 QmHt) UHVSHFWLYHO\

7KH & $ FRGH DQG 3 FRGH DUH FKDUDFWHUL]HG E\ D 3VHXGRUDQGRP 1R
VHTXHQFHV DUH GLIIHUHQW IRU HDFK VDWHOOLWH DQG KDV D KLJKHU EL\
UHTXLUH WKH 351 FRGH WR DFFHVV WKH PHVVDJH GDWD

%\ QRZ D ZLGHU UDQJH RI FDUULHU IUHTXHQFLHV DUH XWLOL]HG *36
*DOLOHR SURYLGHV VLIQDOVDW ( (D (EDQG( DOVR ZLWKLQ WKH / EL
WUXH IRU */21$66 ZKLFK KDV LWV / EDQG VLJQDOV ODEHOOKG DV * * DQGC

7KH FRPSOHWH SVHXGRUDQJH LV PRGHOOHG DV

Y=d c(dt, dt®)+d +dr+c(d +d)+pr+ mpt g

ZKHYHV WKH JHRPHWULF GLVWDQFH EHWZHHQ UHFHLYHU DQWHQQD DQG V
HSRRK DQ@ DUH WKH *166 VDWHOOLWH DQG UHFHLYHU FORFN HUURUV Z
d DQdE DUH LRQRVSKHULF DQG WUR SR \DSIEHDUF GHPI®LY HIKRQE VDWHOOLW
JURXS GHOD\V 7KH UH®RD L,Q DQGWHHPGRRS WUDQVLHQW HUURUV PXOW|
WUDFNLQJ @RLVH >

,WLVLPSRUWDQW WR PHQWLRQ WKDW ZKHQ SURFHVVHG LQ D URWDWLQ
GRUDQJH REVHUYDWLRQ HTXDWLRQ FKDQJHV GXH WR WKH IUDPH URWDW
WLPH ZKLFK DIIHFWV WKH JHRHPW ZHH.G VX 8 LI\DW DIFWMLRQ VDWHOOLWH D QC
LQ (&, WKH JHRPHWULFDO GLVWDQFH LV VLPSO\

d=jire(tr)  r3(ts)ij



*166 WDFNJURXQG

ZKHYH QG FRUUHVSRQG WR VLJQDO UHFHLYLQJ WLPH DQG VLJQDO WUDQV
DQG WUDQVPLWWLQJ VSDFH YHKLFOHYTV SRVLWLRQV DUH LQ (&() WKH JH
6DJQDF WHUP

!
d=jire(tr) r(ts)ii + ?e (x°yr  ¥°Xy)

ZKHUHV WKH VFDODU (DUWK URWDWLRQDO YHORFLW\WHUP DQG[ \DUH W
69 FDUWHVLDQ SRVLWLRQ FRPSRQHQWYV LQ (&()

7KH &DUULHU 3KDVHLV PRGHOOHGDYV
L=B+d c(dt, dt®) d +dr+c(d +d°)+ pro+ mpot+ no

ZKLFKLV VUAXODMLRW@H[FHSW WKH ,RQRVSKHULF GHOD\LVQRZVXEWUDFWFE
&3 DPELBXUMVDGGHG $V SUHYLRXVO\PHQWLRQHG WKHLRQRVSKHULF GH
VLGHULQJ OLQHDU FRPELQDWLRQV RIWKH®&®DVLF PHDVXUHPHQWY VXFKL

Yp 12 = 2 :54Yp 1 154Yp 2

Yi12 = 2:54Y 1 1:54Y, »

ZKHYAXDWLR@®RPELQHG GXDO IUHTXHQF\ SVHXGRUODQDWRRIBFPRPUHPHQW V
ELQHG WKH/ / &3 %RWK RIWKHVH FRPELQDWLRQV UHTXLUHG ') *36 PHDV
$QG 3KDVH ,RQRVSKHULF &RUUHFWLRQ *5$3+,& UHTXLUHV RQO\ 6LQJOH

DQG LV VKRZXDWLRO @
_Yeiat Y
Yc1|_1—72

*166 EDVHG 2' OHWKRG %DVLFV
$ NH\VWHS LQ UHFXUVLYH RUELW HVWLPDWLRQ SURFHVV LV WKH SUHGLF
UHTXLUHV D SUHFLVH G\QDPLFDO PRGHO WKDW FDQ GHVFULEH WKH VDWHC
QLTXHV DUH XVHG DSSURDFKHV WKDW GR QRW UHT XL U HaG \GHIAH-FDOPR G |
2'DSSURDFKHV FDQEHLGHQWLILHG

.LQHPDWLFDSSURDFKHY ZKHUH WKH RUELW LV GHVFULEHG XVLQJRQ(
LOWR DFFRXQW =HUR GLIIHUHQFH =" NLQHPDWLF 2' UHTXLUHYV KLJK
FORFN SURGXFWV EXWLQ WXUQLV VLPSOHDQG UHOLDEOH ,Q FRQW!
2'LVLQGHSHQGHQW RI WKH DFFXUDWH *166 SURGXFWYVY EXW UHTXLU
SDUDPHWHUV WKXV UHTXLULQJWR SURFHVVY ODUJH QXPEHUV RI REVH

'\QDPLF DSSURDFK ZKHUH WKHRUELW LY SURSDJDWHG EA\PRGHOOLQJ
WKHNLQHPDWLFDSSURDFKHY ="DQG""PHWKRGVFDQEHDSSOLHG 7K}
WKH KLIKO\ DFFXUDWH SURGXFWYV ZKLOH '"" G\QDPLF 2'GRHV QRW UHT
WKH'""DPELIJXLWLHV DQG RUELWDO SDUDPHWHUY GR QHHG WR EH HVW

5HGXFHG '\QDPLF DSSURDFK ZKHUH WKH IRUFHV WDNHQ LQWR DFFRX
PRGHOVDUH WUXQFDWHG LQ RUGHU WR HDVH WKH FRPSXWDWLRQDO C

,Q " \QDPLFDQGS5HGXFHG '\QDPLF2' '2' 5'2' WKHDSSURDFKHVUHO\RQ '\Q
PHDQLQJWKH RUELW VRXPWILRQY KRIZ L@HG >

r
= E§+ ap(t;r;r_;Q): 8pmg t Apert

ZKHUH

fr LVWKHVDWHOOLWH SRVLWLRQ

fr LVWKHVDWHOOLWH YHORFLW\

t» LVWKHVDWHOOLWHDFFHOHUDWLRQ

ft LVWKH G\QDPLF WLPH

e LV(DUWKYfVIUDYLWDWLRQDO SDUDPHWHU

tapmg LV WKH FHQWUDO ERG\ SRLQW PDVVJUDYLWDWLRQDO DFFHOHUDW
taper DUH SHUWXUELQJDFFHOHUDWLRQ WHUPV



'\QDPLFDO ORGHOV

tg DUH G\QDPLFDO (DUWK RUELW SDUDPHWHUYV

7KH (TXDWLRQV RI ORWLRQ (20 DUHWKHQ LQWHJUDWHG QXPHULFDOO\ L
DQG YHORFLW\

,Q FLUFXPVWDQFHV VXFKDVRQ ERDUG DSSOLFDWLRQV FRPSXWDWLRQ
WKH G\QDPLFDO PRGHO PXVW EH VLPSOLILHG ZKLFK OHDGV WR WKH 5'2"' [
ILHG G\QDPLFDO PRGHO LV XVXDOO\ FRPELQHG ZLWK *166 PHDVXUHPHQW
WKH ((WHQGHG .DOPDQ )LOWHU ,Q WKLV FDVH WXQLQJRI WKH SURFHVV
NH\ LVVXH IRU DFFX@ DMWSHG2WLRQDOO\ WKH XQPRGHOOHG RU WUXQFDWH
FRPSHQVDWHG E\HVWLPDWLQJ HPSLULFDO DFFHOHUDWLRQV DV SDUW RI
RYHUDOO DFFXUDF\

$Q H[DPSOH RI WKLV DSSURDFK LV XVLQJWKH IROORZLQJSHUWXUELQJ I
*UDYLW\ORGHO (*0 ZLWK WUXQFDWHG WHUPV DQDO\WLFDO SRLQW P
ORRQ DVLPSOLILHG &DQQRQEDOO VRODU UDGLDWLRQ SUHVVXUH D GUD.
DQG WKUHH HPSLULFDO@D FFKH HB BMWLIRFQWO>DFFHOHUDWLRQV DUH XVHG W
LJQRUHG DQG VLPSOLILHG SHUWXUELQJDFFHOHUDWLRQV

'\QDPLFDO ORGHOV

,Q WKLV VHFWLRQ WKH UHOHYDQW SHUWXUELQJ DFFHOHUDWLRQV ZLOO
SUHYLRXV VHFWLRQ WKH DFFHOHUDWLRQV DFWLQJ RQ D VDWHOOLWH FL
WH&LR, DQG SHUWXUEL QJ ddi F HIKHHUDHWLVRQWE LQJ DFFHOHUDWLRQV FDQ EH
VHYHUDO FRPSRQHQWYV ZKLDEKWLROVARZQ LQ

X
P = Apmg + Apert = Apmg + Qnonspherical + Adrag + asrp + asrd;i + Aother
i
Z K H &hkhsphericas UHIHUV WR WKH QRQ VSKHULFDO FH&QY UNVOWKRIGOH U R & LQIDRAIEF
GUBRdrr LV WKHG6RODU 5DGLDWLRQ&M;iHDUNlW-K}651RLQW PDVVJUDYLWDWLR
WKH UG ERGbdVWDLDHREUV WR WKH UHPDLQLQJ DFFHOHUDWLRQ WHUPV ZKI
QHJOHFWHG VXFKDV UG ERG\QRQ VSKHULFDO WHUPV UHODWLYLVWLEF I
JLUVW WKH HQWLUH FHQWUDO ERG\ JWUXEVWBWLRIQR@D®RA HEG EB\HRAW KH B
SHUWXUELQJ WHUPV DHURBYEBWILRGRIDIU QDGLDWLRQEVHHEFWDLRIH LQ
DQG WKLUG ERG\JUDYLWDWLORERMMHFNERWOHUDWLRQV LQ

&HQWUDO %RG\JUDYLWDWLRQ
7KH FHQWUDO ERG\ JUDYLWDWLRQ WHUP FRQVLVWY RI WKH VSKHULFDO &
WHUPYV 7KH FRPELQHG HIITHFW LV RIWHQ H[SUBVYVHG DV D JUDYLWDWLRQD

U
Acentral = @pmg t @nonspherical — T

7KHJHQHUDO FHQWUDO ERG\ SRWHQWLDO LV VSOLWLQWR WHUPYV
U=Upg+ U+ Uy

ZKHUHV WKHFRPSOHWHS RWHGWRWHQWLDO OHDGLQJWR WKHSRLQW PDVV
U LVWKH SHUWXUELQJ DFFHOHUDWLRQ IFG® Wb AWKHIS HRUGV KU K € INSHRUINPIYQ
WR VHFWRUDO DQG WHVVHUDO KDUPRQLF WHUPV Z&KLPRSBUH KKDUDFWH I



'\QDPLFDO ORGHOV

SRWHQWLDO WHUPV @UH DVIROORZV >

- _E
U= -
%
ulzTE Jy RTE Pg.osin( )
d=2
e XX g ¢ _ .
U= £ —£ Puo(sin( ))(CuoC0g0 ) + Sgosin (0 ))

r
d=2 o=1

KHWH, DUH WKH /HIJHQGUH SRO\QRPLDOV GHILQHG DV

1 n?)o2 gd+o
Pao(m = T )= e 1y

LQWKLV FDVH dyoHUIHHLQG WHRHWKH GHJUHHDQG RUGHU RIWKH RIWKHJUDYLW
PRVW EDVLF QRQ VSKHULFDO JUDYLW\ILHOG PRGHO WKDW FDQ EH XVHG |
ZKLFKHVVHQWLDOO\ RQOH U R FOKKIGHKWWRKRXQWY IRUWKH REODWHQHVYV RI

$HURG\QDPLF 'UDJ
ODLQO\UHOHYDQW DW ORZHU DOWLWXGHV RI /(2 WKH DHURG\QDPLF GUD
$SSUR[LPDWLQJ WKH VDWHOOLWH DVAR 1W R W $SODRE\DIDPK K % U IDIFIHD(&H DU
H[SUHVVHGaDV >

ec _ 1 CpoAp Cl i ECI

.. E | ..
a = r r
drag 2 m atm el ) iel

ZKHLEEHA' LVWKHUHODWLYH YHORFLW\RIWKH FURVV VHFWLRQDO DUHD RI \

ECI
el

am LV WKH DWPRVSKGEGUILWV B KR GUWWDI FRHIILFLHAQW R IWKKIHHV DAF MA@ HWEK U | L
DUHP LV (DUWKTV URW D W MRIQDWKYHHPIRVFY. W QDI HUDO LWLV YHU\FKDOOH
FDOFXODWHWKHGUDJDFWLQJRQVDWHOOLWH 7KHHIIHFWLYH VXUIDFH
FRHIILFLHQW GHSHQGVY RQ WKH IORZ UHJLPH DQG VDWHOOLWH JHRPHWU\
GHSHQGDQW RQ VRODUDQG JHRPDIJQHWLF DFWLYLW\A\DQG YHU\GLIILFXOV

