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Abstract

The field of physical rehabilitation needs a quantitative technique for measuring dynamic
gait stability (walking stability) to make decisions regarding treatment, assistive devices,
potential for falls, and to track progress during rehabilitation. This measure should be easily
applied in a clinical setting, valid across physical disabilities, and must provide a quantitative
index that can be used for comparisons over a range of tasks and environments. This research
project developed and evaluated a gait stability index using a portable pressure measurement

system.

This study examined current stability analysis methods and evaluated dynamic gait
stability assessment parameters. Six gait parameters were identified and extracted from a
commercial foot pressure measurement system (F-Scan). A fuzzy logic controller combined
the six parameters and generated an index value. Fifteen healthy subjects were evaluated at
four stability levels. All parameter combinations (57 indices in total) were assessed to isolate

the most effective index.
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Chapter 1. Introduction

According to the National Center for Injury Prevention and Disease Control, by 2020 the
cost of all fall-related injuries will reach $32.4 billion in the USA [1]. In fact, among older
adults, falling is the leading cause of death and the most common cause of nonfatal injuries
and hospital admissions for trauma [2]. Of those who survive a fall, 20-30 percent will suffer

debilitating injuries that affect them the rest of their lives [3].

Stability is defined as “the property of a body that causes it, when disturbed from a
condition of equilibrium or steady motion, to develop forces or moments that restore the
original condition” [4]. Specifically, “mechanical stability is that property of a body that causes
it to develop forces opposing any position or motion disturbing influence. Static stability is
concerned with the production of restoring forces, while dynamic stability is concerned with
the oscillations that are set up in the system as a result of the restoring forces” [5]. For the
purposes of this thesis, walking stability is considered to be the smooth transition of weight

from the heel to the toes while maintaining forward progression (Section 2.1).

Poor walking stability is a major cause of falls and leads to a general decrease in quality
of life [6]. Assessment and rehabilitation of walking stability is therefore a very important
socioeconomic concern. Observational evaluations are presently the only accepted method
for quickly obtaining balance and stability measures. These tests typically rate common
activities of daily living (ADL) on a scale and combine the overall performance as a mobility
indicator. Mobility indicators cannot provide precise gait stability measurement since they
use broad scales that incorporate a wide range of activities. Other methods used to analyze
gait stability involve equipment that produces precise gait data; however, this equipment is

typically confined to a laboratory.

A fast, portable, precise, accurate, and concentrated analysis method does not exist for
gait stability. The solution would be to establish a validated dynamic gait stability index that
is easy to obtain and can be derived from a single data source, such as foot pressure data

obtained from a single measurement device. Pressure-sensitive insoles and a portable data-



logging system can be used to acquire foot-pressure distribution patterns during various
activities and in many environments. Appropriate data processing could extract a valid

dynamic stability index.

1.1 Scope of Thesis

In this thesis, a dynamic gait stability index, determined by a fuzzy-logic model, was
developed from portable foot-pressure measurement data. The fuzzy logic control system
optimally combined various gait stability parameters into a single index value. The fuzzy-
logic model determination of the new dynamic stability index was validated in gait

laboratory tests for four conditions of increasing levels of instability.

The dynamic gait stability index developed in this thesis was designed for people
who are sufficiently mobile in the forward direction and for people who can activate an
adequate portion of a pressure sensor. Therefore, the system is not intended for people who
cannot walk due to severe balance or cognitive problems, as well as people who have had

partial foot amputations.

The stability index validation process was limited to a healthy subject population
(with normal gait patterns). These healthy subjects were evaluated at levels of decreasing
stability that ensured a progression through the range of the index. The constructed system is
limited to only normal forward-progressing gait patterns. Running, slipping and walking

backwards or sideways is not within the scope of this research.

1.2 Overview of Thesis

Following the introduction, Chapter 2 provides background information about the human
gait cycle, parameters used in quantifying gait, instrumentation employed to acquire gait
data, as well as various techniques to measure gait stability. Chapter 2 also describes other
attempts at creating indices of gait stability and reviews fuzzy logic controllers. Next,
Chapter 3 establishes the rationale and objectives, respectively, for research on the new gait

stability fuzzy-logic model and index. Chapter 4 then reviews some preliminary tests and



details the gait and foot-pressure parameters that were considered in establishing a
quantitative stability index. Chapter 4 also describes the fuzzy logic model that was used for
fusion of the different parameters into a dynamic stability index. Chapter 5 focuses on the
methods of the clinical testing and Chapter 6 provides the results of the clinical gait and foot-
pressure data acquisition trials, the fuzzy logic model processing and computation of the
stability index. This is followed by a discussion of results, the study limitations, and
recommendations for future work in Chapter 7. The thesis finishes with conclusions in

Chapter 8.



Chapter 2. Literature Review

This chapter reviews the literature on human gait and examines gait stability assessment
methods that have been established in both the clinical and research communities. This
chapter also reviews gait parameters and instrumentation for gait parameter measurement,
and explains gait parameters that are associated with both static and dynamic stability. As
well, previous attempts at developing a gait-stability index and potential foot-pressure
measurement systems for a gait-stability measurement system are discussed. Finally, fuzzy

logic theory is also briefly reviewed.

2.1 Components of Human Gait

Before addressing the components that make up the human gait cycle, an understanding of
the anatomical terminology used when describing position and direction of the human body
is required. The term medial refers to the direction towards the middle of the body. The
lateral direction points to the side of the body away from the centre. The anterior side of the

body is the front while the posterior is the back (Figure 2.1).
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Figure 2.1: Anatomical terms of direction [7].

The human gait cycle, shown in Figure 2.2, is a complex series of coordinated

movements that result in walking. The two main phases are stance and swing.
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Figure 2.2: Illustration of the gait cycle showing the different phases and events for the right
limb [modified from 8].

Stance-phase occurs when the foot is in contact with the ground and the leg is weight
bearing. Stance-phase can be divided into foot-strike, mid-stance, and push-off [9]. Foot-
strike occurs when the foot makes initial contact with the ground and the lower body absorbs
the major impact forces. Mid-stance is the period between foot-strike and push-off when
body weight is transferred onto one foot. During this phase, the body pivots over the foot in
the forward direction. The center of pressure shifts laterally over one limb to free the other
limb from support so that the unsupported leg may advance forward [10]. Therefore, slight

lateral center of pressure (COP) motion is expected (Figure 2.3).

The foot is normally supinated (Figure 2.4) during mid-stance [11, 12]. Supination is
the natural flattening of the arch when the foot strikes the ground. The foot supinates to
absorb shock after the heel hits the ground. This outward rolling of the ankle also assists in

maintaining balance during the transfer of weight [12, 13].
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Figure 2.3: Centre of pressure pattern of normal gait [modified from 11].
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Figure 2.4: Pronation and supination of the ankle [modified from 14].

As mid-stance ends, ankle plantar-flexion propels the body upwards and forwards
until only the ball of the foot is in contact with the ground [15]. While moving into push-off,
the foot tends to pronate (Figure 2.4) however it should be fully re-supinated to terminate
stance-phase [11]. Supination transforms the foot into a more stable, rigid structure for a
powerful push-off [13]. Stance-phase is terminated when the toes lift from the ground. COP

patterns during stable walking follow a smooth transition from the hindfoot to the forefoot



throughout stance phase (Figure 2.3) [16-19]. During regular paced walking, push-off partly
coincides with the opposite foot’s foot-strike, known as double-support phase, when both
feet are simultaneously in contact with the ground. The highest peak power in the gait cycle

is generated during push-off [20].

Swing-phase begins with push-off and ends with foot-strike. Ankle dorsiflexion, the
flexing of the foot upward, combined with knee and hip flexion, raise the foot to clear the
ground (Figure 2.5). Concentric power generated at the hip acts to swing the leg forward.
During terminal swing-phase, the hamstring muscles activate to decelerate the leg and
control foot placement. Throughout the full gait cycle, a person spends approximately 40%

of the time in swing-phase and 60% in stance-phase {9].
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Figure 2.5: Diagram showing ankle dorsiflexion and plantarflexion [21].

2.2 Plantar Pressure

Plantar pressure data refers to the interface pressures between the plantar surface of the foot
and a contact surface [18, 22]. Plantar pressure data is important for podiatrists, physicians,
biomechanists, and researchers [23] since the derived information can assist in determining
and managing impairments associated with various musculoskeletal, skin, and neurological
disorders. The most common applications of plantar pressure data involve evaluating orthotic
stabilizers and braces, predicting diabetic ulcers, and detecting lower limb instability. Plantar
pressure data is also evaluated to find unnatural pressure points on the foot that lead to

hindered mobility [23-27]. Bennett et al. [28] state that “a clear understanding of abnormal



foot function is central to its effective treatment, and a quantitative plantar pressure analysis

of function would appear an important adjunct in clinical management.”

Plantar pressure can be measured by various types of sensors and sampled at
frequencies from 50 to 200 Hz (discussed later in Section 2.4.4) The sensors are either spread
out evenly across the plantar surface of the foot or strategically placed to obtain the most
pertinent plantar pressure information. The most commonly observed foot regions are the
heel, mid-foot, metatarsal heads, and the great toe [12, 18, 25, 27-35]. The foot is typically
divided into a number of sub-sections during analysis to pinpoint abnormalities in particular

areas of the foot (Figure 2.6).

Great Toe

Metatarsal Heads

Figure 2.6: Plantar pressure distribution measurement shown by image colour (collected
with the EMED system) [26]. Red indicates high pressure, while dark blue indicates low
pressure.

The most common foot pressure assessment technique is an analysis of peak pressure
locations. Other aspects of plantar pressure data that are often evaluated are mean and peak

pressure values, frequency, centre of force (COF), contact area, contact time, and pressure-



time integral [12, 19, 27, 30-35]. Typically, the highest peak pressure distribution is found
under the heel, the second and third metatarsal heads, and the great toe [12, 18, 19, 23, 25,
28, 29, 33-35]. Pressure readings at these regions were also shown to increase linearly with
faster gait speeds [27]. The lowest pressure tends to be located at the medial side of the mid-

foot under the arch [19].

2.3 Clinical Observational Measures of Balance and Stability

This section reviews relevant clinical observational measures of stability assessment, usually
conducted by physiotherapists. These tests are based on the ability to perform simple ADL
and tend to be either a subjective method of evaluating a subject’s mobility level or are

heavily dependent on the reaction time of the investigator.

2.3.1 Sharpened Romberg Test

The Sharpened Romberg Test is a standing balance test. To

perform the test, the patient stands with their feet heel to toe.

S ©

This test was slightly adapted from the original Romberg test
that requires the patient’s feet to be side-by-side (Figure 2.7).
The physician supports the patient to attain the Sharpened
Romberg position but timing does not begin until the patient
stands unsupported. The score is the number of seconds that
the patient can maintain balance without grasping for support
or moving their feet [36]. The Sharpened Romberg stance is a
commonly used basic mobility assessment technique [37-52].

One test variation that quantifies the stabilizing effect of visual

perception is called the Romberg quotient, the stability ratio

between performance with eyes open and eyes closed [53].  Figure 2.7: Original Romberg
test [54].



2.3.2 One Legged Stance Test

The One Legged Stance Test of balance is more difficult for the patient than the Sharpened
Romberg because they must balance on a much narrower base of support. To perform the
One Legged Stance Test, the patient stands on one leg without upper-extremity support and
without bracing the suspended leg against the stance leg. The score is the number of seconds
this position is maintained without grasping for support and without allowing the suspended
foot to touch the ground [36, 40, 41, 43-45, 47-50, 55-58]. The difficulty can be increased by

having the subject close their eyes.

2.3.3 Functional Reach

The Functional Reach (FR) test, commonly used for gait and mobility evaluation [37, 43, 44,
50, 56, 57, 59-65], was developed by Duncan et al. [66]. The test is defined as the maximum
distance one can reach forward beyond arm’s length while maintaining a fixed base of
support in standing. The FR score is the difference in reach between the start and end
positions. Measurements are taken at the shoulder level and each subject must place their feet
a set distance apart and keep the heels in contact with the floor. The FR test can be easily

administered in both hospital and home environments.

Wernick-Robinson et al. [67] found that the FR test did not compare well with gait
speed variations or with abnormal centre of gravity (COG) motion. This contradictory
outcome could be attributed to different reaching strategies (slightly squatting or bending at

the hip) or because the patient’s vestibular dysfunction severity was not taken into account.

2.3.4 Tinetti Assessment Tool

The Tinetti Assessment Tool is used to predict a patient’s risk of falling. This test is divided
into two sections: a balance section with ten components and a gait section with eight
components. The patient begins the balance section seated in a straight chair and performs
numerous activities: maintaining sitting balance, rising from the chair, standing, standing
with feet close together and receiving a slight push to the sternum (breastbone), standing

with feet close together and eyes closed, turning 360 degrees, and sitting down.
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During the gait section, the patient walks at a normal pace on level surfaces and the
evaluator grades various gait parameters: gait initiation time, step length, foot clearance, step
symmetry, excursions from the path, trunk posture, and base of support. The maximum score

for the entire test is 28 [36, 68-71].

2.3.5 Performance-Oriented Mobility Assessment

The Performance-Oriented Mobility Assessment (POMA) test, also developed by Tinetti,
consists of daily tasks and balance-based tests such as rising from a chair, standing, sitting
down, standing with eyes closed, withstanding a nudge on the chest, turning, extending the
back, turning 360 degrees, standing on one leg, bending down, and reaching up. Gait-based
tests are also involved and include height and length of stride and step-symmetry. The
POMA test is appropriate for assessing older adults and predicting their propensity to fall.
There have been slight alterations in the POMA format since its creation in 1986, adding
slightly easier and more difficult tasks for evaluation. The most recent version, POMA 1II, has

a score of 0, 1 or 2 for each task for a total of 54 points [56, 62, 72, 73].

2.3.6 The Duke Mohbility Scale

The Duke Mobility Scale consists of 13 items that combine easier tasks, such as sitting, with
mobility tasks, such as walking, stopping suddenly, stepping over a shoe box, and going up
and down stairs. The scale classifies patients into low and high-risk categories for falls. Each

item is graded on a three-point scale, giving a total score ranging from 0 to 26 [65, 72].

2.3.7 Gait and Balance Scale

The Gait and Balance Scale (GABS) is an easy-to-use comprehensive clinical scale that
contains two parts: history of balance problems and measurement of 14 gait parameters;
including, full and half-turn, Romberg test, tandem stance, one-limb stance, modified
POMA, foam posturography, timed tasks to assess gait speed, and the ‘Timed Up and Go’
(TUG) Test [74], explained later in Section 2.3.13.

GABS was created by Thomas et al. [74] who validated the system through
comparison with GAITRite (Section 2.4.4.5) and a force plate-based system called Pro
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Balance Master System. According to their study, GABS was a well-constructed,

comprehensive clinical scale that reliably measured gait, balance, and posture.

2.3.8 Dynamic Gait Index
The Dynamic Gait Index (DGI) evaluates the patient’s ability to modify their gait in response
to changing task demands. Subjects are rated from 0 to 3 on eight different gait tasks:
walking on even surfaces, changing speeds, with head turns in a vertical and horizontal
direction, while stepping over or around obstacles, and with pivot turns and steps. Scores on
the DGI range from 0 to 24. Scores that are greater than 19 indicate a low risk for falling
during gait [49, 60, 75-81].

2.3.9 Functional Gait Assessment

The Functional Gait Assessment (FGA) is a 10-item gait assessment created and validated by
Wrisley et al. [82] that is based on the DGI. The test retains seven of the eight original items
from the DGI and implements three new items: gait with narrow base of support, ambulating
backwards, and gait with eyes closed. The new items were added because these activities are
difficult for people with vestibular disorders. The FGA demonstrated what the authors
considered moderate reliability when used by physical therapists with patients with

vestibular disorders.

2.3.10 Four-Square Step Test Start

The Four-Square Step Test (FSST) (Figure 2.8) is a Finish q e w| = =

clinical test designed by Dite et al. [64] that measures ’>

rapid stepping and obstacle avoidance. This test |

requires the subject to rapidly step forwards,

backwards, and sideways while stepping over a cane

o o o - -
N
(8]

lying flat on the ground. The time to complete the

process is measured. The main objective is to

Figure 2.8: FSST test [64].

identify subjects who fall.

12



2.3.11 Fugl-Meyer Test Balance Subscale

The Fugl-Meyer Test Balance Subscale (FM-B) is 1 of 6 subscales from the original Fugl-
Meyer test (FM) that was designed for impairment evaluation after a stroke. The FM-B
contains seven, three-point tasks: three for sitting and four for standing. The total score
ranges from 0 to 14. Previous studies have shown the FM-B reliability to be controversial.
As a result, the scoring criteria were altered while maintaining the original testing procedure.

The modified FM-B validity was acceptable and is now used regularly [83].

2.3.12 Postural Assessment Scale for Stroke Patients

The Postural Assessment Scale for Stroke patients (PASS) was developed for all stroke
patients, including those with poor postural stability. The assessment scale contains 12 four-
point measures that evaluate the ability to cope with progressively difficult situations in
maintaining or changing a lying, sitting, or standing position. The PASS has a score that

ranges from 0 to 36 and has been proven to have high reliability [83].

2.3.13 Timed Up and Go Test
The Timed Up and Go (TUG) test was deemed by Cole et al. [84] to be a quick and practical

method to test basic mobility manoeuvres, both clinically and for research purposes. The test
[6, 72, 85] is adapted from the original “Get Up and Go” test and has shown a strong
association to the Barthel Index of Daily Living that was developed to monitor functional
independence before and after rehabilitative treatment [84, 86]. The protocol involves rising
from a seated position, walking 10 paces, turning, and returning to the seat. The time

necessary to complete the task reflects directly on locomotion abilities.

TUG is considered a basic functional mobility test rather than a measure of balance
[72]. Times can range from six seconds to four minutes [85]. Berg et al. [72] report that most
adults can complete the task in 10 seconds. Eleven to 20 seconds is the typical range for frail
elderly or disabled patients. If the task takes more than 20 seconds, a more comprehensive
assessment is needed. TUG is one of the most common techniques of assessing general
mobility [43, 50, 51, 56, 59, 64, 69, 78, 79, 81, 82, 87-92].
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2.3.14 Berg Balance Scale

The Berg Balance Scale rates the patient on a score of zero to four for 14 tasks that are
common in everyday life. The tasks include a sitting test; three transferring tests (from sitting
to standing, etc.); five standing tests; and five tests to gauge mobility, such as turning 360
degrees and reaching forward while standing. The test elements measure the ability to
perform tasks and maintain certain positions while diminishing the base of support from
sitting, standing, to single leg stance. The Berg Balance scale has been described as an
objective measure of balance abilities [84] and has also been accepted as a comparison tool
for validation of experimental balance assessment techniques [36, 37, 56, 59, 60, 63, 80, 81,
88, 91-104].

2.3.15 Clinical Outcome Variables Scale (COVS)
The Clinical Outcome Variables Scale (COVS) Mobility Test is another test based on ability

to perform activities of daily living. The tasks are rated on a 7-point scale and the mobility
subscale includes: rolling (2), lying to sitting balance, weight transfers (2), ambulation (4),
and wheelchair mobility. There are also two measures for arm function. COVS is used to
measure mobility in an active rehabilitation population including individuals with spinal cord
injury, stroke, other neurological conditions, amputation, multiple trauma, and post-surgical

hip or knee replacement [100, 101].

2.3.16 Summary of Clinical Observational Measures of Balance and
Stability

The observational measures mentioned in the preceding sections describe some of the most
commonly used techniques of assessing balance and stability in a clinical setting. The tests
involve various combinations of sitting, standing, reaching, and mobility tasks that are
common in ADL. These tests are used by clinicians due to the low time requirements for
obtaining a general assessment of balance and mobility and the ability to take measurements

at the point of patient contact.

The main limitation with the previously mentioned clinical observational measures is
that they either require the subjective scoring of an evaluator or involve the reaction time of

the assessor when timing the subject on an activity. As well, many of these tests evaluate the
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subject’s ability to perform certain movements that would make the tests biased for people
who are adept to these tasks or for people with task-specific deficiencies not related to
balance. By observing and evaluating people on only a small number of activities, the full
scope of their stability cannot be determined. The goal of this study is to have an accurate,

objective and quantitative measure of gait stability, to replace these observational-based tests.

2.4 Instrumentation for Measuring Stability of Human Walking

Balance, in its broadest sense, involves the capability to control upright posture under a
variety of conditions and the ability of an individual to sense their stability limitations [72].
In many studies, kinematic parameters have been acquired with various instruments and
analyzed to assess human locomotor stability. A force plate combined with a motion analysis
system is the most widely reported method of quantitative balance measurement in the
literature [6]. Other commonly used systems depend on foot pressure analysis. These

techniques are explained in the following sections.