ECI | ECI ECI
*E

r- r

6RODU 5SDGLDWLRQ 3UHVVXUH
7KH6RODU 5DGLDWLRQ 3UHVVXUH 653 RFFXUV GXH WR WKH SKRWRQV WL
WKH\LQWHUDFW ZLWK KHQ LQWHUDFWLQJZLWKDQ REMHFW PRGHOOHG
IROORZ >

PAsrp
m

ZKHGH UHIHU WR FRHIILFLH Q@WVEAH WIRDBEWX Y HW\EIO 8 KW WRRVDSHEF XOD U
UHIOHBARWL RY WKH HITHFW L YSH ¥ Y8KIHUVHRDO D U U D G &DINQARMUFAUHYIWK YHFW R U V
IRUPHU SRLOQWLQJIURP WKH VSDFHFUDIW WR WKH 6XQ DQG WKH ODWWHU L
VXUIDFH

asrp =

2
("\sun ﬁ) §CR;d + 2CR;S (r\sun ﬁ) n+ (1 CR;s)"\sun

UG %RG\ *UDYLWDWLRQ
TRWDNHLQWRDFFRXQWWKHJUDYLWDWLRQDODFFHOHUDWLRQIURP RWK
WKHFHQWUDO ERG\ 7TKHDFFHOHUDWLRQV GXHWRHDFK UG ER&\ VXFKD

F3rg I I3rd

jiraa i diraali®

ZKHUHMYVY WKH GLVWDQFH IURP WKH SURSDJQWHWS \E R B \GK R WKMFH GURRGN K|
ERG\WR (DUWKBWXHJUDYLWDWLRQDO SDUDPHWHU RI WKH UG ERG\

aszd =  3rd



*166 EDVHG 2UELW '"HWHUPLQDWLRQ

JLIXUH *HQHUDO DUFKLWHFWXUH IRU 6LQJOH 3RLQW 3RVLWLRQLQJ KLIJKOLJKWLQ

*166 EDVHG 2UELW '"HWHUPLQDWLRQ

,Q WKLY VHFWLRQ WKHRUHWLFDO IRUPXODWLRQV RI WKH FRQVLGHUHG *:
PRVW EDVLF NLQHPDWLF RSWLRQ RI 6LQJOWXRLHAWIRGYXEYRDXBQ WD VKR
WZR ([WHQGHG .DOPDQ )LOWHUV XVLQJ3VHXGRUDQJHV DQG &DUULHU St
LXEVHFWLRQGBXEVHFWLRTKHQ DIWHU LQWURGXFLQJ WKH 8QX¥EHQWHG .
VHFWLRQWKH QRYHO 6LQJOH 3URSDJDWLRQ 8QVFHQWHG .DOPDQ )LOWHU I
.DOPDQ )LOWHU DU BSEHWHEWE M@ GREVHFWLRPLQDOO\ D PRGLILFDWLRQ \
BUHSURFHVVLQJ ([WHQGHG .DOP VY EVHWWURY SURSRVHG LQ

.LQHPDWLF 6LQJOH 3RLQW 3RVLWLRQLQJ
7KH NLQHPDWLF 6LQJOH 3RLQW 3RVLWLRQLQJL&83B HD ONR EHQKIR LLIWVYDWY NI
VLPSOLFLW\ DQG DELOLW\ WR SURYLGH D SRVLWLRQ VROXWLRQ ZLWKRX
JHQHUDOLQGHSHQGHQFHRISUHYLRXVVROXWLRQV +RZHYHU WKLV FRPF
WR 5'2'" RSWLRQV

7KLY WHFKQLTXH FDQ SURYLGH D VROXWLRQ RQFH OLQNV ZLWK QDYLJ
PHWKRG LV EDVHG RQ D OHDVW VTXDUHY HVWLPDWRU WR RX@SXW WKH S
XWLOL]HV WKH EDVLF SVHXGRUDQJH PHDVXUHPHQW PRGHO

Yi=d +cdty = jr} rj+c(dt, dt})

ZKHYHV WKH SVHXGRUDQJH PHDVXUHPHQW WK & EVRWDHGW B WW. BIR WIWWH R
WHhH QDYLJIJDWLR @t VIDWMAIOKO UWHH LY HU F QR FANKHHUWKURWUAMDQBBV HOOLWH SRV LWL

8VLQJ WKH SVHXGRUDQJH PHDVXUHPHQWYV IURP VHSDUDWH *36 VDWHC
RIHTXDWLRQV

q

Yi= (x§ x)?+(y; Y)P+(Z )%+ c(dt,  dt])
q

Y2= (x5 x)?+(y3 Y)*+(z3 2)*+c(dt;  dt3)
q

Ya=  (x§ x)?+(y§ ¥)?+(z5 2)%+c(dt; dt3)
q

Ya=  (x§ x)?+(y§ Y)?+(z 2)%+cdt,  dtg)

FRQVLGHULQJ WKDW WKHHVWLPDWHG KRVW SRVLWLRQ GLIITHUV IURP WKF
r=r N

dt, = dt, df}
FDQ EH XVHG WR OLQHDUL]HDQG H[SUHVV WKH BVBRERUDWQLR GV U /G DFOH.F

Y=Y Y= by x+hi y+hbi z c dt



*166 EDVHG 2UELW '"HWHUPLQDWLRQ

ZKHbHb; by DUH WKH GLUHFWLRQ FRVLQHV EHWZHHQ Witk HOKORNLWDS/RIVR @/ L R (
VDWHOOLWH 7KH\DUHH[SUHVVHG DV

X X
l:A(i_ (ﬁl
Yy
byl dAl
_z z

ZKHGHLY WKH FXUUHQW JHRPHWULFDO GLVWDQFH HVWLPDWH EHWZHHQ \
VDWHOOLWH
7KH VA\VWHP RIHTXDWLRQV FDQ WKHQ EH SXW LQWR PDWUL[IRUP

2 3 2 3
Y]_ M

_ YZZ _ g ra Z _
= g Y r = s Y=Hr
Y4 C dtr

ZKHUH + LV WKHREVHUYDWARQ PDWULJ
1 b1 by 1

b= gbe B2 Do 1?)

b bz b 1

ba bya b 1

'LWK PRUH WKDQ WUDFNHG VDWHOOLWHY WKH SUREOHP EHFRPHV RYH
6TXDUHV PHWKRG LV XVHG WRILQG WKH VROXWLRQ WR PLQLPL]JH WKH OR\

JCr)=C Y H (Y HI
ZLWK WKH GHULYDWLYH WKHH[SUHVVLRQ IRUWKH SRVLWLRQ FRUUHFWL
ro=(HTH) *HT Y
ZKLFK OHDGV WR WKH SRVLWLRQ DQG UHFHLYHU FORFN HVWLPDWH XSGDV
ri=rj1 ri
dt,; = dtyj 1 dty;

'XULQJ WKH SURFHGXUH WKH1DYLJDWLRQ VDWHOOLWH UHFHLYHU JHRPFE
TXDOLW\RI WKH SURFHVVHG SRVLWLRQ DQG FORFN GHOD\ VROXWLRQV 7
'LOXWLRQ RI3UHFLVLRQ *'23 ZKLFKHWFDBOPXODYWSEROMNRN WKHYV LV GR
WDNLQJ WKH VTXDUH URRW RI WKH VX#P'TR) WKH GLDJRQDO HQWULHV RI

$ KLIK*23LQGLFDWHYVY WKDW WKH QDYLJDWLRQ VDWHOOLWHY DUH VSUL
TXDOLWN\VROXWLRQ ,Q FRQWUDVW DORZ*23LQGLFDWHYVY WKDW WKH WU
RYHUWKHUHFHLYHUfV )LHOG RI9LHZ )29 OEDGLMKWR/ EKER®® RU VRDWX W\
IRUWKH *'23

7TKHHQWLUH 633 DOJRULWKP SURFHGXUH LV DVIROORZV

(VWLPDWLQJ *166 VDWHOOLWH SRVLWLRQV DW WKH FXUUHQW HSRFK I
&RPSXWHEHWZHHQ WKH PHDVXUHG DQG PRGHDXIHBLRMHXE RDDQJIH ZL W
WLRQIURP WKH SUHYLRXV KRVW VDWHOOLWH SRVLWLRQ HVWLPDWH
&RPSXWH + PDWUL]J

&RPSXWH

8 S G D'WDHQdE

,WHUDWH IURP VWHS Zi\lRdIR KQWLOXFRQRIHUJHQFH LV UHDFKHG
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JLIXUH *HQHUDO DUFKLWHFWXUH IRU ((WHQGHG .DOPDQ )LOWHU XWLOL]JLQJ3VHXGRUDQJ

(I WHQGHG .DOPDQ )LOWHU XVLQJ 3VHXGRUDQJHYV
7KH 3VHXGRUDQJH EDVHG ([WHQGHG .DOPDQ )LQWHWHDORREDWKSB WARY LV
WKH . .LQHPDWLF 633 LWLQFOXGHVDQDGGLWLRQDO 3UHGLFWLRQ 6WHS Z
VI\VWHP WKXVDGGLQJFRPSOH[LW\ JWDOVRUHTXLUHV LQLWLDOL]DWLRQ
XQWLOLWFRQYHUJHVWRRSWLPDO SHUIRUPDQFH )LQDOO\ LWUHTXLUHV
DQLPSURYHG SUHFLVLRQ RYHU WKH 633 PHWKRG
JRUDQ LQ GHSWK GHULYDWLRQ RI WKH (.) WKH UH® G AKH. R WHIHYM § W
IRUPXODWLRQ UHOLHV RQ WKH GLIITHUHQFHV EHWZHHQ WKH UHIHUHQFH D
QHJOHFWDQ\QRQ OLQHDULWLHY LQ WKH VA\VWHP G\QDPLFV 7KH (.) DYRL!
JRUD QRQOLQHDU GLVFUHWH WLPH G\QDPLF VA\VWHP ZLWK GLVFUHWH W
WKHVWDWHGHW@LYDWLYHLV >
Xg = F(Xk)+ wi; we  N(0;Qxk)
Yg = h(X k)+ Vi, Vk N(O;Rk)

ZKHKHLY WKH V\V WHPLVWEKMHE WD W H WY, PLH GAHUH. @ RWALWYAHH DV X UHPHQW Y H F)
SURFHVV QR IDVMELMW WKH PHDVXUHPHQW QRLVH ERWK PRGHOOHG DV JHUI
QRLVH SURFHVVHV 7KH SURFHVV DQG PHDVXUHPHQW QRLVHDUHDVVXPH
DUH XQFRUUHODWHG IRUZDUG EDFNZDUG LQ WLPH

7KH ILOWHU LQYROYHV D SUHGLFWLRQ DQG DQ XSGDWH VWHS 7KH VWD
QDPLFV ZLWK WKH FXUUHQW HV \¥LIP@GRD WK HRHW HEKXEKHWH WKH SDUWLD
R1(Xy) DQBXy) 7KH GLWRUFWDWHEH REWDLQHG E\WUXQFDWLQJWKH 7D\ORU VF

FRQWLQXEKKN WLPH
h
Hy = Y(Xk)
Fe =1+ F(t)(ts)

'KLFKLV XVHG WR SUHGLFW WKH FRYDULDQFH PDWUL]
P. = FkP/F +Q

ZKLOH WKH VWDWH SUHGLFWLRQ FDQ EH SHUIRWPRG EV X@LWKH @ W\N WH @
QDPLFDO PRGHO DQG QXPHULFDO LQWHJUDWLRQ
z

tk
X, =X} + OO pdt X0+ o080 )
tk 1
7KH PHDVXUHPHQW XSGDWH VWHSV DUH DV KROLO/RZRP SXWVHE WKH .DOPDQ
K¥=P HJ(R '+ H(P, HJ) !
ZKLFK LV XVHG IRUWKH XSGDWHG VWDWH HVWLPDWH
Xi =X+ KXY h(X, )]
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DQG VWDWH FRYDULDQFH PDWUL]J
PS =01 K*He(X )P,

ZKHBH LV WKH FRUUHFWHG ‘D SRVWHULRY ZIMWMJWRH BERVMDUE WRIEH ZEUORIL
FRYDULDQFH
2QFH WKH ILOWHU LV LQLWLIDJOX\LHG_WLIV\DQI-E\/HNULIF?DM\U-MLRHO\ XSGDWHG |
PHDVXUHPHQWYV
7KHVWDWH YHFWRU LV GHILQHG DV
X =[r;r;cdt]

ZKHUHY WKH FDUWHVLDQ YHORFLW\ $ VLPSOLILHG REVHUYDWLRQ IXQFW|
Y =irS rj odt dt)+ =d cdt dts)+ = h(Xk)

7KH -DFRERD®@ KH G\QDPLFDO PRGHO LV UHTXLUHG IRUWKH ILOWHU IRUP X
LVGHILQHG DV

Z;X X X X X ;XS
X y z X y zZ
Yy Y Yy Y Y ¥
X y z X y z
f(xk) zZ z z z z _Z r_r
FIO= — "8x X % x x x4= & &
k X y z X Yy oz r r
y vy vy 3y ¥y x
X y z X y Z
.z z 'z 'z 'z z
X y z X y z
LQ ZKLFK WKHIROORZLQJHQWULHYVY FDQ EHVLPSOLILHG
X y Z
X X X X X
= = —= == _=—=0
X y z y z
71: 71: 71: 712 71:0
X 'y z x z
4 4 4 Z 4
—= = = —= ——=0
X y z X Yy

PHDQEQ@IDQ EHH[SUHVVHG DV
F(t) = 03 3 I3 3

.
- 033

ZKLFK OHDGV WR WKH GLVFUHW H EAWVW®& MDURIW U W[LHR[G R Q MQW] D O

F t

€

-

WKHREVHUYDWEIZRYRDWUDFNLQJ FKDQQHOV LV

ZL AETENL ST ST ST £ 1 Y3 3

X y z X z cdt

o O8Y. Yo Yo Y5 ¥z Y3 Y

— — X z X z cdt
Hi = X,  4Xs L Y3 Y3 ﬁ Y3 Y
k X y z X QL z cdt ,

Yos Ya Ya Y& Y2 Y4 Ya

X y z X y z cdt ;1 x=x
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JLIXUH *HQHUDO DUFKLWHFWXUH IRU (( WHQGHG .DOPDQ )LOWHU XWLOL]JLQJ &DUULHU 3KD

ZKHUH

Vi x_x
x T xDTH(y yZH(z )2
y T (x x)2+(y y)P+(z )2
Yi _ z z
- - V¥
z x x)2Z+(y y)2+(z 2z))?