2.4.1 Force Plate Systems

Force plates (Figure 2.9), also known as force platforms, measure three-dimensional (3D)
ground reaction forces and moments as a subject contacts the device. The typical design is
approximately 10 cm high with a flat surface measuring 40 cm x 60 cm. Transducers are
used to record force components along three axes (anterior-posterior shear, medio-lateral
shear, vertical force normal to the plate surface).
The force plate must be secured to eliminate
vibrations and is often bolted to a steel frame or a
concrete foundation. The most commonly used
commercial platforms are manufactured by Kistler
(Kistler Instrumente AG, Winterthur,
Switzerland), AMTI (Advanced Mechanical
Technology, Inc., Watertown, ME), and Bertec

(MIE Medical ReSCaI‘Ch Ltd, Unlted Klngdom) Figure 2.9: Bertec force platform
[105].
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A drawback with force plates is the inability to obtain discrete plantar force data when
both feet are in contact with the plate. Therefore, to correctly analyze gait pattern data, only
single foot contact per platform is permitted. No single arrangement of positioning two
platforms can accommodate all subjects. As well, force plates should be concealed within the
floor so that subjects do not know their location, otherwise gait patterns would be unavoidably
altered as the subject aims for the platform. This often results in repeated void trials while the
researcher must wait for the subject to correctly load the force plate. As well, a force plate
only gives a single 3D force vector and moment with the placement of the foot. Foot pressure
distribution over the entire foot cannot be extracted with a force plate alone. However, the

major disadvantage of the force plate is that it is typically restricted to a laboratory.

2.4.2 Camera and Marker-Based Systems

The most common gait analysis technique is to combine force plates with a camera/marker-
based system (Figure 2.10), thereby effectively collecting kinetic and kinematic data
simultaneously. A grid or cube of reflective markers with known coordinates is used to
calibrate the cameras so that accurate marker
positions can be calculated from the video images.
3D motion analysis systems require at least two
cameras, but more are often used to minimize the
occurrences of hidden markers. If two or more
cameras cannot see a marker, the 3D marker position
cannot be tracked. The marker’s position could be
interpolated, but this may introduce an error. Other
marker-based systems involve scanning the field of
view with moving light beams, detecting reflections
from prisms mounted on a subject, and detecting

small wire coils placed on subjects by means of a

magnetic field [15]. The most commonly used

Figure 2.10: Marker-based
motion analysis system showing

active light emitting diodes. reflective markers placed on a
body [106].

systems rely on either passive reflective markers or
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Although cameras can be made portable, the cameras should not be moved after the
system has been calibrated. Video systems are also difficult to use as a routine patient
assessment technique. The major drawback of a marker-based system is the time for set up,
camera calibration, and marker placement. As well, there must be an adequate number of
markers used in order to minimize the occurrence of an insufficient number of visible

markers.

2.4.3 Accelerometers

Accelerometers detect acceleration and deceleration in any direction [107]. These
transducers are often strategically placed at joint locations for accurate biomechanical gait
cycle analysis. When placed at the lower trunk, accelerometers can be used to determine
body sway, walking speed, step length, cadence [108], and accelerations in anterior/posterior
(A/P) and medial/lateral (M/L) directions [109]. The devices can also be made portable with

a data logger and power source.

2.4.4 Pressure Measurement Systems

The following pressure measurement systems are commonly used to analyze foot pressure
during gait. The systems vary in applications ranging from observing high-pressure zones of
the foot with low spatial resolution to analyzing precise pressure values over the full plantar
surface of the foot. Similar to the force plates, camera/marker-based systems, and
accelerometers described earlier, these pressure measurement systems can also be used to
assess gait stability. One benefit is that these systems can be made portable. Portability is of
primary importance, and pressure measurement systems are therefore especially of interest

for this research.

2.4.4.1 Parotec Pressure Measurement System

The Parotec system (Paromed Medizintechik, Neubeuern, Germany) contains thin insoles
(Figure 2.11) connected to a small controller box. Parotec implements a hydrocell
technology that was developed for pressure measurement and independently rated to perform
with less than 2% measurement error across the expected pressure, temperature, and
humidity ranges of normal use [110, 111]. The hydrocell consists of a discrete piezoelectric

sensor contained in a fluid-filled cell that is embedded in an insole. When a load is applied to
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the hydrocell, the applied force causes increased pressure within the water environment of the
hydrocell. The piezoelectric sensor within the cell generates an electrical charge as a result of

this increased pressure and measures the vertical component of the applied force [112].
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Figure 2.11: Parotec system load sensors. [110].

The Parotec system’s drawback is that it embeds only 24 individual hydrocells in
each insole. This allows for large-scale pressure data to be evaluated, but it cannot obtain
fine spatial resolution. Schaff [112] reviewed some foot-pressure measurement systems and
mentioned that the Parotec system can describe foot pressure patterns sufficiently, while
pinpoint and atypically located pressure peaks may not be observed. Davis et al. [113] also

claimed that larger transducers will yield data of substantially lower resolution.

2.4.4.2 Pedar-X In-Shoe Pressure Measurement System
The Pedar-X system (Novel, Munich, Germany - Figure 2.12) consists of insole sensors that
measure plantar pressure distributions. The system can be made portable with built-in flash
memory storage [114]. Each insole is equipped with 84-99 capacitive sensors that span the
area of the foot. The system can also enhance the resolution by a method of interpolation to
approximately one sensor per cm®. However, the sampling abilities of capacitive sensors are

limited to a frequency of approximately 50 Hz [112, 115].
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Figure 2.12: Pedar-X in-shoe pressure measurement system [115].

2.4.4.3 Piezoelectric Film Transducers

Piezoelectric film transducers are another approach for obtaining gait data by placing sensors
under a subject’s feet while they walk. The typical piezoelectric film transducer is
approximately 10 x 10 mm” and 2.8 mm thick. These transducers use a 500 um copolymer
piezoelectric film sandwiched between a brass electrode and a double-sided circuit board.
The electrodes provide electrical connections to the film surface and prevent critical bending
under loading. During the testing process, sensors are placed in the subject’s shoes and an

ankle box is strapped to each leg [116].

Nevill et al. [116] created in-shoe pressure measurement sensors using piezoelectric
film transducers; however, each sensor contained only eight transducers. The rationale
behind this design is that pertinent information resides only at the great toe, five metatarsal
heads, the arch, and the heel. Data outside these regions were considered redundant. As a

result, the sensor could miss important stability information when dealing with uncommonly
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used areas of the foot. Even if Nevill and colleagues had used as many transducers as
possible, given the dimensions of a piezoelectric film transducer, each sensor would contain

less than 200 transducers.

Also, the sensor is quite rigid due to the circuit board required in the design. The
inflexible sensor may result in erroneous data, or omit valid data, and could also interfere
with the gait pattern by hindering or masking natural flexion of the foot. Another
disadvantage is that the system is not fully portable because the subject must remain tethered
to an electronic console during testing. The 10 m cable used in experimentation allowed for

recording multiple footsteps, but lacked the ability to venture outside a laboratory.

2.4.4.4 Optical Techniques

Plantar pressure distribution measurement was also investigated by Urry [22]. Optical
pedobarographs [117, 118] detect the amount of internally reflected light through a glass
plate (Figure 2.13). The index of refraction of glass changes very slightly by applying
pressure. Transmitted light is measured to indicate pressure distribution. The disadvantages
of this method are that any interference from external light sources would be a source of

error and this pressure measurement technique is not portable.
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Figure 2.13: Optical pedobarograph [22].

Another optical method uses photoelasticity [119], where an applied load is
transmitted to an optically sensitive (photoelastic) sheet by an array of semi-spherical solids.
The pressure distribution beneath the foot would be represented by discrete circular
interference patterns [22]. Although most optical methods tend to have high spatial

resolution and work well for dynamic gait evaluation, they are not portable.
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2.4.4.5 GAITRite Pressure Measurement Mat

GAITRite (CIR Systems Inc., Havertown, PA) is a compact computer-based instrumented
electronic roll-up walkway connected to a computer with application software for calculating
temporal and spatial gait parameters. The walkway is 3 m long with a pressure sensitive mat
(61 cm X 366 cm) containing a series of sensors organized in a 48 X 288 grid pattern,
sandwiched between two vinyl layers [74]. On average, 20 x 10 sensors are contacted during
foot contact. The main limitations with GAITRite are low resolution, non-portability, and the

inability to handle irregular terrain.

2.4.4.6 Force Sensing Resistors
Force sensing resistors (FSR) are devices that exhibit a decrease in resistance with any increase

in force applied to the active surface [120]. A typical FSR (Figure 2.14) consists of [121]:

Active Area

e A layer of insulating plastic

e An active area consisting of conductors that are
. . R T 7 +— Plastic Spacer
supplied with an electrical voltage s

e A plastic spacer
& Conductive Film

o A flexible substrate coated with a polymer

conductive film that is aligned with the P

. Flexible Substrate
active area >/

Figure 2.14: FSR components [modified
from 121].

When an external force is applied to the sensor, the active area comes into contact
with the conductive film and completes an electrical connection through the sensor. As the
applied force increases, more of the active area comes into contact with the film and reduces
the resistance in the circuit. The resistance can be measured and used to determine the
applied force. The advantages of FSR sensors include flexibility, durability, reliability,

overload tolerance, electronic simplicity, and low cost.
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2.4.4.7 F-Scan In-Shoe Pressure Measurement System

The F-Scan measurement system, (TekScan Inc., South Boston, MA) uses a sensor that is
shaped like a shoe sole and placed under the patient’s foot inside their shoe. The sensor
contains FSR cells (Section 2.4.4.6) in a conductive grid of rows and columns containing
pressure-sensitive, semi-conducting ink sandwiched between two polyester film sheets
(Figure 2.15). This system has a 165 Hz sampling rate, spatial resolution of 960 pressure
readings per sensor (4 sensors/cm?) [34, 112], and insole sensors that range from 0.2 mm to

0.4 mm in thickness.

Figure 2.15: F-Scan pressure sensitive insole. The sensor can be trimmed along the white
lines to fit inside different shoe sizes.

When force is applied, the ink layer resistance decreases in proportion to the force
magnitude [122]. The portable F-Scan-Mobile measurement system (Figure 2.16)
incorporates data logging within a belt-pack. The small and fully self-contained accessory
pack can be worn around the waist or strapped to the lateral calf to power the system and

record pressure data [123, 124].

F-Scan in-soles do not interfere with gait and can be customized for any shoe size. The
sensors can be used to analyze the effects of walking in various types of footwear and
orthoses [124]. Chen et al. [125] compared measurements made by the F-Scan system with

those by an AMTI force plate. The F-Scan system demonstrated some inaccuracies in
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registered pressure readings in the double support phase, confirming

similar results found by Sumiya et al. [122]. This inaccuracy was

associated with increased shear forces at heel-on and toe-off. F-Scan

cannot measure shear force; therefore large force components that

are not normal to the sensor would not be detected. However, both

groups of authors agree that the F-Scan and force plate data

correlate quite well, making F-Scan a reliable and clinically valid

tool for relative comparisons of plantar pressure distributions.

Schaff et al. [112] did a comparison study with commonly

used pressure measurement systems and found that the F-Scan

VRN

Figure 2.16: F-Scan

Mobile system [123].

system had the highest in-shoe resolution by a large margin. Han et al. [126] studied COP

path quantification measured by F-Scan transducers and found that the results were reliable

by test-retest analysis.

Table 2.1: Specifications for the available mobile pressure measurement systems [112].

System Resolution Method Frequency Type
(sensors/insole) (Hz)

F-Scan 960 Resistive 100 Matrix sole

Parotec 24 Piezoelectric 100-200 Single point

Pedar-X 84-99 Capacitive 50 Matrix sole

The F-Scan system has a high spatial resolution. FSR sensors are also excellent

switches and can be used for accurate stride timing parameters. The system can be portable

and has shown to provide accurate results when compared to the force plate gold standard

within the limitations described above. The system can also output raw pressure values for

each cell and provide a calculated COF location.

2.4.4.8 Summary of Pressure Measurement Systems

A number of different methods can be used to analyze foot pressure data. Some systems are

very useful for observing the common pressure zones (Figure 2.6) with larger sensors such as
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the Parotec System (Section 2.4.4.1) and the Pedar-X System (Section 2.4.4.2). In contrast,
the optical techniques described in Section 2.4.4.4 have high spatial resolution and work well
for dynamic gait evaluation; however, these systems cannot be made portable to observe gait
in environments outside a laboratory. F-Scan is a pressure measurement system that uses
FSR sensors to span an insole. The insoles contain approximately 1000 sensors and can be
trimmed to fit inside different shoe sizes. The F-Scan system can be made portabie, has a

high spatial resolution, and has proven to be a reliable method for dynamic gait analysis.

2.4.5 Summary of Gait Stability Measurement Instrumentation

The most commonly used technique of quantitatively measuring gait stability is by combining
force plates with a camera/marker-based system to obtain both kinetic and kinematic gait
information. However, force plates must be concealed from the subject and data cannot be
separated from two feet on the same platform. This results in repeated void trials while the
researcher must wait for the subject to correctly load the force plate. As well, camera/marker-
based systems take some time to calibrate and have to deal with occurrences of hidden
markers. Yet, the most important drawback of both these systems is that they are typically not
portable. A force plate has to be well-secured to eliminate any vibrations and the cameras used

in a camera/marker-based setup cannot be moved after the system has been calibrated.

Another method of obtaining stability information is to use accelerometers.
Accelerometers can obtain quantitative joint motion information and can be made portable.
A number of accelerometers would be needed to obtain adequate information to assess

stability, whereas plantar foot pressures can be obtained with a single insole.

The F-Scan pressure measurement system is ideal for this research. The sensors fit
inside a shoe of any size and can obtain accurate pressure measurements with a high spatial
resolution. This system can also be made portable with an accessory belt pack to obtain gait
stability information without being restricted to a laboratory. Accelerometers would be a
feasible addition to the system; however, to limit the amount of equipment necessary to
obtain a stability index, accelerometers were omitted from the project. In future research,

accelerometers may be introduced to broaden the scope of the index.
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2.5 Methods of Objective Stability Measurement

The methods discussed in this section involve isolation of quantitative stability parameters
that are analyzed to yield an objective stability assessment. These evaluation techniques
involve the instrumentation described in Section 2.4 and are not based on human decision or

reaction time. This section also reviews previous studies on static and dynamic stability.

2.5.1 Methods of Measuring Static Stability

Static stability refers to a person’s ability to maintain balance in a standing position.
Typically, static stability investigation is considerably simpler than examining dynamic
stability [127]. Static stability tests are often observation-based but sometimes involve data

and signal processing.

COP can be a key component when determining static stability. “Limits of stability
are the boundaries within which the COP can move back and forwards, as well as sideways,
before requiring a step to regain balance and avoid a fall. Subjects who can control their COP
in a larger range within their base of support are considered to have better postural control
[87].” Observing COP motion during quiet standing is used regularly for assessing static

stability [10, 37, 39, 53, 58, 71, 88, 100, 128-130].

A subject’s ability to stand still without swaying can also indicate their level of static
stability {47, 50, 52, 53, 55, 57, 58, 61, 65, 68, 71, 73, 78, 86, 129-133]. Postural stability
measures how stable people are in a standing position. Measurement approaches include

accelerometers, force plates, and motion analysis systems.

The main methods for static stability evaluation are observation of COP, COG, and
body sway. Abnormal changes in these parameters during quiet standing are thought to be a
sign of instability. According to the studies mentioned above, the COP and COG are reliable
for determining a subject’s level of static stability while body sway does not always correlate

with other stability tests.
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2.5.1.1 Previous Studies Involving Static Stability

Ringsberg et al. [134] assessed postural sway using a computerized balance system to
calculate how far the center of balance deviated from the mean center of balance during four
different 20-second balance tests. The tests were (1) standing on a stationary platform with
eyes open, (2) standing on the same stationary platform with eyes closed, (3) standing on a
platform with eyes closed and with the platform gliding horizontally backwards and
forwards, and (4) standing on the platform with eyes open and with the platform moving up
and down. The results were correlated with a separate one-leg standing test that the authors
asserted as an assured method of static stability evaluation. Unfortunately, the authors found
no relationship between the one-leg standing test and any of the computerized centre of
balance tests. As well, the four computerized tests were poorly correlated with each other.
The authors concluded that the tests may have measured different aspects of postural control

and are not comparable.

Observing the COG is another technique used by Patton et al. [135] to acquire static
stability information. Their study involved a balance recovery test where subjects would
squat to develop posterior momentum, generate a brief and abrupt pull on a fixed bar in front
of them that reversed the COG motion, and then recover their balance. To assess stability,
the investigators defined conditions based on COG dynamics that cause the base of support
to move (called torque boundaries) and conditions beyond which movement cannot be
terminated (called state boundaries). These values were dependent on a body dynamics
model that required extensive kinematic data to predict when a fall was about to occur. The
research team used an AMTI force plate to measure ground reaction forces and an Elite
video analysis system to acquire body kinematics. The empirical data coincided with the
model predictions in all but 0.2% of the trials, in which the authors suspected the subjects to

have performed the balance test incorrectly.

2.5.2 Methods of Measuring Dynamic Stability

Dynamic stability refers to a person’s ability to maintain control and balance of their body
while walking at a self-selected pace. Many aspects of gait can be used to measure dynamic

stability. Body sway, body COG and/or COP motion, and various stride parameters have all
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been known to reveal a level of dynamic stability. The following sections describe these

techniques of measuring dynamic gait stability.

2.5.2.1 Dynamic Upper-Body Sway

For a stable gait pattern, the body’s momentum should be controlled at all times to minimize
sudden shifts in balance. Upper-body motion in the medial/lateral (M/L) direction, also
known as body sway, occurs in normal gait. However, studies have shown that increased
amplitude and frequency of body sway during walking can indicate instability and that fall
frequency increases as sway increases. Poor momentum control leads to increased lateral

sway during walking, hence a lack of stability [38, 52, 55, 74, 89, 103, 130, 131, 136-139].

2.5.2.2 Centre of Gravity Dynamics

To maintain stable gait, the COG must remain within the base of support. Currently, the
body COG position can only be obtained with a whole body, marker-based, data collection
system. Typically, the body is separated into rigid segments with six degrees of freedom
[140]. The 3D COG position over time can then be calculated from segment positions. COG
vertical projection, COG velocity, and vertical COG oscillations are commonly used
variables for analyzing stability. Other good measures involve inverted pendulum
comparisons and observing the relationship between mechanical work, energy consumption,
and COG motion [68, 102, 141-153].

According to past studies, unsteady COG motion results in abnormal foot pressure
patterns that can also be observed in the COP motion. In a study of the biomechanics of
posture and balance, Riley et al. [140] stated that COG motion shows a damped form of the
COF motion. Adkin et al. [58] and Oates et al. [154] both agree that COP observation can
provide insight into the COG movement. Regarding application to this thesis, the issue of
portability is quite important. Since the total body COG can only be accurately obtained with
markers and cameras, data collection is largely restricted to a laboratory setting. Therefore

total body COG-based stability parameters will not be useful for this study.
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2.5.2.3 Stride Timing Parameters

Stride length, cadence, stride velocity and double-support time have demonstrated a strong
correlation with gait stability and are commonly used in gait analysis. In gait, cycle time
refers to the time for one foot to go from heel-strike to heel-strike. The distance from heel-
strike to heel-strike is known as the stride length. Stride length is divided by cycle time to
obtain stride velocity. These measures are commonly used as a comparison for testing a
dynamic stability assessment technique and are normally obtained with a stopwatch,
footswitches, or through video data analysis [10, 38, 39, 41, 43, 45, 49, 51, 52, 55, 57, 59,
65, 74,78, 79, 89,91, 95-101, 103, 108, 131, 137, 141, 142, 146, 150, 152, 157-176].

Double support time is the period when both feet are in contact with the ground. In
able-bodied gait, this phase is approximately 20% of the full gait cycle [15]. Double support
time is either obtained from foot switches, video data analysis, or by analyzing foot pressure
data. People who are unstable spend more time in double support to maintain their balance.
Double support time is another commonly used parameter in stability analysis [43, 74, 96,
98, 108, 128, 131, 141-144, 150, 157, 158, 160, 161, 169].

2.5.2.4 Dynamics of Centre of Pressure Under the Foot

Anterior/Posterior (A/P) motion of the COP under the foot is an important parameter for
determining dynamic stability. A stable gait plantar pressure pattern follows a smooth
transition from the hindfoot to the forefoot (Figure 2.3) [16]. Therefore, A/P deviations
hindering a smooth transfer could indicate unstable gait [17, 102, 130, 135, 141, 144, 148,
178-183]. Motion of the COP in the A/P direction can be obtained with a force plate or other

plantar-pressure measurement techniques.

M/L motion of the COP is a common indicator for stability analysis. Throughout
stance-phase, motion from the foot’s medial side to the foot’s lateral side is expected. When
transferring from double support to single support, pressure shifts toward the outside of the
foot. Likewise, while transferring from single support to double support, pressure shifts
towards the inside of the foot. Any deviations from this simple pattern (Figure 2.3) would be
perceived as a sign of instability [17, 88, 102, 130, 135, 136, 141, 144, 148, 150, 151, 173,
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176, 178-183]. As well, instability can be seen in an excessive lateral shift in COP [110, 184,
185]. Studies have shown that older people with poor lateral stability are three times more
prone to falling [88]. Similar to A/P direction, M/L. COP motion can be obtained with force

plates or with a foot pressure measurement system.