Yi_Yi_ Yi_,

X Yy z

Yi

(I WHQGHG .DOPDQ )LOWHU XVLQJ &DUULHU 3KDVHYV

$Q (.) XWLOL]JLQJ &3 PHDVXUHBHDWW L X V&R MKXHXWLOL]HG EORFNV GR QR
LWV 35 EDVHG IRUPXORWARIQ IV NRVDUNFRQWUDVW FDQ EH VHHQ LQ LWV VW
WR XWLOL]H &3 ZKLFK DUH IDU PRUH SUHFLVH WKDQ 3VHXGRUDQJH PHDV
YDULRXV SDUDPHWHUV DUH QHHGHG DQG WKLV LQ WXUQ UHTXLUHV D EUR

7KH &3 EDVHG (.) IRUPXODWLRQ LV D FRPELQHG DSSURDFK EDVHG RQ \
ERDUG 2' ILO\@HUQIRWKH QRYHO LPSURYHPHQW RI XVLQJ WKH@VHXGR DPE

8VLQJ &DUULHU 3KDVH PHDVXUHPHQWYV WKH REVXDWDRERX® HDXDWLR
FOXGHV WKH DGGLWLRQDO &3 DPELJXLW\SDUDPHWHU

Y=d c(dt dt°)+ B+

$VGHVFULE@GDRLQWKIRXBRQVWDQW LQ WKHRU\ LWLY SUREOHPDWLFWR HV\
HSKHPHULY DVWKHVDWHOOLWHFORFNDQGFRPSXWHGRUELWHUURUYV DI
DSSURDFK LV UHFRPPHQGHG E\ILUVW FRQVLGHULQJ D EUHDNGRZQ RI WK
FORFN HUURUYV
7TKHIJHRPHWULFDO GLVWDQFHDQG VDWHOOLWHXODWERQMQU&RDY FDQ EH
WLRQ UHVSHFWLYHO\
di:di+ d;

dt; = dt; + dt;

ZKHYH.V WKH JHRPHWULFDO GLVWDQFH IQRP LW R W URIE, MDMHHIOWD RWRH\HK H
JHRPHWULFDO GLVWDQFH FDOFXODWHG ZKHQ &(VILWQWWHKHEURDGEDWKHS
GXH WR EURDGFDVW HSKHP Hdti LWHAU KR B @ R & NPH OMITRWDHRT GMWWIHK H FORF N
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RITZVHW FDOFXODWHG ZLWK EURDIG ERD WK H FKHFRHURGWYXH QGRDGFDVW HSEk
RINTVHW 6XEVWLWXWLQJ WKKXDMER QBPKW MU/ LQWR

Y=d+ d c(dt dt dts)+ B +

$V LWLV GLIILFXOW WR HVYWLPDWH WKH SVHXGR DPELJXLW\LQ SUHVHQFI
SVHXGR DPELJXLW\ SDUDPHWHU LV GHILQHG

A=B+ d+ dts
7KXV WKH VWDWH YHFWRU LV GHILQHG DV
X =[r;r;Cr;Cp;ae;cdt ;AL

&RPSDUHGXDRVLRQLW FRQWDLQV WKH IROORZLQJ DGG LGY L RIDDCFRWDWHYV

HITLFCHQMWPSLULFDO DFFHOHUDWLRQV LQ WKH UDG LlaR O QEOWRIQH BHSXFERR V' V

DPELIJXLW\ SDAVUDPHWKHWUDFNHG QDYLJDWLRQ VDWHOOLWHV
7KHFRPSOHWH WUDQVLWLRQ PDWUL[LVY GHILQHG DV

0 1
r Sce Sc, Sa 0 o0
0o 1 0 0 0 o0

_ Xy _BO o0 1 0 0 o0

T Xxk:1 BO O 0 me ls3 0 O
0 O 0 0 1 0
0 o0 0 0 0 Inn

ZKHUHLVY WKH 6WDWH 7UDQVLWLRQ ODWUL[ TXDOW LRUGtY ISBRXBODVKIRZQ LQ
WKHVHQVLWLYLW) RPVWKH-HNMRQEQWLDO GDPSLQJIDFWRU

Mex = el te te ajf

ZKHUHY WKH FRUUHODWLRQ WLPH
7KHVHQVLWLYLW\ PDWULFHV DUH GHILQHG DV

(r;nk
(Cr;Cp;a) 1

DQG DUHFRPSXWHG QXPHULFDOO\
7TKH REVHUYDWLRQLWV¥RELOHDU WR WKDW RI WKH (SYXBDX\ARWYWZQWH PRGHO
DGGLWLRQDO HQWULHV GXH WR WKH"DXRE HRQ WENGHUN DWH R @l PO WW LT KBIFR |

h i
hi _ . . .
Hyi = i _ Yr. Y Y Y Y

X r a

S(CR iCp;a) =

i Yi
- CR CD a A

ZKHUH WKH QHZO\LQWURGXFHG SDUWLDO GHULYDWLYHV DUH

cR"O
Y

CD_O
Yi_g

DQG
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JLIXUH *HQHUDO DUFKLWHFWXUH IRU8QVFHQWHG .DOPDQ )LOWHU XWLOL]JLQJ3VHXGRUD(C(

8QVFHQWHG .DOPDQ )LOWHU
$ JHQHUDO 8QVFHQWHG .DOPDQ )LOWHU 8.) IRUPKDDWHL R & DA WIKWH F W X
IRUPXODWLRQ DQG VWDWH YHFWRU GRHV QRW GLIIHU IURP D SVHXGRUD(
WKH SUHGLFWLRQ DQG FRUUHFWLRQ VWHS 5DWKHU WKDQ SUHGLFWLQJ E
8.) PDNHV PDQ\ VHSDUDWH SUHGLFWLRQV RI VLIJPD SRLQWV DQG XVHYV D :
FRPSXWH WKHPHDQ VWDWH SUHGLFWLRQ :KHQ SURSDJDWLQJWKH VLJPD
WKH SRVWHULRU PHDQ DQG FRYDULDQFH DUH FDSWXUHG DFFX@DWHO\ WR
> @ 7KH8.) DOVRUHTXLUHV QR H[SOLFLW GHULYDWLRQV RI WKH -DFRELD
$Q Q GLPHQVLRQDO VWDWH YHFV2iR4L LAHD S B WRI[& M D WPHIASYRKIQMI N J K W V
W, J)RUDQ QWDWH YHRMWFRY DWULDQFKY BQBFHVY QRLVH PDWUL[ WKH VLJPD
FRPSXWHG DFFRUGLQJ WR
0;k:)<\k

ik = okt ik
ZKHUHx LV FDOFXODWMGBWNVRQJ

8 ¢
S+ (n+ )P+ Qo) IRB1;:5 Q

ik —

q
2 (n+ )P+ Q) IRB Qr1;:2Q

n

ZKHRH.VWKH PHDQ RI WK HUHV B W\HW R MVKRWBRGX P@R) n DUH FRPSRVLWH
VFDOLQJSDUDPHWHUV ZKLFK G HWHIRPAGIMMDKHHE RGO\ R/IFDOLQJ SDULD
DQG SURYLGHY DQ DGGLWLRQDO GHJUHH RI IUHHGRP WR WXQH WKH KLJK
VLIJPD YHFWRUV DUH SURSDJDWHG WKURXJK WKH QRQOLQHDU IXQFWLRQ

ik+1 = F (ki k)

7KH SUHGLFWhlGD/Q\GDWR-IYDI%LlDQlHH FRPSXWHG XVLQJ WKH ZHLIJKWHG VDP¢
FRYDULDQFH RI WKH SRVWHULRU VLJPD SRLQW YHFWRUYV

Xn

X = WM wn
i=0
Xn T
Pra = WE ik )<\k+1 ik +1 )<\k+l
i=0
W =
° " n+
We= ——+@1 2+ )
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JLIXUH *HQHUDO DUFKLWHFWXUHIRUG6LQJOH 3URSDJDWLRQ 8QVFHQWHG .DOPDQ )LOWHU
LQSXWV DQG RXWSXWV

1
2(n+ )

ZKHW® DQWS DUH WKH ZHLJKWYV IRU WKH PHDQ DQG WKH RIRWRLUPDQFH DV
SRLQW UHVSHFWVHKGOWR DGG ZHLIJKWLQJ WR WKH LQLWLDO VLIJPD SRLQV
KLJKHU RUGHU PRPHQWY LV XVHG IRU *DXVVLDQ GLVWULEXWLRQV

= 2(n+ ) n7KHREVHUYDW|R®QBRWRR Y DW L RGY’F BUMUILDHGEHFWHG LQ
VLPLODU IDVKLRQ

Wim - Wic =

Zix+1 = h( i+ k+1)
%0
?k+1 = Wim Zik +1

n
Pl = WE Zikin Y Zika Yen

i=0
7KHLQQRYDWLRQ FRYDULDQFH LV IRXQG XVLRJWKHPHDVXUHPHQW QRLV

T

wWo— pW
k+1 = Pgir + Rka

7TRIJHWWKH .DOPDQJDLQ WKHFURVV FRUUHODWLRQPDWUL[EHWZHHQ SU
LVQHHGHG ZKLFK LV FRPSXWHG XVLQJ

Xn T

Xy c

Pely = We ik X Zika Y
i=0

k+tl _ pXy v 1
K - Pk+1 Pk+1

ZKLFKILQDOO\OHDGV WR HVWLPDWHG VWDWHDQG XSGDWHFRYDULDQFH
X = X + Kisa (Yer Viuy)

+ —_
Pt = Prar Kinn P+ R K

6LQJOH 3URSDIJDWLRQ 8QVFHQWHG .DOPDQ )LOWHU
7KH 6LQJOH 3URSDIJDWLRQ 8QVFHQWHG .DOPDQ J)LOWHULXBBS8.)WOWFKLWHF
DOPRVW LGHQWLFDO WR WKH 8.) H[FHSW IRU WKH SUHGLFWLRQ VWHS 7
RI'WKHB8.) WKH638.) RQO\SHUIRUPV D IXOO SUHGLFWLRQ IRUWKH VLJPD ¢
YHFWRU ZKHUHDV WKH RWKHU VLIJPD SRLQWV DUH SURSDJDWHG XVLQJ D"
7KH 638.) IRUPXODWLRQ IROORZV WKH @O JRBHWWPDGBGMUHG WRLR © LLGJ ©
PHDVXUHPHQWYV
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‘'LWK SVHXGRUDQJH PHDVXUHPHQWY WKH VDPH REVHUYDWLRQ PRGHO L
Y=d cdt dts)+
7KH VWDWH YHFWRU LV GHILQHG DV
X =[r;r;cdt ]
DQG LV WKHQ DXJPHQWHG ZLWK WKH SURFHVYV QRLVH WHUPYV
a=[X;QI
7KH HUURU FRYDULDQFH PXVW DOVR EH DXJPHQWHG
P Pyxo
P, =
a Pxo Q

ZKHB LV WKH FURVYV FRYDQGPOQPHWVRKH HUURU FRY DV WKHFSHURFGE VYV QRLV |
FRYDULDQFH PDWUL[
,QWKH 638.) RQO\DVLQJOH VLIPD SRLQW LV SURSDJDWHG ZKLFK LV

_ +
O_Xa

7KH UHPDLQLQJ VLIPD SRLQWYV DUH SUHGLFWHG DW WKH QH[W HSRFK XVL
Oh VLIPD YHFWRU LV SUHGLFWHG XVLQJ

ok+1 = F( oK)