2.5.2.5 Previous Studies involving Dynamic Stability
Karcnik et al. [155, 156] used patient COG, COG velocity, and the foot’s supporting area
dimensions to create a “relative kinematic stability index” (RKSI) for kinematic stability and

an “absolute velocity index” (AVI) for dynamic stability (Equations 2.1 and 2.2):

pporting arca

Figure 2.17: Biomechanical parameters used in the equations created by Karcnik et al. for
the assessment of gait stability [155].
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In the RKSI formula (Equation 2.1), d denotes the distance between two points,

RKSI

PCOG is the vertical projection of the COG on the ground plane, CS is the centre of the
supporting area, LSE is the leading supporting edge of the supporting area, and 7SE is the
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trailing supporting edge (Figure 2.17). In the AVI formula (Equation 2.2), g is the

acceleration due to gravity, z°° (¢) is the height of the COG above ground level and it

CoG
x

moves forward in the x-direction, and v,~" (¢) is the velocity of the COG in the x-direction

(Figure 2.17).

The two indices, RKSI and AVI, were used to determine if a gait pattern was stable
or unstable yet they did not always agree with each other. The RKSI falls outside the stable
range when the COG goes outside the base of support. If the COG velocity exceeds a
‘critical’ velocity, then the system is in a dynamically unstable state. The authors postulated
that kinematic stability and dynamic stability are mutually independent and that a system can
be dynamically stable while kinematically unstable and vice versa. Therefore, a subject
should be able to maintain stability while moving quickly with their COG within their base
of support, or while moving slowly with their COG outside their base of support. This is a
feasible argument; however, the stability assessment would largely depend on the value
assigned to ‘critical velocity’. This parameter would vary for every person making it very
difficult to calculate precisely. It would also be a source of error. The researchers also
encountered problems with measuring the angle between the foot and the ground during
push-off and with small inaccuracies and fluctuations in the COG trajectory. The imprecision

of these parameters led to inexact assessments of the stability indices.

Kaya et al. [177] tried to correlate gait cycle time and double support time with linear
and angular momentum of the human body. The researchers looked at the influence of
momentum shifts on balance maintenance in a balance-impaired population (elderly and
bilateral vestibular hypofunction (BVH) patients). Linear and angular momentum, cycle
time, whole-body A/P COG velocity, and A/P velocity of the head/arms/trunk COG were
observed using four motion analysis cameras and two force-plates. According to their study,
BVH subjects walked noticeably slower than healthy subjects and, in turn, generated less
linear whole-body momentum in the sagittal and vertical planes during gait. As well, the
subjects inherently chose a gait pattern with a longer cycle time and spent more time in the

double support phase.
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Yack et al. [109] mounted an accelerometer over the spine on the upper trunk to
measure peak accelerations in the A/P, M/L, and vertical directions during gait. A harmonic
analysis was performed on the acceleration data for each stride. The period (fundamental
frequency) for each stride was determined using foot switches. Multiples of this fundamental
frequency (harmonic coefficients) were then determined using a finite Fourier series. The
ratio of summed amplitudes of the acceleration data’s even and odd harmonics was
calculated for each stride and averaged across 10 strides to obtain an “index of smoothness”.
Unstable subjects showed a difference from control subjects in A/P and vertical measures;

however, no between-group differences were found for the M/L data.

In a study on the dynamic stability of children with and without Down’s Syndrome,
Buzzi and Ulrich [159] used the Lyapunov exponent (LyE) and approximate entropy (ApEn)
along with data acquired with a whole-body marker and camera-based system and a
pressure-sensitive mat. Stability at the thigh, shank, and foot were evaluated as the subjects
walked on a motorized treadmill at varying speeds. “The LyE is normally used to measure
the rate of exponential divergence of trajectories in state space. As nearby points separate,
they diverge rapidly and produce instability. The LyE was used to measure the stability of a
dynamical system, such as a human during walking, and its dependence on initial conditions.
[159]” The authors identified five ‘embedded dimensions’ (that were not specified) from the
segmental angular time series of the gait data. These embedded dimensions were used to
calculate the maximum LyE using a time-series-analysis program. “The ApEn was used to
assess the complexity of each time series. ApEn is a ‘regularity statistic’ that quantifies the
predictability of fluctuations in a time series. The ApEn was computed using a program

written in Matlab software (Mathworks, Natick, MA). [159]”

LyE and ApEn were evaluated such that a zero or negative value for the LyE
indicated a periodic system whereas a positive LyE value indicated a non-periodic, or
random, system. Similarly, a lower ApEn value would indicate a lower complexity of the
system. Therefore, systems that are dynamically stable would result in lower LyE and ApEn
values. Data periodicity and predictability were obtained by comparing trials to each other

and evaluating the differences [159]. The main drawback found with this approach was that
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multiple gait cycles were required to calculate the index. If a subject were to walk on
irregular terrain, slight variations in the strides would be expected which would result in

higher LyE and ApEn values while the gait may not be necessarily more unstable.

One study conducted by Krebs et al. [186] looked at the foot-COP oscillation-decay
rate after a postural perturbation in the A/P direction. A force plate and a force transducer
were used to determine static stability of subjects with postural disorders. To administer the
postural perturbation test, subjects were positioned on two force plates with their feet 30 cm
apart. The subjects tried to maintain their foot positions while meeting the researcher’s gentle
push at the upper mid spine. When the researcher stopped pushing, the subject tried to
maintain balance without moving their feet. A dynamometer synchronized with the force

plates recorded the timing, shape, and magnitude of the resistance force.

The body COG was displaced slightly anterior from the neutral position. After the
researcher’s release (“step input” perturbation), the whole body oscillated about the natural
point of equilibrium. The natural COG equilibrium was determined by estimating a
horizontal asymptote of the response in Figure 2.18. The measurement of the input f{z)
(dynamometer-input data) and the output COP (force-plate data) allowed the estimation of

the system eigenvalues (@, +if3,,k = 1,...,n) which could be obtained using the Matlab

routine Steiglitz-McBride (STMCB) method. Eigenvalues characterize the dynamic
properties of the response, stability, and accuracy of a system. The rate of decay or growth of

the signal is proportional to the real part of the eigenvalue, «, . Negative values for

a,,k =1,...,n indicate a decay rate while positive values for «,,k =1,...,n indicate a growth
rate. Assuming a stable system (negative «,,k = 1,...,n that indicate decay in postural
motion), the damping characteristics of the system improves as @, ,k =1,...,n increases in
magnitude. Therefore, as the magnitude of «, ,k =1,...,n increases, the postural motion has a

higher decay rate which means stability is reached faster [186].

Krebs et al. [186] found that COP oscillation dissipation was a practical means to test

postural control. The authors also compared postural stability data to gait data (stance
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duration, average velocity, base of support) acquired with force plates and a motion analysis
system. Gait stability measures showed close consistency with postural COP rate of decay
analysis. Unfortunately, the method of observing the COP oscillation rate of decay is not

feasible for dynamic gait stability.

(¥
wd

E T N TWO POLES - ONE ZERO
";')I e

2.5 g I
- :
O ”
Z '
FIRERS
E
<
z

0.5 NORMALIZED PERTURBATION

----------- NORMALIZED Cp MOTION
0 MODEL PREDICTION
0.5 ‘ : — ]

Time {sec.]
Figure 2.18: Normalized COP motion versus time, step function of the applied force, and
predicted motion of the COP [186].

McGraw et al [144] studied gait and postural stability in obese and non-obese boys
by comparing ground reaction force frequency information with data obtained from force
plates and an optoelectronic system. A Fast Fourier Transform (FFT) was used to quantify
frequency composition of the force vectors. Frequency variables included the mean, median,
mode, and dispersion of the frequency data. Time in double support, stance, and swing were
determined from the video system and postural data were collected from the subjects
standing on a force plate. Ground reaction forces in the vertical, M/L, and A/P directions
were used for the postural stability assessment. According to the COP motion and force data

frequency information of the postural measurements, less stable conditions showed higher
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frequency dispersion and a lower mean spectral frequency. Root mean square (RMS) of M/L

and A/P COP deviations increased in unstable conditions.

Chang et al. [187] isolated the whole-body moment arm to assess dynamic balance.
This moment arm is the COP-COG separation and is proportional to the COG horizontal
acceleration. Thus, the moment arm was the primary variable by which horizontal COG
acceleration was predicted. This method proved to be very accurate in discriminating
between disabled and non-disabled older people. Unfortunately, obtaining COG information

requires equipment that would limit the study to a laboratory.

2.5.3 Summary of Stability Measures

The literature provides many possible balance and stability parameters that can be taken into

account when establishing a standardized stability index:

e Motion of the foot-COP and body-COG, as well as body sway during quiet standing
(Section 2.5.1)

e M/L sway of the body during walking (Section 2.5.2.1)

e Abnormal movements of the COG vertical projection, COG velocity, and vertical
COG oscillations (Section 2.5.2.2)

¢ Base of support parameters such as leading and trailing supporting edges (Section
2.5.2.2)

o Time spent in double support phase (Section 2.5.2.3) as well as stride length and
stride time (Section 2.5.2.3)

e A/P COP fluctuations hindering a smooth weight transfer from heel to forefoot [17]
(Section 2.5.2.4)

These parameters were all considered to be potential stability index components. The final

parameters used in the index and their calculation are discussed later in Section 4.3.8.

Previous research has also considered COG velocity, COG vertical projection [141-

143, 155, 177], and torque and state boundaries [135] that are derived from COG data.
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However, most unstable gait indicators that cause abnormal COG motion should also be

distinguishable via unstable COP behaviour.

In the majority of static and dynamic stability studies, the primary equipment
requirements are force plates, markers, and cameras. Although these approaches can result in
a valid stability assessment, the subject’s mobility can be restricted due to equipment
requirements (Figure 2.19). However, the main drawback when dealing with force plates and

marker and camera-based systems is that they are typically restricted to a laboratory.

Figure 2.19: An encumbered system used to correlate quadriceps femoris muscle activity
with dynamic stability [142].

2.6 Previous Attempts at Developing a Valid Stability Index

The following sections describe previous attempts at creating quantitative dynamic gait

stability evaluation systems.
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2.6.1 Technique using Floquet Analysis of Mathematically Simulated
Instability

Scheiner et al. [188] calculated a computer simulated stability index by using Floquet
analysis (explained below) on mathematically generated joint trajectory data. The level of
limb motion stability was controlled with the addition of stiffness at the joints using
independent linear controllers. Multiple simulations were performed in which the joint
stiffness was kept constant for multiple gait cycles and the resulting motion was analyzed
using the time-series data. The stability index was determined from simulation where gain at
the hip, knee, and ankle joints were varied by a gain multiplier and held constant throughout
the walking trial. This mathematically-based method could predict hindered motion due to
certain pathologies; however, it would not account for a patient in an unpredictable
environment. Since subjects would also be tested on inconsistent and uneven terrain, stride

cycle perturbations would not necessarily be caused by unstable gait.