ZKHUHDV WKH UHPDLQLQJ VLJPD YHFWRUV DUH SUHGLFWHG ZLWK
i+l = ikt i,k

ZKHUH WKH VLJPD SRLOWFRIOWFXWDWH G DFFRUBRQ EWRKH AAMFRPSXWHG
LQ D VLPLODU PDQQHU DV VKRXDQWR B @THHH (VDIP®! 670 LV UHXVHG IRU HDFK \
SRLQW

st )= o+ i+ s

KHUH, LVFDOFXODWHQ@D¥rFPFWRWUBQMKKIMNRUDQVLWLRQ PDWUL[LVFDOFXODWI
HISRQHQWLDO RI WKH -DFRELDQ RI WKH VA\VWHP PRGHO )

Xa _ % Os 8

WKH ZHLJKWHG VXP RI WKH SUHGLFWHG VLJPD SRLQWV LV XVHG WR FDOF.
DV ZDV VKRAQDYLRQ7KH SUHGLFWHG PHDVXUHPHQWOhDMH FDPHAHRWRWHG
XVLQIJWKHREVHUYDWLRQ HTXDWLRQ

Zio=h( o(t+ 1)

DQG IRUWKHUHPDLQLQJ (CLXPIWERIQQWY XVLQJ

Y
Zs = Ziot —~° [+ O o(t+ 1)
s (t+ 1)

ZKHUHHIHUV WR WKH QDY LJ® W RRMKWD WAHORMHVD Q G

7TKH UHPDLQLQJ VWHSV IROORZ WKH VD RHXDUNRIFRHIS XIWHIG DVVWHKG \8W) DLWQH D
FRYDULDQFHV DUH FRPSXWHG XVLQJ WKH ZHLJKWHG PHDQV RI HDFK VLJP
REVHUYDWLRQ YHFWRUDQGLQQRYDWLRQFRYDULDQHRHAXDRHRWDRVY FRUU
OHDGLQJ WR WKH .DOTPOCDQVIIIR@Z BRLMKLY XVHG WR FRUUHFW WKH PHDQ VWD
VWDWH FRYDULDQFH
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JLIJIXUH *HQHUDO DUFKLWHFWXUH IRURULJLQDO 3UHSURFHVVLQJ ([WHQGHG .DOPD

1HZWRQ 5DSKVRQ 3UHSURFHVVLQJ (.)

7KHRULJLQDO 3UHSURFHVVLQJ (.) 3(.) PUWIKKIHNHEFWXUHUV VKRZY K (.) D
LWXVHVDQDGGLWLRQDO SBUHSURFHVVLQJEORFN ZKLFKXVHV DURRW VR
GHWHUPLQH FRDUVH SRVLWLRQDQG UHFHLYHU FORFN HUURU VROXWLRQ
DUH WKHQ XVHG DV PHDVXUHPHQWY LQSXWV IRUWKH WA\SLFDO (.) EORFENYV
DOVR EH XVHG WR LQLWLDOL]JH WKH (.) EORFNV

7KH 3(.)IRUPXODWLRQ ZLOO EH SUHVHQWHG DFFRUGLQ @WRQ@KH RULJL

%HIRUH WKH (.) EORFNV DUH XVHG WKH SVHXGRUDQJH PHDVXUHPHQWYV
WLRQDQG UHFHLYHU FORFN HUURU VROXWLRQV 7R GR VR WKHVLPSOLIL

Y= di+c(dty  dtf)+ = jrS rij+ ot dtf)+

ZKHOHY WKH JHRPHWULFDO GLVWDQFH EHWZHHQ WKHi UHAHUYHWROW & HV K
" 166 VDWHD QWWHKH UHFHLYHU FORANMKWURHPDQQLQJ HUURUV 7KHVHPH
DUHFRQYHUWHG WR FRDUVH SRVLWLRQ HVWLPDWHY XVLQJ VKW SUHSURF
VRXJIKW

s=[xy;z;cdt]" =[rccdt]"
ZKLFK LV VHDUFKHG IRUE\PLQLPL]LQJWKH GHILQHG /RVV IXQFWLRQ

2 3 2 3
Ly (Y1 c(dt, dt§))®  (di)?

_ ngzg(vz o(dt, dtg))® <d2)2§
(Ys c(dt, dig)® (dg)?
Lg (Yo c(dt, dt5)? (ds)?

8WLOL]JLQJ WKH 150 WKH -DFRELDQ PDWUL[ RI WKH ORVV IXQFWLRQ LV UH"

2 3 2 3
tT tT: tT: c:(:jt:, xz X yi y zi z o(dt, ) Y

JL)= — E vz o, z :ngz X y3 y zz z ddt 3) Yzé
ol iy e X3 X y3 y z3 z ddt dtj) Vs
Li % La Clatar X5 X Y3 Yy z; z ddt dtf) Yy

DIWHU LQLWLDOL]LsQ Z MKHK FFDQZDWXR EH VHW DV D JHUR YHFWRU WKH DC
DSSURDFK WKH FRDUVH SRVLWLRQ VROXWLRQ DV

sp= J(L) 'L

ZKHUH L(sj)

Sjx1 = Sj + 5
ZKHPWHIHUV WR WKH LWHUDWLRQ VWHS 7KH LWHUDWLRQV FRQWLQXH >
VDWLVILHG RUWKH PD[LPXP QXPEHU RI LWHUDWLRQV LV UHDFKHG
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JLIXUH *HQHUDO DUFKLWHFWXUH IRUWKHLPSURYHG 3UHSURFHVVLQJ ([WHQGHG .DO

2QFH WZR VHWV RI SVHXGRUDQJH PHDVXUHPHQWY DUH FRQYHUWHG W|
SRVLWLRQW XVHG WR FRPSXWH WKH FRDUVH YHORFLW\ YLD D ILQLWH GLIII

r rc;l rc;O
- t
ZKLFK LV XVHG WR DXWRPDWLFDOO\LQLWLDOL]H WKH (.) SRUWLRQ RI WKH
6XEVHTXHQWO\ WKH (.) EORFNV 7KH VWDWH YHFWRU LQ WKH 3(.) VDPH

X =[r;r;cdt ]
LQ IDFW WKHRQO\GLIIHUHQFHYV EHWZHHQ WKH DOJRULWKPYV DUH WKH

REVHUYDWIhRQ PRGHO
REVHUYDWIYRQ YHFWRU
WKHREVHUYDWHRQ -DFRELDQ
LQLWLDOL]DWLRQ SURFHGXUH

7KHREVHUYDWLRQKH¥WRU DW SRLQW
Yk :[rc;cdtr;c]T

7KXV WKHREVHUYDWLRQ PRGHO LV
h(X)=[r;cdt]

ZKLFK OHDGV WR WKH REVHUYDWLRQ -DFRELDQ

_ I3 3 034
H_Ole 1

, QVWHDGRIWKHLQLWLDOILOWHUVWDWHEHLQJVSHFLILHG LQWKHS3(.)LV
DUH IRXQG WKH LQUWLHDDOFHORMHNG\(DKPRULRIQQIKMHIRFRDUVH SRVLWLRQV L
UHFHLYHU FORFN HUURUV ILOO XS WKH UHPDLQLQJLQLWLDO (.) VWDWH

1HZWRQ 5DSKVRQ 3 & 3UHSURFHVVLQJ (.)
,Q WKLV VXEVHFWLRQ D PRGLILFDWLRQ WR WKH RULJLQDO 3(.) LV SURSR
FHVVLQJ EORFN ,Q RUGHU WR LPSURYH LWV FRPSXWDWLRQDO ORDG D Q|
1HZWRQ 5DSKVRQ 3UHGLFWRU &RUUHFWLRQ 153& 153& ZDV RULJLQDOC
LQ 3@ :KLOH WKH RULJLQDO 150 KDV D FRQYHUJHQFH UDWH Rl ZKHUHDYV
7KH IRUPXODWLRQ SUHVHQ®HG EHORZ IROORZV >
‘KLOH WKH 150 SHUIRUPV D FRUUHFWLYH VWHS DW HYHU\ LWHUDWLRQ
VHSDUDWH VWHSV )LUVWO\ DSUHGLFWLRQ VWHSLVPDGHXVLQJNQRZOH
DFRUUHFWLRQ VWHS LQ WKHIEX U VB QWH WHWH WH RDH @KWR HY HQ WKR X JK
DUHPDGH SHULWHUDWLRQ RQO\D VLQJOH -DFRELDQ LQYHUVLRQ LV UHT
7KH VRXJKW QXPH UL PRG WROHX QR R UXPHW QR@ FKD QTNGWUR P
DQGTXDWLRQUHVSHFWLYHO\ )XUWKHUPRUH WKH ILUVW LWHUDWLRQ UHF



*166 EDVHG 2UELW '"HWHUPLQDWLRQ

YRU M

Qj:SJ
sj = J(L(sj)) 'L(s))
ZKHUS$i LV WSKUHH G LFFRAUHUGH F W8 R'\Q \BBRUKE G L\FRVAHGNV LRQ $V PHQWLRQHG WKH\DU
WREHLGHQWLFDO WR WKHLQLWLDO 150 FRUUHFWLRQ DQHSFRRBOVWRRQ 7k
Sj+1 = Sj +  Sj
IRU M !
1
§j=J(L E[Sj l+§j l] ) 1L(Sj)

ZKLFK LV XVHSURG WRBIXGNVLRQ DW WKH QH[W VWHS
Sji«n =S5+ §

WKHFRUUHFWLRQDW WKHFXUUHQW VWHS LV WKIISQ AR PIEBRREBIE KV MWHIGN K H
VROXWLRQV

sj = J(L %[sj + 41 ) L(s))
ZKLFK OHDGRRW R MNWHR¥IHDOGN LRQ DW WKH QH[W VWHS
Sjx1 = Sj + S
DQ? DVPHQWLRQHG EHIRUH B/RHRRFSKNCH BQKERQH W) * LV UHXVHG DV
JIL 3[sj 1+ 1]) *

7KH VDPH FRQYHUJHQFH FRQGLWLRQ LV DSSOLHG DV IRU WKH RULJLQL
BUHSURFHVVLQJEORFNDQG WKH (.) EORFNV UHPDLQV WKH VDPH DV LQ WK



/,6/ 9DULDEOH (YDO

+DYLQJJRQH WKURXJK WKHUHOHYDQW WKHRU\ WKH IRFXV LV QRZ VKLIWF
LQ/,6/ 7KLVLVUHOHYDQWDV DQRUELW SRVLWLRQ HUURUYVLPSDFW RQ W
PXOWLSOHIDFWRUV VXFKDVWKHOLQNGLVWDQFH UHODWLYH YHORFLW]
WLYH WR WKH /26 YHFWRU $GGLWLRQDOO\ WKHDYDLODEOH FRPPXQLFDW
UHTXLUHG RUELW SUHGLFWLRQ ZLQGRZ DQG LV WKXV UHOHYDQW WR TXD
KDYH GLIIHUHQW FDSDELOLWLHV LQ WHUPV RI)29DQG VXSSRUWHG OLQN
WLDO SHUIRUPDQFHYV FDQ EH KLIKOLJKWHG /DVWO\ LQFUHDVLQJO\ FKD
ODWHU EHQFKPDUN WKH LQWHJUDWHG 2' 23 PHWKRGV LQ
JLUVW WKH PHWKRG XVHG WR HY DO X I/\M A WMKRHQ (/64 AW LERHpVKEHU DE. I ®! . Q

DYDLODEOH WR D /(2 3RODU KRVW VDWHOOLWH DUHDQDO\]JHG 7KH OLQNYV
FRPPXQLFDWLRQ ZLQGRZV ZKLOH LPSRVLQJ /&7 OLPLWDWLRQV 7LPH VHU
DQG GLVWDQFHV DUH DOVR VKRZQ ZKHUH RQO\ (DUWK RFFXOWDWLRQ LV
LV UHSHDWHG IRUD /(2 ,QFOLQHG D@ & P\(\2L ARY®H¥ /W R QIOMMUIEZ DQ GV WKH
DYDLODEOH FRPPXQLFDWLRQ ZLQGRZV DUH 8HFWHR @KHU R W ER W LWH & P
SUHGLFWLRQ ZLQGRZV DUH HVWDEOLVKHG 7KH OLQN FDVHV VHOHFEWHG
IRUPDQFH DUH GNYFWLRB® IR¥HUYLHZ RI WKH UHVXOWYVY DQG FRQFOXVLRC
LOHFWLRQ

OHWKRG '"HVFULSWLRQ

/ILQN *HRPHWU\ &DOFXODWLRQ $UFKLWHFWXUH
7TKHDUFKLWHFWXUH XVHG WR FDOFXODWHDQG SUREHMYHWKHV V@ / WKWBILD E
KRVW WDUJHW SRVLWLRQVDUH VXEWUDFWHG WR FDOFXODWH FDUWHVLD
WR WKH KRVW{V 56: IUDPH ZKLFK FDQ WKHQ IXUWKHU EHWUDQVODWHG D
WKLY SRLQW WKHFDUWHVLDQ /26 FDQ EHFRQYHUWHG WR $]JLPXWK (OHYL
SRLQW OLPLWDWLRQV FDQ EHLPSRVHG WR GHWHFW ZKHQ OLQN RSSRUW:

7TKHYLHZLQJDQJOHVDQG LPSRVHG OLRUWDM RRQ@V DRIHWWHKX MV OR XHO® WQ
EHWZHHQ WZR VDWHOOLWHY ZLWK /&7 DQJOH UDQJH OLPLWDWLRQV ,W |
DILPXWK DQJOHV DUH RXW RI WKH YLHZLQJ OLPLWV DQG IURP WR PLQ:
7TKXV WKH OLQN LV XQDYDLODEOH DW WKRVH SHULRGV DQG WKLV ZRXO(

PLQXWHY DW PLQXWH SHULRG PLOQXWHYVY IURP WR PLQXWHYV

,PSOHPHQWLQJ WKLY DQG UXQQLQJ LW WKURXJK IRUHDFK WDUJHW VD
FRQVWHOODWLRQ FDQ EH TXDQWLILHG

JXUWKHU SURFHVVLQJRIOLQN YDULDEOHV LV SRVVLEOH XVLQJQXPHUL|
DQG vODQW UDWHYV DUH FDOFXODWHG 7KH SRLQWLQJ DQJOHV DQG WKH
LQWR OLQN FDVHVY 7KHVH OLQN FDVHV ZLOO ODWHU EH XVHG WR TXDQW!I
FKDSWHU

$SSO\LQIJ WKLY GDWD SURFHVVLQJDUFKLWHFWXUHWRHDFKKRVWDQG
KHOS RIVLPSOLI\LQJDVVXPSWLRQYV LGHDOLVWLF/,6/ YDULDEOHV FDQ EH
OLOQNGLVWULEXWLRQVUHSUHVHQWWKHDEVROXWHPD[LPXPV ZKLOHLQL



OHWKRG '"HVFULSWLRQ

ZLOODFWXDOO\VEHDWWDLQDEOH 7KHDVVXPSWLRQVWREHFRQVLGHUHC
LVDVVXPHG WR EH SHUIHFWO\DOLJQHG ZLWK WKH 56: UHIHUHQFH IUDPH
DWWLWXGHPDQRHXYUHYV VXFKDVVXQ SRLQWLQJPRGH )XUWKHUPRUH \
SUHFLVHWRWKHGHJUHH OHYHO 'LVWXUEDQFHV GXHWR SHUWXUEDWLRC(
ODXQFK ORDGV RURWKHU VRXUFHVY DUH QHJOHFWHG $YRLGDQFH RI VXQ

JLIXUH $UFKLWHFWXUH IRU SURFHVVLQJ VLPXODWHG RUELWV WR SRLQWLQJDQJOHV DQG O
RI'WKH SDUDPHWHUVY DW HDFK VWD JH

&RQVLGHUHG 7THUPLQDO /LPLWDWLRQV

7ZR/&7YV ZLWK GLITHUHQW SRLQWLQJDQJOHDQG UDQJH OLPLWDWLRQV Z
VXSSRUWHG OLQN JHRPHIWEO B U&7VIRRZID KQV D EDVLF GHJUHH JDS LQ V}
DJLPXWK DQJOHV DQG D WRWDO GHJUHHHOHYDWLRQ UDQJH $OWKRXJK
WR VXSSRUW OLQNV LQYROYLQJO(2 VDWHOOLWHY RQO\WKHDQJXODU OL
DOWKRXJK XQUHDOLVWLF /&7 OLQNVWRO(2FDQEHXVHGWRHYDOXDWH \
FRYHUDJH RI /&7 /&7 VXSSRUWV DQ HOHYDWLRQ UDQJH DERYH GHJUF
GLVWDQFH OLPLWDWLRQV



/(2 3RODU KRVW OLQNV

JLIXUH ([DPSOH RI OLQNDQJOH DQG GLVWDQFH SURFHVVLQJLQWR DYDLODEOH OLQN ZLQ

7TDEOH/LQN JHRPHWU\OLPLWDWLRQV RI ERWK FRQVLGHUHG WHUPLQDOV ZLWK /&7 PRGHO(
DQG /&7 DFFRUGLQJWR &21'25 0N SXEOLFO\D®@DKODEOH VSHFLILFDWLRQV >

3DUDPHWHU 7HUPLQDO 1&7 1&7
$ILPXWK5DQJH >GHJ@ > @ @
(OHYDWLRQ 5DQJH >GHJ@ > @ > @
6XSSRUWHG OD[LPXP /LQN 'LVWDQFH >NP @

/(2 3RODU KRVW OLQNYV

7KH VHOHFWHG /(2 3RODU + RMWXWHYZKX BROHEVUMWHOOLWH RISODQH Z
DQG FRQVLVWHQWO\PDLQWDLQHG WKURXJKRXW WKLV FKDSWHU DV WKH S
DUH VKRZQ LQ RUDQJH FRORU DQG DGMDFHQW SODQHV LQ SXUSOH 7KH S
VFDWWHUV RI WKH SRODU VDWHOOLWHY YLVLEOH DW WKDW WLPH ZHUH D¢

JLIXUH /(2 3RODU +RVW 3 VDWHOOLWH ZLWK DGMDFHQW SODQHV LQ SXUSOHDQGR



/(2 3RODU KRVW OLQNV

&RPPXQLFDWLRQ :LQGRZ'LVWULEXWLRQ

JLIXUH &RPPXQLFDWLRQ ZLQGRZ GLVWULEXWLRQ IRU /&7 LQ WHUPLQDO SODFHPHQW

7TKHOLQNZLQGRZ GLVWULEXWLRQ IRU WKH /(2 3R)\@DXWKHR YKHXPOLIPR W& W \F D C
RILQWUD VKHOO OLQNV DUH PLQXWHV RUOHVYV UHJDUGOHVV RI WKH /)
RFFXU LQ WKH PLOQXWH UHJLRQV DQG YHU\ IHZ LQ WKH PLQXWH UH
OLPLWDWLRQV /) RULHQWDWLRQ RIITHUV PRUH PLOQXWH OLQNV DV LW
LQWUD RUELW /,6/ ZKHUHDV /) RQO\VXSSRUWV WKH WUDLOLQJVDWHOOL

7TKH /&7 LQWHU VKHOO /(2 OLQNV DUH VLPLODUDV RYHU RIOLQNV DU
OLQNV XS WR PLOQXWHY RFFXU ZKLFK DUH SRVVLEOH IRUVDWHOOLWHYV
FRXSOH RI PLQXWHOLQNV DOVR RFFXU WR WDUJHWYV ZLWK D QHDUE\ D\

JRU /(23 0(2 FDVHV PRVW OLQNV RFFXU LQ PLOQXWH ZLQGRZV ORVW
PLQXWHUDQJH EXW VRPHDUH SRVVLEOH IRU PLOQXWHY 8QOLNH /(2 /(=
SHUPDQHQWO\DYDLODEOH DV (DUWK RFFXOWDWLRQ RFFXUV HDFK /(2 RU

&RQVLGHULQJWKH/(23RODU KRVW OLQNJXIUHY UHRXWDRQ RSURY HPH QY
OLQNDYDLODELOLWN\FDQ EHVHHQ 7KLVLVYLVLEOHERWKLQWHUPVRIQ
/&7 LPSURYHG WR KLJK V PLG VIRU /&7 LQ/(2 DQG KDYLQJORQJHUO
DUHDOVR PLOQXWHY DVLIJQLILFDQW SRUWLRQ ILWV LQ WKH PLQXWTE
WKH PLOQXWHUHIJLRQ DV ZHOO DV WKH FXW RIl 7KLV LV WUXHIRUE
,QO0(2 OLQNV WKH VLWXDWLRQLPSURYHVY WRR DV WKHPDMRULW\RI OLQN
WR WKH PLQXWHV DV VHHQ IRU /&7

JLIXUH &RPPXQLFDWLRQ ZLQGRZ GLVWULEXWLRQ IRU /&7 LQ WHUPLQDO SODFHPHQW



/(2 3RODU KRVW OLQNV

$YDLODEOH /LQN 'LVWULEXWLRQ

JLIXUH $YDLODEOH OLQNVY SHU RUELWDO SODQH IRU /&7 DQG /&7 SODFHGDW/) RQW

7KH HYWDEOLVKHG OLQN GLVWULEXWLRQ SHU RUELWDO VKHOO SODQH I
LV VKR2QLQH ,Q HDFK WHUPLQDO VKHOO FDVH LW FDQ EH VHHQ WKDW V
VDWHOOLWHY DUH LQ SODQHV DQG ZKLFK DUH GLUHFWO\ RSSRVLWH
WKHVH SODQHV DUHDOVR WKH PDMRULW\RI WKH VKRUW PLQXWH OLQ}
ZLQGRZ GLVWULEXWLRQ VLQFH WDUJHW VDWHOOLWHY LQ WKHVH SODQH
PHDQLQJ WKDW OLQNV RFFXU IRU D VKRUW WLPH WZLFH SHU RUELW ZLW
ZLWK WKH DVFHQGLQJ QRGH DW WKH VDPH ORFDWLRQ DV WKH KRVW{V LV
OLQNVDUHDYDLODEOH FRQWLQXRXVO\DQG WKHUHIRUHDUHRQO\FRXQW
JHWWLQJ PRUH DQG PRUH GLVWDQW PRUH VKRUWHU OLQNV EHFRPH DYD
SODQHYV

&RPSDULQJWKH /&7 OLQNQXPEHUGLVWULEXWLRQWR /&7 IV LWFDQEF
PRUH SRVVLELOLWLHV IRU OLQNV ZLWK DOPRVW HYHU\ SODQH 7KLV LV }
RSSRVLWH SODQH QU ZKLFK LV ZKHUH /&7 fV VXSSRUW RI ORQJHU VOD
WDUJHWV 7KDW LV DOVR VHHQ ZLWK WKH FR SODQDU OLQNV ZKHUH WZ
DYDLODEOH DV LQ /&7 fV FDVH

7KH OLQNV ZLWK 0(2 VDWHOOLWHV DUHIHZ FRPSDUHG WR /(2 IRUERWK \
VSDUVHU 0(2 RUELWDO SODQH DQG GXH WR WKH ORZHU UHODWLYH YHORI
OLPLWDWLRQV DUH (DUWK RFFXOWDWLRQ DQG RXW RI UDQJH $( DQJOHV
ZKHQ FRPSDULQJ WKH /(23 0(2 OLQNV ZLWK /&7 DQG /&7 ZKHUH LW FDQ
WR PRUH OLQNV 7KLV LV EHFDXVH /&7 KDV D IDU ORZHU $( UDQJH OHDG
UH HYWDEOLVKHG ZKLOH /&7 fVOLQNV UHPDLQ DYDLODEOH IRU ORQJHU

/,6/ &RDUVH 3RLQWLQJ 9DULDEOHYV
/(2 3RODU /(2 3RODU
&R SODQDUTKHRR SODQDU OLQNV IRU WKH /(2 3RODJLERVMW VOMIMNVYOLWH I
DUHLQ VLJKW DW DOO WLPHV DKHDG ZLWK DJLPXWKDW GHJDQG EHEKk
GHJ ,W FDQ EH VHHQ WKDW D]LPXWK HOHYDWLRQ DQG VODQW UDQJH
RUELW SHUWXUEDWLRQV OHDG WR VPDOO YDULDWLRQV PGHJIRU $(UDW



/(2 3RODU KRVW OLQNV

W\SHV WKH FR SODQDU OLQN DSSHDUV WR EH WKH OHDVW FKDOOHQJLQ.
QHDU FRQVWDQW SRLQWLQJDQJOHYV

&RPSDULQJWKH OLPLWDWLRQV RIHDFK WHUPLQDO LW EHFRPHV FOHDL
OLQNV WKDQ /&7 7KH QG VDWHOOLWH DKHDG EHKLQG WKH OHDGHU IRO
DQG HOHYDWLRQ RYHU GHJ ZKLFK DUHRXWVLGH RI /&7 fV FDSDELOLWL
IRU /&7 ZHUH UHJLVWHUHG WKDQ IRU /&7 LQ /(2BJXWMQH DV ZDV VKRZQ |

JLIXUH $(5 OHIW DQG UDWHV ULJKW XVLQJ/) SODFHPHQW IRU /(23 LQWUD R

&URVYV SODQHIOH QNN G\QDPLFV ZLWK WKH SODQHKDYLQJLWV DVFHQGLC
DUH VKRYIQQXQH 'XH WR WKH SUR[LPLW\ RI WKH RUELWDO SODQHV DQG RSS
RFFXUIUHTXHQWO\DQG ZLWK IDVW G\QDPLFV HYHU\OLQN H[KLELWV VOD
UDWHV DERYH GHJ V 2EVHUYLQJWKHVODQWUDQJHIRUHDFK WDUJFE
PLOQXWH ZLQGRZ WKH WDUJHW VDWHOOLWH FRPHV LQWR YLHZ VODQW U
QHDU WKH KRVW |OLHY SDVWDQG LQFUHDVHVLQ OLQN GLVWDQFH XQWLC
7KH PRVW FKDOOHQJLQJOLQNV WR HVWDEOLVK DSSHDU WR EH WKH QG
ZKLFKWKH IO\ E\RFFXUV 7KLVFDQEHVHHQLQIDUORZHUPLQLPXP VODQ\
WR DSSUR]| NP DQG DJLPXWK UDWHYV GHJ VFRPSDUHG WR DSSUR]
ZLOO KDYH WKH ORZHVW VODQW UDQJHV DQG IDVWHU DJLPXWK UDWHV GH
EHFRQFOXGHG WKDW WKHPRVW FKDOOHQJLQJLQWUD SRODUVKHOO OLQ
GLUHFWLRQVDQG ZLWK WKH FORVHVW IO\ E\GLVWDQFHV

JLIXUH $(5 OHIW DQG UDWHV ULJKW XVLQJ/) SODFHPHQW IRU /(2 3 IXUWKHVW FI

&RPSDULQJWKH WHUPLQDOYYV FDSDELOLWLHY LWEHFRPHV FOHDU ZK\/
PLOQXWH UHJLRQ FRPSDUHG WR /&7 TV SHDN REFFXUUHQFHV DW PLQXW
/(23 0LQNVIXUHDQA IJXUH UHVSHFWLYHO\ /&7 FDQ VXSSRUW WKHVH OLQ!