The principle behind Floquet analysis is to construct a differential equation
representing a stride that would then be compared to other stride patterns. The slight
variations in stride data would be the basis for the stability assessment. In the case of
Scheiner’s study, at least 40 gait cycles (80 steps) were needed for accurate stability
estimation. However, Dingwell et al. [189] also performed a study involving a mathematical
stride representation and comparison between strides. Stride-to-stride variability
measurements were found to be poor local dynamic stability indicators. Dingwell tried to
correlate variability in measured stride components with local dynamic stability measures
and statistically significant results were obtained for only four of 24 correlations. This

renders the Floquet analysis technique unreliable.

2.6.2 Technique using COG-based Stability Indices
As mentioned earlier in Section 2.5.2.2, Karcnik et al. [155] used COG-based measures to
create a “relative kinematic stability index” (RKSI) for kinematic stability and an “absolute
velocity index” (AVI) for dynamic stability. In another project led by Karcnik [190], the
same RKSI and AVT indices were used to create a wearable/portable system for gait analysis.

Their setup relied on goniometers at the hip, knee and ankle of each leg and foot switches
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under the heel and toe of each foot. They compared the results of their indices to the 3D
stability assessment of a motion analysis system. The main problem in calculating the AVI
with goniometers and foot switches was that the head/arms/trunk COG (COGpuar) had to be
estimated. When small inaccuracies and fluctuations occurred in the COGyaT calculation, the
errors were significantly amplified by the derivative required to calculate the COGyat velocity.
Inaccuracies of the COGyar velocity and other estimated parameters were the main reason for
the inaccurate AVI assessment. The system also had problems during push-off, where a degree
of uncertainty was introduced in the calculation of the COG position. Since the angle between
the foot and the ground could not be measured, high inaccuracies resulted for RKSI and AVI
during the push-off phase. The authors concluded that the correlation coefficients were much
higher for the static/kinematic index RKSI than for the dynamic index AVI and that the

wearable system is better suited for static/kinematic stability assessment.

2.7 Review of Fuzzy Logic Theory

Fuzzy logic controllers provide a fast and simple way to achieve a definite conclusion based
on vague, ambiguous, imprecise, or noisy information [191]. The nature of fuzzy logic is to
mimic a person’s decision process. Fuzzy logic was initially conceived as a way to sort and
manipulate data and has proven to be an excellent choice for control system applications.
These controllers are very robust and forgiving of user input and often work when first

implemented with little to no tuning. The steps in creating a fuzzy system are:

1. Define the objectives and criteria for the desired system.

2. Define the input and output relationships and choose a minimum number of
variables for input to the fuzzy logic system.

3. Create the fuzzy logic membership functions (explained in Section 2.7.2) that
define the input and output terms for use in the rule set (explained in Section
2.7.3).

4, Break the system down to a series of rules that define the desired output response
for given input conditions. The number and complexity of the rules depends on
the number of input parameters and the number of membership functions

associated with each parameter.
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5. Test the system, evaluate the results, tune the rules and membership functions,

and retest until satisfactory results are obtained.

2.7.1 Example of Simple Fuzzy Logic Controller

To illustrate the utility of a fuzzy logic controller, a simple system will be described: a
stability index controller based only on gait speed. For faster gait speeds, the index should
indicate higher stability. For slower speeds, the index should indicate lower stability. A
typical fuzzy logic controller for this situation would monitor the gait speed and adjust the

index accordingly.

First, membership functions are established for the only input variable: gait speed.

Initial assignment of the number and arrangement of the membership functions is partly
arbitrary because these functions can be tuned later. Figure 2.20 shows the initial setup of the
three membership functions: ‘Poor, ‘Medium’, and ‘Good’ that refer to output stability. The
function ranges are assigned intuitively but can be easily adjusted later:

e Poor stability for speeds up to 1.5 m/s

e Medium stability for speeds between 1 m/s and 2 m/s

¢ Good stability for speeds from 1.5 m/s and up

Once the initial conditions are set, the output condition is configured. In this case, the
output is the stability index value. Similar to the membership functions, the rule set can be
fine-tuned later. The basic rule set for this controller would be the following:

o If gait speed intersects the ‘Poor’ function, output = 0.1 stability

o If gait speed intersects the ‘Medium’ function, output = 0.5 stability

o If gait speed intersects the ‘Good’ function, output = 1.0 stability
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L/

0

Gait Speed (m/s)

Figure 2.20: Membership functions for single input stability index controller.

After the membership functions and rule set have been configured, the fuzzy logic
controller is prepared to accept inputs. Based on a gait speed input, the system will return an
appropriate stability value based on the initial conditions. For example, if the gait speed were

1.4 m/s, the input value would intercept both the poor and medium functions (Figure 2.21).

Poor Medium Good

0.8==

O_2IIIIIIIIIIII EEEEN

0 1 1.5 2 2.5
Gait Speed (m/s)

Figure 2.21: Gait speed input for a simple stability index fuzzy logic controller.

According to the rule set, the ‘Poor’ function leads to an output of 0.1 and the
‘Medium’ function leads to an output of 0.5. The degree of membership of an input is
determined by projecting the input value vertically to the membership functions. In this case,
the input speed of 1.4 m/s has a degree of membership with the ‘Poor’ and ‘Medium’

functions. The output stability index value can then be calculated (Equation 2.3).
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(ml x ml X m2 )= output

membership membership

)+ (mzmagnitude
(0.1x0.2)+(0.5% 0.8) = 0.42

magnitude

2.3)

Equation 2.3 shows the defuzzification calculation of the stability index output. In
this equation, m/ refers to the ‘Poor’ function where m 1 agninae 1s 1% stability and
M1 membership 15 the degree of membership to the ‘Poor’ function. Similarly, m2 refers to the

corresponding values of the ‘Medium’ function.

Therefore, for an input gait speed of 1.4 m/s, the fuzzy logic controller would deem
the stability as 0.42. This output value can also be adjusted by changing the association
between the membership functions and input values or by adjusting the rule set. This is a
simplified example and does not apply any defuzzification method described in Section 2.7.4

because only one input variable was used.

2.7.2 Membership Functions

A series of membership functions are created for each input parameter. Membership
functions of varying shapes can range from Gaussian curves to single vertical lines,
depending on the desired system. Triangular membership functions (Figure 2.22) are

typically used for simplicity.

Each input parameter is mapped to membership functions that are created by the user.
By convention, the input value is on the horizontal axis while degree of membership is on the
vertical axis (Figure 2.22). A degree of membership is determined by selecting an input value
and projecting vertically to the membership functions. Depending on the membership function
layout, each input may project to more than one function. Similarly, membership functions are

also created for the output value and are used for defuzzification (Section 2.7.4).
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Figure 2.22: A set of generic triangular membership functions [modified from 191].

2.7.3 Fuzzy Rules

The user also creates a set of fuzzy rules that correlate input and output values. As mentioned
in Section 2.7.2, one input may have a degree of membership mapped to more than one
membership function. Therefore, a fuzzy rule set must consider every combination of
membership functions between all input variables. For example, if there are four inputs with
three membership functions each, then the rule set must take into account the 34 =381
possible combinations. Rule set complexity is a direct result of the number of inputs and the

total number of membership functions.

The format of each rule is “if X and Y then Z”, where X and Y are input conditions
and Z is an output condition. This is known as the ‘AND’ method. The ‘OR’ method is also
commonly used (i.e., “if X or Y then Z”). Selection of either combination method is based on
the logical interaction between the variables. The AND method is chosen for unrelated input
variables, while the OR method can be used for variables that are related in regards to the

output of the system.
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2.7.4 Methods of Defuzzification

Once degrees of membership have been assigned to each input, the input values must be
combined to obtain a crisp output. This is known as the defuzzification process. Since each
input may have a degree of membership to more than one function, there may be a few rules
from the rule set that apply to the particular configuration of input values. In Figure 2.23, the
rule set uses the ‘OR’ method and there are three membership functions for each input and
output variable. This example also employs the Last of Maximum (LOM) method of
defuzzification by obtaining the maximum value of the inputs for each rule and creating a
geometric shape by cutting the appropriate output membership function at that height. The
shapes created by each rule are combined to form an aggregate shape. Other methods of

defuzzification include [191]:

RCOM (random choice of maximum)
FOM (first of maximum)

MOM (middle of maximum)

COG (center of gravity)

MeOM (mean of maximum)

BADD (basic defuzzification distributions)
GLSD (generalized level set defuzzification)
ICOG (indexed center of gravity)

SLIDE (semi-linear defuzzification)

FM (fuzzy mean)

WFM (weighted fuzzy mean)

QM (quality method)

EQM (extended quality method)

COA (center of area)

ECOA (extended center of area)

CDD (constraint decision defuzzification)
FCD (fuzzy clustering defuzzification)

CA (Centroid Average)

MCA (Maximum Center Average)

The CA and MCA defuzzification techniques are continuous methods and are
frequently used in control engineering and process modeling. The RCOM, FOM, MOM,
COG, MeOM, BADD, GLSD, ICOG, SLIDE, FM, WFM, QM, EQM, COA, ECOA, CDD,
and FCD methods represent discontinuous techniques that are mainly used in decision

making and pattern recognition applications [191]. Leekwijck and Kerre [192] also claim
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that the maxima methods (RCOM, FOM, MOM, and MeOM) behave well with respect to the
more basic defuzzification criteria, and hence are good candidates for fuzzy reasoning
systems. The CA method was chosen for the dynamic stability index fuzzy logic controller
because of its reported effectiveness for fuzzy reasoning systems and ease of application to
the dynamic stability index system [192]. As compared with MCA, CA takes the aggregate
shape of all output functions into account while MCA only takes the centre value of the
maximum output function. While this makes MCA faster to calculate, CA may provide a

more representative result by not eliminating potentially relevant output functions.
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l {Of = max).
‘ . poor anzid } chaap
5% 4] 240
[ If  Xispoor OR Y is vancid THEN Z is cheap }
|
i‘ ; a\.rerageh
2 bt e 2 s 1 ]
02 sapesicanioy i ’ \
good a2 |
o) 25% o 25%
|1f isgood OR  Yisgood THEN Zisaversge |
excelienl :
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input 1 input 2
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Figure 2.23: Defuzzification example [modified from 193]. After the rules have all been
evaluated, an aggregate shape is created.

For the CA method, the centroid of the resultant shape is calculated and the horizontal

position of the centroid indicates the crisp output of the fuzzy logic system (Figure 2.24).
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Figure 2.24: Finding the exact horizontal position of the centroid of the aggregated shape
yields a crisp output for the fuzzy logic controller [modified from 193].