/(2 3RODU KRVW OLQNV

VKRUWHU SHULRG GXH WR WKH VODQW UDQJH OLPLWDWLRQV (IIHFWLYH
ORQJHU IRU LW WR JHW FORVH HQRXJK WR HVWDEOLVK D OLQN DQG DIWH
GLVWDQFH WR EHFRPH WRR ODUJH EHIRUH WKH WDUJHW LV RXW RI YLHZ

/(23RODU /(2 ,QFOLQHG
7KH LQWHU VKHOO /(2 OLQNV ZLWK WKH FIOIRWHY WOS/DKRXH K MWH |V K R WQVILQ
DSSHDUV WKDW WKH OLQN ZLWK /(2, SURYHVWREHWKHPRVW FKDOOHQ
LW PXVW EH SRLQWHG RXW WKDW WKLV LV DQ XQUHDOLVWLF OLQN FDVH
YDULHV IURP VOLJKWO\RYHU NP WR NP ZKLFKLQGLFDWHV DQ XQUHDC
WKH FDVH DV QR UHODWLYH SKDVLQJ EHWZHHQ WKH WZR /(2 VKHOOV ZDV
DQRYHUVLIJKW +RZHYHU LQ UHDOLW\LQWHU VKHOO UHODWLYH SKDVLQ.
DQG WKHUHIRUH WKLV H{WUHPHO\ IDVW OLQN LV QRW FRQVLGHUHG IRU IX
7KH UHPDLQLQJ OLQNV ZLWK WKLV SODQH DUH IHZ DQG YDULHG LQ DYD

SOH[LW\ 7ZRDUHVHHQ ZLWK VODQWUDQJHV EHWZHHQ NP ZKLFK ZF
ORQJOLQNV ZLWK /&7 DQG PLQXWHOLQNV IRU /&7 7KHWZR NP GL\Y
WR OLQN SRVVLELOLWLHV IRU WKH /&7 DQGILOO VRPH RI WKH PLQXWI

OLQNDYDLODELOLW\FDQ DJDLQ EHVHHQ IRU /&7 DQG WKHVH OLQN W\SH)\
LQWHUPV RI G\QDPLFVDQG FRPPXQLFDWLRQ ZLQGRZYV

JLIXUH $(5 OHIW DQG UDWHV ULJKW XVLQJ/) SODFHPHQW IRU /(23 /(2,LQWHU VKHOO

7TKHLQWHU VKHOO /(2 OLQNV ZLWK WKH R)IISRVYHWSH BIODL@HD U QM NB R £ Q)
FDVH FDQ EH VHHQ KHUH DV ZDV LQ SODQH +HUH WDUJHW VDWHOOLWI
IO\ E\ ZLWK PXFK KLJKHU DJLPXWK UDWHV DQG WKHUHIRUH LY QRW DQDO\

7KH UHPDLQLQJ OLQNV KDYH VODQW UDQJHV ZKLFK OHDG WR WKH GLIIF
DQG QXPEHUV RIDYDLODEOH OLQNV IRUWKH /&7 DQG /&7 G6HYHUDO OLQN
VODQW UDQJH LV EDUHO\EHORZ NP ZKLFK H[SODLQV ZK\ WKH ODUJHV
ZHUH LQ WKH PLOQXWH UHJLRQ ZKLOH /&7 ZDV VKRZQ WR KDYH PRVW O
JXUWKHUPRUH DVWKHRUELWDO SODQHDQJOHV EHFRPHODUJHU IHZHU C
EHORZ NP ZKLFK LV ZK\ /&7 UHJLVWHUHG PRUH OLQNVY EHWZHHQ D
VKHOO

$QRWKHU VHW RI LQWHU VKHOO OLQNVWVJIJXR KW KH WHK 8 DOQDQWKNWHKRAEZQN G
DEOHV WKH JHQHUDO WUHQG RI KRZ D ELJJHU GLIITHUHQFH LQ WKH KRVW
YDULDEOHY )HZHU OLQNV EHFRPH YLVLEOH VODQW UDQJHV LQFUHDVH
DILPXWK UDWHV DUH XS WR GHJ V HOHYDWLRQ UDWHV XS WR (
DOVREHLQ WKHPLGGOHLQ WHUPV RI FRPPXQLFDWLRQ ZLQGRZ OHQJWKYV



/(2 3RODU KRVW OLQNV

JLIXUH $(5 OHIW DQG UDWHV ULJKW XVLQJ/) SODFHPHQWIRU /(23 /(2,LQWHU VKHOO R

JLIXUH $(5 OHIW DQG UDWHV ULJKW XVLQJ/) SODFHPHQW IRU /(23 /(2,LQWHU VKt

/(23RODU 0(2

JLIXUH $(5 OHIW DQG UDWHV ULJKW XVLQJ/) SODFHPHQW IRU /(23 0(20LQ

7TKHOLQNVEHWZHHQ WKH /(23RODUKRVWDQG WKH HTXDWRIUZBE& 0(2 VDW I
OLQN G\QDPLFV DUH GLITHUHQW IURP /(2 OLQNV LQ VHYHUDO DVSHFWV W
RU PLQXWHY VODQWUDQJHVY DUHDOO DERYH NP HOHYDWLRQ DQJ
DQG WKHD]JLPXWK UDQJHV DUHDERXW GHJUHHV SHUOLQN ,Q WHUPYV WK
PRUH FKDOOHQJLQJLQWUD VKHOO /(2 FDVHV DV WKHUHODWLYHPRWLRQ



/(2 ,QFOLQHG KRVW OLQNV

IDVWHVW /(2 OLQN FDVHV

,QWHUPV RIWHUPLQDO SHUIRUPDQFH WKHOLQN YDULDEOHYV ZRXOG Gt
'LWKRXW FRQVLGHULQJ WKH vODQW UDQJH WKH HOHYDWLRQ UDQJHV DL
HOHYDWLRQV ZLWKLQ D GHJUHHVY LQWHUYDO DERXW RI SRVVLEOH
DILPXWK DQJOHYVY FDQ DOVR EHDQ LVVXH DV LQ PDQ\ FDVHV WKH\ DUH DE
LQGHHG WKHFDVH VHHQ RQMKHNQAKIW VH®N L&®7 FRXOG ERWK VXSSRUW
PRUH OLQNV LQ WKH PLQXWHELQ 7KHUHIRUH DOWKRXJK WKH OLQN G\
OLQNV VWLOO SURYH FKDOOHQJLQJ GXHWR WKHODUJHUDQJHV RIH[SHFV

/(2 , QFOLQHG KRVW OLQNYV
7KH VHOHFWHG /(2 ,QFOLQHG HRYXWIHY YIKHXMFIOHGH®RVDWHOOLWH RI SC
VHOHFWHG DQG FRQVLVWHQWO\PDLQWDLQHG WKURXJKRXW WKLV FKDSW|
FDQ VHH WKH RSSRVLWH LQFOLQHG VKHOO SODQHV LQ RUDQJH FRORU DQ
WKH KRVW ZDV KLJKOLJKWHG DQG VFDWWHUV RI WKH SRODU VDWHOOLWH

JLIXUH 'YLVXDOL]DWLRQ RIWKH /(2,QFOLQHG +RVW, VDWHOOLWH ZLWKDGMDFHQW S
SODQHV LQ RUDQJH

&ERPPXQLFDWLRQ :LQGRZ 'LVWULEXWLRQ

7KH OLQN ZLQGRZ GLVWULEXWLRQ IRUWKH /(2 ,QFOLQHGRIHEDWERVW X VL
XVLQJ WKH J&IXU® $ FOHDUGLVWLQFWLRQ FRPSDUHG WR WKH /(23 KRVW
IHZHU LQWUD VKHOO OLQNV DUH DYDLODEOH /(2, /(2, OHDGV WR DQC
ZKLOH /(23 /(23 KDG DQG UHVSHFWLYHO\ )XUWKHUPRUH WKH 0(2
XVLQJ /&7 LVRQO\XSWR PLQXWHV ORQJ ZKLOH /(2 3KDG PLQXWH /&
WHUPLQDO SODFHPHQWYV 7KH UHDVRQV IRUWKHVH GLITHUHQFHV ZLOO Et
GLVWULEXWERIQFMALIORQG OLQN YD ULDEBHHFOR\WR Y L Q



/(2 ,QFOLQHG KRVW OLQNV

JLIXUH &RPPXQLFDWLRQ ZLQGRZ GLVWULEXWLRQIRU/&7 LQ WHUPLQDO SODFHPHQW)

JLIXUH &RPPXQLFDWLRQ ZLQGRZ GLVWULEXWLRQIRU /&7 LQ WHUPLQDO SODFHPHQW!

$QDO\]LQJ WKH OLQN ZLQGRZ GLVWULEXWLRQV VHYHUDO FRQFOXVLRC
RUELW SUHGLFWLRQ WLPH &RQVLGHULQJ WKH 7HUPLQDO SRVLWLRQV /)
FOHDU WKDW WKH ZLQGRZ GLVWULEXWLRQ GRHVY QRW FKDQJH VLJQLILFDQ
DVPRUH PLQXWH/(2, /(2,IRU/) FRPSDUHG WR /) RU/) KDYLQJWR D Kl
PLOQXWH OLQNV WKDQ /) LQWKH/(2, /(23 FDVHXVLQJ/&7 :KHQORRNLQJ
FRPPXQLFDWLRQ ZLQGRZV IRUERWK WHUPLQDOV LW FDQ EH QRWHG WKD
FRPPXQLFDWLRQVDUH PLQXWHVRUOHVV )RU/&7 DODUJHIUDEWLRQ F
IRU /&7 D VLJQLILFDQW SRUWLRQ DOVR LQ WKH PLQXWH ELQ )RU /&7
LQ WKH DQG PLOQXWH UHJLRQV IRULQWUD VKHOO OLQNV ZKLOH WK
VSDQ XQWLO PLQXWHV ZLWK YHU\IHZLQ WKH DQG PLQXWH ELQV\
, 0(2O0LQNV ZLWK /&7 QRQHRIWKHP H[FHHG PLQXWHV DQG WKH\DUH V
RI WKH PLQXWH ZLQGRZV /RRNLQJDW /&7 DJDLQ PRUHDQG ORQJHL
DYDLODEOH 7KH PLOQXWHELQ LV D YHU\IUHTXHQW LQWUD VKHOO OL«
LQWHU VKHOO OLQNV $GGLWLRQDOO\ PDQ\PRUH VKRUW DQG ORQJ OLQN
ZLWK PLQXWHOLQNV EHFRPLQJ SRVVLEOH )LQDOO\ LQ WKH /(2 , 0(2 FE
DORWPRUHIUHTXHQW ZLWK WKH PDMRULW\EHLQJ PLQXWHV ORQJ

$YDLODEOH/LQN 'LVWULEXWLRQ
7KH QXPEHU RI OLQNV ZLWK HDFK RUE LM DXOUWHK HEIXD SOD Q Bl WK N K RZWQW DQV
SODQHV RQ WKH OHIW LW EHFRPHV FOHDU ZK\ WKHUH DUH IHZHU /(2 , /(