7

Figure 2.25: A simple output membership function to illustrate the mathematics involved in
the centroid method of defuzzification.

Figure 2.25 shows an arbitrary example of an output membership function. To
evaluate the mathematical steps involved in taking the centroid in the defuzzification step,
two lines must be mathematically defined that go through the corners of w and intersect

inside the shape (Figure 2.26).

For y,, the two points on the line are (x2, #) and (a+x;, 0):
First, the slope of the line must be defined:
0-h —-h

m = =
a+x -x, atx —x,
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Next, the slope is inserted into the equation of a line:

—h
yy=mx+b=—————x+b
a+x —x,

Figure 2.26: To determine the centroid of a shape, two lines must be mathematically defined that go
through the corners of the shape and intersect inside.

Then, a point on the line (i.e., (x2, 4)) is used to find the y-intercept, b:

—-h
h=———x,+b
a+x, —x,

hx ha + hx
b=h+ 2 = ‘
a+x,—x, a+x —x,

Finally, the equation of y, defined as:

~h ha + hx,
V= x+
a+x-x, a+x-x

The same manipulation is done with y;, to arrive at:

h - hx,
Y, = X+
b+x, —x, b+x, —x
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To find the horizontal position of the intersection point, a common x-value can be found by
equating the two lines:
Vi =X,
—h ha + hx, h — hx,
X+ =
a+x —x, a+x —x, b+x,—x b+x,—x
{ h | ha+hx, hx,
x + +

b+x,—-x, a+x-x,| a+x,-x, b+x,-x

; ha + hb 1 hab+ hax, + hbx,
(b+x2 —xl)(a+x1 —-xz)_ (a+x] —xz)(bnhx2 —x,)

_ hab + hax, + hbx,
ha + hb

Therefore, it is possible to obtain the exact output value of the fuzzy logic controller by
manually calculating the horizontal position of the centroid. However, this step is automated
when using the Fuzzy Logic Toolbox of Matlab (Section 4.4). The Matlab fuzzy logic
controller operates like a black box such that the internal operations are typically hidden
from view. The user must adequately describe the inputs and outputs but does not need to

define specific equations to this depth.
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Chapter 3. Rationale

Stability during locomotion, or dynamic stability, is critical to ensure general safety and a
high quality of life. Trans-tibial or trans-femoral amputees, stroke victims, Parkinson’s
patients, people with traumatic brain injuries, and the elderly population are groups that have
chronic balance problems. People who are unstable during locomotion could require physical
therapy, pharmaceutical interventions, or ambulatory aids to reduce the risk of falls [195].
Stability evaluation is a crucial step in rehabilitation to evaluate progress and to ensure that

correct procedures are being administered [72].

In studies involving stability measurement, gait stability examination tends to be either
a clinical observational test or an investigation of kinetic or kinematic gait components
measured by force plates or marker and camera-based systems that confine data collection to
a laboratory setting. More importantly, stability analysis is ultimately reduced to a subjective
evaluation. A dependence on interpretation or reaction time of the assessor is associated with
an observational test score or in assessing a qualitative stability parameter. Currently, a
validated tool that produces an index of dynamic gait stability does not exist. By establishing
a standardized scale, each stability measure would be objective, quantitative, and reliable.
Furthermore, by using a portable system, gait stability could be measured in outside

environments and would not be confined to a laboratory.

In a clinical setting, observational gait assessment measures are still most frequently
used, even though these measures often depend on either the scoring of an evaluator or the
reaction time of an assessor when timing the subject on an activity. A common gait stability
evaluation technique in research combines force plates (Section 2.4.1) and a camera/marker-
based system (Section 2.4.2). Although some stability parameters from these systems may be
used in the new stability index, the data acquisition methods themselves are not feasible for a
portable system. Accelerometers (Section 2.4.3) were also not included in the present study
as they require time to be secured to the subject and to be calibrated. If necessary,
accelerometers could be added in the future; however, successful stability index

implementation with only one measuring device would create a more efficient system.
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A fuzzy logic controller was chosen as the method of combining stability parameters.
Fuzzy logic is a fast technique of obtaining a crisp output given precise inputs without
requiring any defined transfer functions between the quantities. An artificial neural network
(ANN) was another option for the parameter combination task but was not chosen because of
its dependence on training data that are not available since there is no gold standard when
measuring stability. The rationale for choosing a fuzzy logic controller for this project is

detailed in Section 4.4,

3.1 Limitations of Current Gait Stability Measurement Methods and Equipment

Many different methods have been used to assess gait stability. Section 2.5.2.2 describes
some previous research that considered COG velocity, COG vertical projection and torque
and state boundaries that are all derived from COG data. Unfortunately, total body COG-
based information cannot be obtained with a portable system. Therefore, stability parameters
from COG were omitted from the current study to minimize equipment requirements and to
allow for data collection outside of a laboratory. However, most unstable gait indicators that
cause abnormal COG motion should also be distinguishable via unstable COP behaviour that
can be observed with a portable pressure measurement system. As a result, this research

focuses on the motion of foot-COP.

A number of foot pressure measurement systems are described in Section 2.4.4. The
Parotec System (Section 2.4.4.1) and the Pedar-X System (Section 2.4.4.2) can both be made
portable but they have a low resolution. Although most optical methods (Section 2.4.4.4)
tend to have high spatial resolution and work well for dynamic gait evaluation, they are not
portable and would also not be feasible for this study. However, the F-Scan system can be
made portable, has a high spatial resolution, and has proven to be a reliable method for

dynamic gait analysis.

Although the literature shows that F-Scan has difficulty measuring the exact applied
pressure on the sensors when shear forces are involved (Section 2.4.4.7), the stability index

would only require a relative pressure distribution as input data. The position and motion of
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the COP would be more important than exact pressure values at each cell. Therefore, shear
error in the first and last segment of the gait pattern would not be an issue [112]. Therefore,
the F-Scan in-shoe pressure measurement system was used for establishing a dynamic

stability index of human gait in this research.

Currently, the most common methods of gait analysis in a clinical setting are
observational measures. As mentioned above, these can be inexact and rely heavily on
interpretation or reaction time of the evaluator. Force plates and camera/marker-based
systems are also used for research purposes but also have shortcomings addressed in Section
2.4.5. F-Scan is a portable and accurate system that can obtain foot pressure with a high
spatial range. This plantar pressure data can be processed to create a quantitative index of
gait stability that could be used for objective gait stability assessment and comparison in

clinical and research settings.

3.2 Applications of a Portable Dynamic Gait-Stability Index System

Many people could benefit from knowing their stability level in a non-laboratory
environment. People with physical disabilities, patients recovering from surgery or an
accident, people working on unstable platforms/boats, and competitive athletes would all
benefit from accurate stability measurement in a real-world environment. In a laboratory,
recreating uneven terrain is difficult; therefore, assessing dynamic stability with a portable
system would be advantageous. In fact, bringing recovering patients outside to evaluate their
stability in irregular conditions is common practice during the rehabilitation process.
Standard clinical tests exist for simple measurements of balance (Section 2.3); however,
these measures cannot provide a quantitative means of comparing dynamic stability between

various environments [6].

A dynamic gait stability system could help when fitting patients with a new orthosis
or prosthesis and would allow for comparisons between different devices and treatment
methods. Clinicians would also be able to assess different alignments or fitting of devices

and the impact they have on the patient’s stability level.
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A stability index could be used to determine the level of recovery as well as help to
improve existing performance levels. For athletes that excel at a certain level of instability,
such as a discus thrower, an instability threshold could be identified beyond which their
athletic performance decreases. By analyzing an athlete’s performance and seeing where
minor improvements could be made, slight alterations in their training style or even

customized footwear may be implemented to increase their capabilities.

Footwear is another area where this type of system may be applicable. By locating
periods of gait instability, footwear could be redesigned to improve stability during specific
activities. A portable stability analysis system could work on running tracks, skating rinks, or
even on ski slopes. The resulting analyses could lead to comfortable customized footwear for
a vast array of activities and footwear that increases athletic performance. As well,
evaluation of stability on various surfaces could lead to influencing the design of playing

surfaces in sports, and floor surfaces in the home and office.

A stability index can also be used when evaluating potentially dangerous activities.
Walking on trails and playing certain sports may result in injury for elderly or visually impaired
people. Having a stability index associated with these activities could greatly assist in activity

planning (i.e., providing better instructions to the patient or changing assistive devices).

Another projected application of this type of system would be to observe gait stability
of a person on certain medications to gauge how the medication affects balance. Stability
analysis can also lead to a minimum balance measure for activities like driving, where a
quick stability measurement could show if a driver is significantly impaired. Although
alcohol can be immediately detected with a breathalyser, there is no definite way to quickly

assess impairment from other substances like drugs or medication.

It is important to note that potential applications of the stability index that extend
outside the scope of level ground walking would only be possible after extensive
development and testing to properly correlate stability measures with performance within

that specific environment or activity.
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3.3 Thesis Objectives

The goal of this research was to develop and clinically validate a quantitative dynamic
stability index for human locomotion. The tool had to be easily applied within a research and

clinical setting and portable for use on uneven terrain, indoors/outdoors, stairs, and ramps.

The objectives of the research were the following:
1. Obtain valid foot pressure data of human gait with a portable data acquisition
system.
2. Properly filter the data to adequately suppress any spike-valued noise that do not
represent the applied load of the foot.
3. Divide the data into strides for analysis.
4. Extract the gait stability parameters (Section 4.3) from each stride of the foot
pressure data.
5. Develop a fuzzy logic controller to properly combine the stability parameters and
produce a single stability index value that reflects the stability of each gait pattern.
6. Validate the stability index in a clinical setting.
- Simulate four levels of stability and evaluate each level with the developed
stability index system.
- Assess the ability of the stability index to differentiate between induced
stability levels.
7. Analyze the results with all stability parameter combinations to determine what

stability parameter combination creates the most effective dynamic stability index.
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Chapter 4. Methods

To establish a valid stability index system, the requirements, capabilities and limitations of
the system had to be determined in regards to equipment and software. This chapter
describes the design criteria and necessary equipment for the system. The following sections
also review all the raw data manipulation steps involved in obtaining viable stability
parameters and the development of a fuzzy logic controller used to arrive at a final stability
index. Clinical testing for validation and fine-tuning of the fuzzy logic controller is described

in Chapter 3.