/(2 ,QFOLQHG KRVW OLQNV

3 /(23 $ FOHDU GLIIHUHQFH LV WKH /(2 , OLQNV ZLWK WKH RSSRVLWH DQ
DV IHZHU OLQNV RFFXU WKDQ LQ WKH DQDORJRXV /(23 /(2 3 FDVH 7K
LQFOLQDWLRQRILQFOLQHG VKHOO (IIHFWLYHO\ WKH OLQN GLVWDQFHYV
RQO\ VXIILFLHQWO\ FORVH QHDU WKH DVFHQGLQJDQG GHVFHQGLQJ QRGF
WKHLQFOLQDWLRQ OHDGV WR PXFK ODUJHU UHODWLYH GLVWDQFHV WKD ¢
LQWHU VKHOO OLQNV PDQ\PRUH OLQNV FDQ EH VHHQ ORRNLQJ DW WKH
7KLV LV WKH UHVXOW RI WKH VPDOOHU DQJXODU GLIIHUHQFH EHWZHHC
OLQN SRVVLELOLWLHY WKURXJKRXW WKHHQWLUH RUELW UDWKHU WKDQ
&RPSDULQJ WKH OLQNLQJ FDSDELOLWLHV RI /&7 DQG /&7 D VLJQLILFC
QHDUO\ HYHU\ RUELWDO SODQH ,Q WKH LQWUD VKHOO OLQNV DQ LQFUF
SODQH 6LPLODU UHVXOWYV DUH VHHQ LQ WKH LQWHU VKHOO /(2 OLQNV F
/(2,SODQHV DQG ZKHUH /&7 OHDGV WR DGGLWLRQDO OLQNV /LQNI
PRUHOLQNV EXW WKH\ZHUH VLIJQLILFDQWO\ORQJHU 7KLV VKRZV KRZ WK
WR VLIJQLILFDQWO\LPSURYHG /,6/ FRPPXQLFDWLRQ FDSDELOLWLHV ERW

JLIXUH $YDLODEOHOLQNV SHU RUELWDO SODQHIRU /&7 DQG /&7 SODFHGDW/) RQW

/,6/ &RDUVH 3RLQWLQJ 9DULDEOHYV
/(2 ,QFOLQHG /(2 ,QFOLQHG
&R SODQDUTKHNR SODQDU OLQNV IRU WKH /(2 ,QFOLQHGXRYVW VDWHOOL
OLQNV DUH LQ VLJKW DW DOO WLPHV DKHDG ZLWK DJLPXWK DW GHJ I
DILPXWK GHJ ,WFDQEHVHHQ WKDW DJLPXWK HOHYDWLRQ DQG VODQMW
RQO\ RUELW SHUWXUEDWLRQV OHDG WR VPDOO YDULDWLRQV PGHJIRU {
LV FRQVLVWHQW ZLWK WKH /(2 3 FR SODQDU OLQNV ZKHUH QHDU FRQVWD

&URVV SODQHIOH QNN G\QDPLFV ZLWK WKH SODQH KDYLQJLWV DVFHQGLC
DUH VKRYIQXKQH 'XH WR WKH ODUJH DQJXODU VHSDUDWLRQ RI RUELWDO S
PD[LPXP Rl SHURUELW ZKLOHWKHRSSRVLWHIOLJKW GLUHEWLRQV OHL

UDWHV RI RYHU NP VDQG DJLPXWK UDWHV XS WR GHJ V 2EVHU®
WDUJHW LW FDQ EH VHHQ WKDW ZLWKLQ D PLQXWH ZLQGRZ WKH WD
UDQJH DSSUR]| NP FRQWLQXHV WR JHW QHDU WKH KRVW IOLHV SDVW

LWLV RXWRIYLHZ 'XHWR WKHLQFOLQDWLRQ LW FDQ EH VHHQ WKDW V
GLVWDQFHV WDUJHWYV DQG KDYLQJ PLQLPXP VODQW UDQJHV RYHU



/(2 ,QFOLQHG KRVW OLQNV

JLIXUH $(5 OHIW DQG UDWHV ULJKW XVLQJ/) SODFHPHQW IRU/(2,LQWUD R

QHYHU LQ YLHZ 7KXVLWFDQEHFRQFOXGHG WKDW WKHPLG LQFOLQDWLF
, FURVVOLQNV EHLQJDYDLODEOH

JLIXUH $(5 OHIW DQG UDWHV ULJKW XVLQJ/) SODFHPHQW IRU /(2 ,IXUWKHVW F

7KH OLQN G\QDPLFV ZLWK WKH QHDU RESRVHEHWELPQADOM QVDNKREZW K Q2 ,
SODQH OLQNV ZLWK HDFK WDUJHW EHFRPH SRVVLEOH WZLFH SHU RUELYV
7DUJHW VDWHOOLWH DSSHDUV WR EH VSHFLILFDOO\FKDOOHQJLQJ DV D
EHFRPHV HYLGHQW WKDW WKLV LV GXHWR RSSRVLWH IOLJKW GLUHFWLRQ
DSSHDUV WR EH WKH FRPPRQ FRQGLWLRQ IRUWKH PRVW FKDOOHQJLQJ /(:

7KH FURVV SODQH OLQNV WR WKH RIHXUHV W RKEQWKXUM SRRDG LQHOD W
WDUJHWY DUH DYDLODEOH ZLWK PRVWO\ ORQJ DQG G\QDPLFDOO\VORZHL
QHDU SODQH FURVV OLQNV DVDVLPLODUIOLJKW GLUHFWLRQ OHDGV WR "

NP V DQGLQ WXUQV UHODWLYHO\ORZD]JLPXWK UDWHV PRVWO\EHOR.
WDUJHW VDWHOOLWH VKRZLQJDQ DJLPXWK UDWH RI DURXQG GHJ V
WKH IO\ E\ 2YHUDOO WKHVH QHDU FURVYV SODQH OLQNV FDQ EH FRQVLG}
OLQN FDVHYV

/(2 ,QFOLQHG /(2 3RODU
7KH LQWHU VKHOO /(2 OLQNV ZLWK WKH R BISIRVULHNV H/ BB VO IR H D@ B MKGRLAQALL
FDVH FDQ EH VHHQ KHUH DV ZDV VHHQ IURR XWKH /B BROW D KRIAWW \LIDW H O O
KDV DQ XQUHDVRQDEO\FORVH IO\ E\ ZLWK PXFK KLJKHU D]JLPXWK UDWH YV I



/(2 ,QFOLQHG KRVW OLQNV

JLIXUH $(5 OHIW DQG UDWHV ULJKW XVLQJ/) SODFHPHQW IRU/(2,QHDU RSSF

JLIXUH $(5 OHIW DQG UDWHV ULJKW XVLQJ/) SODFHPHQW IRU/(2,QHDU FURV

7KH UHPDLQLQJ OLQNVY KDYH VODQW UDQJHV ZKLFK OHDG WR WKH GLIIF
DQG QXPEHUV RIDYDLODEOH OLQNV IRUWKH /&7 DQG /&7 6HYHUDO OLQN
VODQWUDQJH LV EDUHO\EHORZ NP ZKLFK H[SODLQV ZK\D ODUJH SURS
ZHUH LQ WKH PLOQXWHUHJLRQ ZKLOH /&7 ZDV VKRZQ WR KDYH PRVW OL
JXUWKHUPRUH DVWKHRUELWDO SODQHDQJOHV EHFRPHODUJHU IHZHU C
EHORZ NP ZKLFK LV ZK\ /&7 UHJLVWHUHG PRUH OLQNVY EHWZHHQ D
VKHOO 2YHUDOO OLQN SDWWHUQV RFFXU LQ WKH /(2 , /(23 OLQNV DV ZH
OLQNV KDYLQJPHGLXP OHQJWKV DQGDYHUDJH IDVW G\QDPLFYV

/(2 ,QFOLQHG 0(2

7KH OLQNV EHWZHHQ WKH /(2 3RODU KRVW DQG WKH HTXDXWRU L$IVO 0(2 VD W
ZDV VHHQ ZLWK WKH /(2 3RODU KRVW WKH OLQN G\QDPLFV GLIIHU IURP /(2
OLQNV DUH JHQHUDOO\ PXFK ORQJHU RU PLQXWHV VODQW UDQJHYV
DQJOHV UDQJH RYHU DERXW GHJUHHV DQG WKH DJLPXWK UDQJHV DUH D
RI OLQN G\QDPLFV WKH SHDN D]JLPXWK UDWHV GR QRW H[FHHG GHJ V
UDWHV DUH PDLQO\ OLQNHG WR WKH UHODWLYH VSHHGV DUH SUR[LPLW\ R



0(2 KRVW OLQNV

JLIXUH $(5 OHIW DQG UDWHV ULJKW XVLQJ/) SODFHPHQW IRU/(2, /(23 LQWHU VKHOOR

JLIXUH $(5 OHIW DQG UDWHV ULJKW XVLQJ/) SODFHPHQW IRU/(2, 0(20LQ

0(2 KRVW OLQNYV

JLIXUH 0(2 (TXDWRULDO +RVW VDWHOOLWH VKRZLQJWKHRWKHU 0(2 VDWHOOLWH

7KHVHOHFWHG 0(2 +RVW)UMXUUXDRHIHGE VOWHOOLWH ZLWK LQGH[ LV FR(
KRVW LQ WKLY FKDSWHUDQG RQO\KDV D VLQJOHLQGH[ DV WKHO0(2 VKHO(



0(2 KRVW OLQNV

&RPPXQLFDWLRQ :LQGRZ 'LVWULEXWLRQ
7KH OLQN ZLQGRZ GLVWULEXWLRQ IRU WKH 0(2 KRVW IVIXWHO QWWNM XVLQJ
LPSRUWDQW WR QRWH WKDW QR OLQNV ZHUH UHJLVWHUHG XVLQJ /&7 G
WKDW ZLO O EHX\ERRIFQWIL® Q

&RPSDUHG WR WKH /(2 KRVWY WKH OLQN WLPH GLVWULEXWLRQ LV YHU
WR LQFOLQHG /(2 VDWHOOLWHY DUH LQ WKH PLQXWH UHJLRQ ZKLOH W
DOVR VKRZQ VLJQLILFDQW IUDFWLRQV RI OLQNV LQ WKH DQG PLQ
OLQNV RQO\D VLQJOH OHDGHU IROORZHU LV OLQNHG DQG FRQWLQXRXV
IRUO(2 /(2 0OLQNV VSHFLILFDOO\ORQJRUELW SUHGLFWLRQ ZLQGRZV DUH

JLIXUH &RPPXQLFDWLRQ ZLQGRZ GLVWULEXWLRQIRU /&7 LQ WHUPLQDO SODFHPHGCQ

$YDLODEOH /LQN 'LVWULEXWLRQ
7KH OLQN HVWDEOLVKHG OLQN GLVWULEXWLRQ SHU RUELWDO VKHOO SO
J)LIXUH ,Q HDFK FDVH RI 0(2 /(2 , OLQNV LW FDQ EH VHHQ WKDW D XQLIRU
EHH[SHFWHG ZLWK DERXW OLQNV SHU 0(2 RUELWDO SHULRG ,Q FRQW
XQLIRUP EXW H[KLELWY FRQVLVWHQWO\ PRUH OLQNV FORVHU WR ZLW

LV GXHWR WKH UHODWLYH RULHQWDWLRQ RI WKHO0(2DQG /(2, /(2 3 RUEI
VXEVHFWLRQ

JLIXUH $YDLODEOHOLQNVY SHURUELWDO SODQHIRU /&7 SODFHGDW /) RQ WKH

/,6/ &RDUVH 3RLQWLQJ 9DULDEOHYV
0(2 0(2
7KHFR SODQDU OLQNV IRU WKH 0(2 KRWVW VB W HALQINWHDHH §RRARW®W DO
DKHDG ZLWK DJLPXWKDW GHJDQG EHKLQG WKH KRVW VDWHOOLWH Z
NPDQGHOHYDWLRQV RI GHJUHHV 7KHSRLQWLQJDQJOHVDQG VODC
WKDQ LQ WKH /(2 FR SODQDU FDVHV ZLWK UDWHV RUGHUV RI PDJQLWX(



0(2 KRVW OLQNV

EHLQJHTXDWRULDODQG WKHUHGXFHG LPSDFW RI SHUWXUEDWLRQV GXH
FR SODQDUDSSHDU WKH OHDVW FKDOOHQJLQJ

JLIXUH $(5 OHIW DQG UDWHV ULJKW XVLQJ/) SODFHPHQW IRUO(2LQWUD RL

0(2 /(2,QFOLQHG
7KHOLQNVWRHYHU\ QG /(2 ,QFOLQHXSEDHHADHUHWHKREYLWLRQ SDWWHU
WR 0(2 /(2 OLQNV FDQ EH VHHQ LQ WKH HOHYDWLRQ UDQJH WKH UDQJH L
DOZD\V UHODWLYHO\ KLJK DERYH GHJUHHV DQG SHDNLQJDW LQ FDV}
WKH /(2 WDUJHW VDWHOOLWH 7KLV ZDV DOVR WKH UHDVRQ ZK\ QR /&7 O
PD[LPXP HOHYDWLRQ OLPLWV DUH PXFK VPDOOHU WKDQ WKH PLQLPXP 0(2

2EVHUYLQJ WKH DJLPXWK YDOXHV WKH UHDVRQ ZK\ PRVW RI WKH 0(2 /(
EXWD ZLGH YDULHW\ RI VKRUWHU OLQNV RFFXU WRR 7KH PDMRULW\ RI W}
VORZ YDULDWLRQLQ VODQW UDQJHDQG WKHRIWHQ FRQVWUDLQHG D]JLPX
PDLQO\ RFFXUV IRU OHVV WKDQ KDOI Rl WKH /(2 VDWHOOLWH RUELW PH
PLQXWHV OHDQZKLOH ZKHQ WKH DJLPXWK JRHV ZUDSV IURP  WR GH.
WZR OHDGLQJWR WKH VKRUWHU FRPPXQLFDWLRQ ZLQGRZV

ORVW RI WKH OLQNV VKRZ UHODWLYHO\ VORZ G\QDPLFV ZLWK D VPDOO
UDWHV DUH PRVWO\EHORZ GHJ V ZKLOH HOHYDWLRQ QHYHU H[FHHG
GR KDYH KLJKHU DJLPXWK UDWHV XS WR GHJ V RFFXU ZKHQ WKH 0(2 KRV
WKH /(2 VDWHOOLWH OHDGLQJWRDQHOHYDWLRQ FORVHWR GHJDQG D
7KDW ZDV WKH FDVH ZLWK WKH WDUJHW /(2 , LQ SODQH LQGH[ DW PL¢
QHDUO\XSWR GHJ DJLPXWKUDSLGO\FKDQJHGIURP WR GHJUHHVD
QHDU PLQLPXP RI NP 7KLV LVDPRQJWKHPRVW FKDOOHQJLQJO0(2 /(2

JLIXUH $(5 OHIW DQG UDWHV ULJKW XVLQJ/) SODFHPHQW IRUO(2 /(2,O0LQNV LQ H)



2YHUYLHZ RI &RPPXQLFDWLRQ :LQGRZV

0(2 /(23RODU
7KH OLQNV EHWZHHQ WKH 0(2 KRVW DQG WKH /(2 3RO UARP'S DHW § DWR VK |
/(2 /(2 OLQNV WKH VDPH SDWWHUQV RI HOHYDWLRQ DQG VODQW UDQJH F
OLQN FDVH $QDO\]LQJ WKH DJLPXWK DQJOHV LW FDQ EH VHHQ WKDW LQ G
GHJUHHV 'XH WR KRZ RIWHQ WKLV RFFXUV VLJQLILFDQWO\PRUH OL
PLQXWHZLQGRZV ZKLFK ZDW VHKHQ/IRFFXUV GXH WR WKH SRODU /(2DQG HT
EHLQJ QHDUO\ SHUSHQGLFXODU XQOLNHLQ WKHO(2 /(2,QFOLQHG FDVH
%HVLGHY WKH DJLPXWK ZUDSSLQJ WKH OLQN YDULDEOHV DUH VLPLODU
UDQJH HOHYDWLRQ DQG DJLPXWK UDWHV DUH ZLWKLQ WKH VDPH UDQJH’
SODQH LQGH[ RFFXUV ZKHUH WKH /(2 VDWHOOLWH IOLHV QHDUO\ GLUH
IDVW D]JLPXWK UDWH RI GHJ V 7KLV LV DJDLQD FKDOOHQJLQJFDVHLQ 0(

JLIXUH $(5 OHIW DQG UDWHV ULJKW XVLQJ/) SODFHPHQW IRUO(2 /(23 OLQNV LQ H®

2YHUYLHZ RI &RPPXQLFDWLRQ :LQGRZV

W PXVW QRZ EH ORRNHG LQWR ZKDW FRPPXQLFDWLRQ ZLQGRZ OHQJWK
IRUERWK WHUPLQDOV 2QFH GHWHUPLQHG WKHVH FRPPXQLFDWLRQ ZLQ
UHTXLUHG RUELW SUHGLFWLRQ ZLQGRZV LQ WKH 2'DQG 23 DOJRULWKP G|
OLQNXEQHFWLRROORZHG E\ FKHFNV MXXEWHKHW&E&ER Q Q

/&7 OLQN ZLQGRZV
7KH GLVWULEXWLRQ RI FRPPXQLFDWLRQ ZLQGRZV DQG WKH OLNHOLKRRG
ZLQGRZ IRU /&7 LVTDERHQ:LQGRZV EHORZ PLQXWHV FRYHU RYHU KDOI R
OLQNV DQG DUH DOUHDG\ FRQVLGHUHG UHOHYDQW IRU /&7 2UELW 3UHGI
0(2OLQNV $ORQJIJHUZLQGRZRI PLQXWHV DOUHDG\HQFRPSDVVHV RYHU
IRUWKH /&7 DQGLVDOVR FKRVHQDVDUHOHYDQW WLPH ZLQGRZ VSHFLIL
OLQNV 7KHUHIRUH ERWK DQG PLOQXWHFRPPXQLFDWLRQ ZLQGRZV DU

7TDEOH/LNHOLKRRG > @ RIOLQNV EHLQJ ZLWKLQ FRPPXQLFDWLRQ ZLQGRZ OHQJWK IRU HDFK

&RPPXQLFDWLRQ :L RZ
/LQN FDVH 9’9&) PL PL PL PL

2, 1(2,
(2, 7(23
(2, 0(2
(23 7(23
(23 17(2,
7(23 0(2




6HOHFWHG /LQN &DVHV RI ,QWHUHVW

/&7 OLQN ZLQGRZV

7KH GLVWULEXWLRQ RI FRPPXQLFDWLRQ ZLQGRZV DQG WKH OLNHOLKRRG
ZLQGRZ IRU /&7 LVT\DKERHY MQFDQ EH VHHQ WKH QHHGHG WKUHVKROG ZLO
WKH /&7 WHUPLQDO DVD PLQXWHZLQGRZ GRHV QRW FRYHU KDOI RI DQ)
RQO\D PLQXWHZLQGRZLY FRQVLGHUHG LW ZRXOG EH VXIILFLHQW IRU |
LQ WKH /(2 , LQWUD VKHOO OLQNYV PLQXWHV ZRXOG FRYHU WKH YDVW
ZRXOG FRYHU DERXW KDOI RI WKH /(2 0(2 OLQNV EXW ZRXOG VWLOO EH V
(YHQ DW PLQXWHV PDQ\O0(2 /(2 OLQNV ZRXOG EH QRW EH IXO0O VXSSRUYV

PLQXWH FRPPXQLFDWLRQ ZRXOG EH QHHGHG LQ SUDFWLFDO DSSOLFC
WKUHVKROG LV FKRVHQ IRU 0(2 /(2 /(2 0(2DQG /(2 /(2 FR SODQDU OLQNV
OLQNV PLQXWHV ZLOO VXIILFH

7TDEOH/LNHOLKRRG > @ RIOLQNV EHLQJ ZLWKLQ FRPPXQLFDWLRQ ZLQGRZ OHQJWK IRU HDFK

&RPPXQLFDWLRD LQGRZ
/LON FDVH BBEZ pLo  PL PL PL
2, 7(2,

(2, 7(23
(2, 0(2

(23 7(2 3
(23 7(2,
7(23 0(2

0(2 7(2,

0(2 /(2 3

6HOHFWHG /LQN &DVHV RI ,QWHUHVW

,QWKLVVHFWLRQ WKHOLQNFDVHVVHOHFWHGWREHQFKPDUNWKH2' 23D
FDVHV ZHUH FKRVHQ WR LQFOXGH WKH OLQNV ZLWK ERWK ZLWK YHU\ EDV
W ZDV DOVR LPSRUWDQW WR LQFOXGH VXIILFLHQW /(2 0(2 DQG 0(2 /(2 Ol
HVWDEOLVKHG LQ ERWK GLUHFWLRQV )LQDOO\ ERWK ORQJDQG VKRUW F
7KH OLQN FDVHV DUH ¥XP®B® BULHGQQVKRZLQJ WKHLU OHQJWKY DQJXOD
WDQFH UDQJHV 7KLVLQYROYHV OLQNFDVHVLQYROYLQJO(2VDWHOOLW
7ZR OLQN FDVHV DQG DUH FR SODQDU ZLWK EHLQJEHWZHHQ 0(2 V
EHWZHHQ /(2 3RODUDWD FRQVWDQW NP UDQJH &DVHV DQG DUHEHW
7KH ILQDO FDVHV DQG DUH G\QDPLFDOO\IDVW OLQNV LQ /(2 ZLWK FOR\
GHVFULEHG PRUH WKRURXJKO\LQ WKH XSFRPLQJVXEVHFWLRQV

7TDEOH 2YHUYLHZ RI WKH VHOHFWHG OLQN FDVHV WR EH XVHG WR EHQFKPDUN WKH

/LQNQWHQJWK>P£Q@W7DUJH&BW%:%Hﬁgu@uf$Egm/iﬁﬁ@
0z [ 0(2
0z | 7(2,
723 0(2
(23] 7(23

(23] 1(2,
Iz, [ 1(2,




6HOHFWHG /LQN &DVHV RI ,QWHUHVW

&DVH &RSODQDUO(2 0(2OLQN

$EDVLFFR SODQDUOLQNEHWZHHQDIROORZHU D)Q GXOUBGIH DGW W I0Y20MMWH O
FRQVWDQW SRLQWLQJDQJOHVODUJHOLQNGLVWDQFHFDQ EHREVHUYHG
WKH 3( FRQWULEXWLRQ RI WKH 2' 23 DOJRULWKPV 7KH)XQUGINHLVXDOL]H
DOGFDQEHVHHQWREHURXJKO\DOLJQHG ZLWK WKHDORQJ WUDFN GLUH
H[SHFWHG WR EH OHDVW DIITHFWHG E\ WKH /26 SUHGLFWLRQV LQ WHUPV RI

JLIJXUH )LUVW OLQN FDVH EHWZHHQ DGMDFHQW 0(2 VDWHOOLWHV $(5 OHIW DQG UDW

JLIXUH )LUVW OLQN FDVHEHWZHHQ DGMDFHQW 0(2 VDWHOOLWHY YLVXDOL]



6HOHFWHG /LQN &DVHV RI ,QWHUHVW

&DVH ,QWHU 2UELW 0(2 /(2 ,QFOLQHG OLQN

7KH VHFRQG OLQN FDVH ZzDV FKRVHQ WR FRYHU WKH 0(2 /(2 WMASH ZLWK W
XUH ,Q WKLV FDVH D ORQJ ZLQGRZ ZLWK IDVW DQJXODU G\QDPLFV G\QI
SHDN DW DURXQG PLQXWHYVY DIWHU OLQN VWDUWL 2EWVH UYW FDWHKH UHOL

VHHQ WKDW WKH /(2 WDUJHW IOLHY DOPRVW GLUHFWO\ XQGHU WKH 0(2 KI
DILPXWK UDWHV

JLIXUH 6HFRQG OLQN FDVHIURP 0(2WR /(2 ,QFOLQHG VDWHOOLWHDW KLIKHOHYDWLRQ $
SODFHPHQW

JLJXUH 6HFRQG OLQNFDVHIURP O(2WRD/(2,QFOLQHG VDWHOOLWH YLVXDOL]



6HOHFWHG /LQN &DVHV RI ,QWHUHVW

&DVH ,QWHU 2UELW /(2 3RODU 0(2 OLQN
7TKHWKLUGOLQNFDVHLVDQRWKHU ,QWHU RUELWOLQN EXWWKLV WLPH Z
RUELW WR D 0(2 WDUJHW WLV DPHGLXP GLIILFXOW\ FDVHXWWMHWHUPYV RI L

EXWLWGRHY SUHVHQW D ORQJZLQGRZ $JDLQ WKHHOHYDWLRQ UHDFKH
GLUHFWO\RYHUKHDG DPMKXD® EH VHHQ LQ

)LJXUH 7KLUG OLQN FDVH IURP /HR 3RODU WR 0(2 ZLWK D PHG KLJK HOHYDWLRQ SDVV $(5
SODFHPHQW

JLIXUH 7KLUG OLQNFDVHIURP/HR 3RODUWRO0(2 ZLWK WKH 0(2 VDWHOOLWH IO\LQJH[DF
YLVXDOL]JHG LQ '



6HOHFWHG /LQN &DVHV RI ,QWHUHVW

&DVH ,QWUD 6KHOO /(2 ,QFOLQHG /(2 ,QFOLQHG OLQN
7KH IRXUWK OLQN FDVH LV D VWDUN FRQWUDVW WR WKH)YDIDQNY LQYROYL(
WKHDQJXODU UDWHV DUHPXFK VPDOOHU ZLWK WKH DJLPXWK DQG HOHYD
OLON GLVWDQFH KRZHYHU LV PXFKVKRUWHUDQG WKXV RUELW SUHGLFWV
WHUPV RI WKHLU LPSDFW RQ WKH 3 () LAUKH B L INHWHYWYXKRMWDIQ@G WDUJH\
WKH VDPH RUELWDQG RQO\KDYHD WUXHDQRPDO\RIIVHW EHWZHHQ WKHF

JLIXUH )RXUWK OLQN FDVH EHWZHHQ DGMDFHQW /(2 3RODU VDWHOOLWHY $(5 OHIW DQ

JLIXUH )RXUWKOLQNFDVHIRUWZR &R SODQDU /(23RODU6DWHOOLWHYV YLVX!
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