4.1 Design Criteria

The proposed stability measurement system should be portable, easy to use, and produce a
measure of stability within approximately 20 minutes of collecting a foot pressure trial. The
index should assess dynamic stability of forward-progressing gait according to the following

criteria;

o Measurement device
o Does not interfere with gait
o Measures the stability parameters used to calculate the index
o Is portable such that it can be used indoors, outdoors, on rough and contoured
terrain, and on stairs and ramps
Is easy to apply and operate in a clinical and research environment
Collects the necessary data within 20 minutes
Produces a stability index within 5 minutes of collecting foot pressure data
Provides accurate quantitative data
Is the only device required to provide all index components

O 00O0O0

e Index calculation and analysis
o Combines measurements of stability parameters into a single index value
ranging from 0 (good stability) to 1 (poor stability)
o Directly imports measurement data
o Automates data analysis and index calculation (i.e., additional user
intervention not required)
o Iseasy and efficient to operate
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4.2 Equipment

The main equipment used for calculating the dynamic stability index includes the F-Scan
Pressure Measurement System including two insoles and a data-logging pack, Microsoft
Visual Basic 6.0 (VB6), and Matlab. Memory foam was used to artificially induce instability
during clinical testing as part of this research; however, it would not be used for assessing
subjects once the system is developed. The foam pieces consisted of 2.5 cm thick medium

memory foam adhered on top of 2.5 cm hard memory foam.

4.2.1 F-Scan

The dynamic gait stability index was based on foot pressure data obtained with the F-Scan
Pressure Measurement System. F-Scan (Section 2.4.4.7) has sufficient accuracy and

reliability to supply the required input data for the dynamic gait stability index model.

The F-Scan raw data file contains a large array of pressure values. A cell refers to a
single pressure-sensing element. A frame is a snapshot of all pressure-sensing elements at
one instant in time. One frame of raw data consists of 60 x 21 = 1260 cells. A typical data

acquisition trial has approximately 1000 frames of data.

F-Scan stores the pressure value at each cell in N/m? and internally calculates the

COF per frame. Figure 4.1 shows one frame of raw F-Scan data.
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Figure 4.1: One frame of raw F-Scan data showing the instant between foot-strike and mid-
stance of the left foot. This image displays the pressure on the toes at the top of the image
and on the heel at the bottom of the image. Each cell indicates a pressure reading by a
sensing element given in N/m”.

4.2.2 Index Calculation

Two approaches were investigated for stability parameter calculations: Visual Basic for
Applications (VBA) with Microsoft Excel and Visual Basic 6 (VB6). The stability parameter
extraction code was initially written in VBA but was later transferred to VB6 to increase
efficiency. Excel with VBA enables Visual Basic code to be written using Excel spreadsheet
application functions; however, Excel’s computational overhead resulted in an excessive

index computation time of approximately 40 minutes per data run. Implementation of the
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index calculations in VB6 produced an improvement in processing time by a factor of 60.
With VB6, the processing time from the F-Scan raw data to the outputted stability

parameters is approximately 40 seconds.

A Matlab fuzzy logic controller was used to combine the parameters from VB6 into the
stability index value. As explained in Section 2.7, fuzzy logic is a technique to combine
quantities without knowing exact transfer functions between the inputs and outputs. This
approach is ideal since stability itself is an inexact quantity and it is not currently defined as
any specific combination of stability parameters. A fuzzy logic controller would allow for
the future fine-tuning of the parameter combination approach to ensure the best response of

the index. The full design and operation of fuzzy logic controllers is explained in Section 4.4.

4.3 Stability Index Parameter Measurement

Stability parameters were obtained from the F-Scan system raw data and COF data. The
following sections describe some preliminary tests with the F-Scan raw data and also details

each stability parameter used in the final stability index.

A preliminary F-Scan data set was created by capturing 5 trials during normal
walking and 5 trials with the subjects purposefully creating A/P and M/L deviations. Test
data was collected from two subjects. The experimental equipment settings were the same as
with the clinical testing (Section 5.2.2). Data from these trials were used in evaluating the

preliminary tests discussed in this section.

4.3.1 F-Scan Data File Processing

F-Scan raw pressure and COF values for the entire trial were exported as text files. These

data were imported by a VB6 program for analysis and manipulation.

The position on the foot and value of the maximum force (MF) can be extracted by
separating the data by frame and searching for the maximum value. This is done with a
search algorithm that locates and records the position and value of the cell with the

maximum registered pressure within each frame. With F-Scan, since force is proportional to
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pressure (by the area of one sensing cell), the maximum pressure position would indicate the
maximum force position. In Equation 4.1, force F is proportional to pressure P by a factor

of # which is the area of one sensing cell on an F-Scan pressure sensor.

F=pP @.1)

The COF data file is a series of COF values and positions for each frame. The
difference between the MF and the COF is that the MF is the single cell with the highest
pressure value while the COF is the weighted centroid of all the pressure values over the

entire foot. The two values both contribute valuable stability information for each stride.

4.3.2 Preliminary Experiments

Once the raw F-Scan data was obtained from the system, the data needed extensive
processing to obtain legitimate stability parameters. This section outlines some of the
preliminary experiments and processing attempts that were done in an effort to obtain gait
stability parameters that could be used for the index. Some methods described in this section
attempt to eliminate electronic noise from the F-Scan sensor. This noise consists of discrete
spikes, lasting for one or two frames, that register high pressure values at single cells on the
sensor. The anatomy of the human foot cannot produce such high pressures in one F-Scan
cell without activating neighbouring cells. These spikes should be eliminated prior to

obtaining the stability parameters.

4.3.2.1 Data Filtering

One problem with obtaining the maximum force position is that erroneously high-valued
data cells could easily be misinterpreted as the maximum force. A single cell can spike to a
high value that does not represent the applied load. Sometimes one or more cells on the
sensor will also remain active throughout a data acquisition trial which would typically be
due to a small crumple in the sensor. When this occurs, the registered pressure by the sensor
is much higher than a typical plantar-pressure reading. As well, if the values from two cells
are equal, the cell with the higher surrounding values must be identified. A data filter must

be applied to correct for this noise.
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A low-pass averaging filter can be easily applied in two dimensions and was chosen
as one of the filtering methods [120]. The mask shown in Figure 4.2b is applied to the
original data (Figure 4.2a) to modify the central cell, as shown in Figure 4.2c. The mask is
moved over the entire array of cells to modify all cells of the array except those on the border
of the array, and thus generate a new filtered data set. A nine-cell averaging filter results in
much smoother data with the high frequencies greatly reduced. To reduce the calculation
time, a five-cell average, that omits the corner values, could be used to obtain a new filtering

mask (Figure 4.3).
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Figure 4.2: Nine-cell filtering algorithm applies a filter mask to the original data values to
create a new central cell value: (a) original data (b) filter mask (c) resulting modified central
cell. The mask is moved over the entire array of cells to modify all cells of the array except
those on the border of the array.

Figure 4.3: Five-cell filtering mask used in an attempt to eliminate high frequency noise
from the raw data with a reduced computation time from the nine-cell filtering mask.

Figure 4.4 shows the two filtering methods applied to a sample of F-Scan MF data.
According to the graph, the nine-cell averaging filter is much more effective in reducing the

high frequency fluctuations in the data, as expected.
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A nine-cell median filter, that uses the median of the center cell and eight neighbours,
was also considered as a method of modifying the central cell value (Figure 4.5). Median

filtering is commonly used in image processing for removal of strong spike-like isolated
noise [196].

16 o
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Figure 4.4: Graph comparing MF data obtained with a nine-cell averaging filter, a five-cell
averaging filter, and unfiltered data. The intermittent spikes from the unfiltered data are
visibly reduced when a nine-cell averaging filter is applied.

The median filter was the better choice for filtering the data because, instead of
averaging in the spike-valued error, it completely eliminated the error value when
determining the new central cell value. A full data analysis was done to show that the nine-
cell median filter was the most effective filtering technique for this application
(Section 6.1.1). Based on that analysis, all raw F-Scan data were run through the nine-cell

median filter prior to processing.

58



1 median {n;,n,...,ng} 1

Figure 4.5: Mask used to apply a median filter to the raw data.

4.3.2.2 Thresholding

Further processing on the filtered data involved thresholding. When the subject’s foot
is not in contact with the ground, cells may still record pressure values. These readings do
not reflect gait stability and mostly occur during foot-strike and push-off, making it difficult
to distinguish between strides. A threshold setting in the F-Scan software can eliminate these
values before exporting the raw data; however, the internal F-Scan threshold has some
limitations. The threshold resolution is not always effective and the threshold will sometimes
remove important data or allow too much noise. The F-Scan threshold can be set between 3
and 20 raw units to filter out low-level pressure readings in the sensor areas that are not

loaded [197].

To account for the shortcomings of the F-Scan threshold, an additional threshold was
implemented in the MF calculation. While calculating the MF for each frame of pressure
data, the MF would be assigned a value of zero if below a specified minimum value. The
threshold for each trial was determined by slowly incrementing the threshold until strides
could be distinguished. MF thresholding results in a filtered data set with distinct strides, a

critical step in determining a dynamic stability index.

4.3.2.3 COF Inflection Points

Gait instability could be described as any unnecessary fluctuations in the COF progression. If
the COF has an unreasonably high frequency in the A/P or M/L directions, the system should

detect this as instability. Concavity shifts in a curve are inflection points where the second
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derivative of the curve has a zero crossing and the original data curve switches from concave
up to concave down or vice versa (Figure 4.6). According to Figure 2.3, only one concavity
shift should occur in the COF path in the stance-phase of healthy gait. It should be noted that
Figure 2.3 is not a displacement-time graph, but the general shape would be the same if the
horizontal axis were time instead of anterior displacement of the COP on the foot. Additional
concavity shifts would indicate extra shifts in location of the subject’s weight during stance-
phase that would be a sign of instability. Therefore, the number of concavity shifts in the

COF position data could be a measure of instability.

concave down

[ concave up

(©) /(%)

Figure 4.6: An example of a concavity shift and its effect on the first and second derivative:
(a) original data (b) first derivative (c) second derivative.
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When the second derivative of a curve is zero, an inflection point may be identified
without a change in the sign of the first derivative (Figure 4.7). The curve changes from
concave down increasing to concave up increasing. This type of inflection point in the raw
data can show a point when the COF velocity increased or decreased in magnitude which
would indicate points where the subject switched from accelerating to decelerating or vice
versa. A high number of inflection points in the COF data would show that the subject
repeatedly adjusted their velocity in either the M/L or A/P directions, and this would be
considered instability. Therefore, the number of zero crossings of the second derivative
should be a good measure of gait stability. The number of inflection points would indicate

how often the subject shifted their weight and adjusted their speed during stance-phase.

/ P
7 x=0 /

f £7(0)=0

Figure 4.7: An example of an inflection point where the second derivative of the curve is
equal to zero yet there is no change in the sign of the first derivative. The curve goes from
concave down increasing to concave up increasing.

Figure 4.8 shows that a gradual curve in the data would have a first derivative with a
low slope and therefore a low value for the second derivative. Subsequently, a sharper curve
would have a high first derivative slope and a high value for a second derivative. Higher
second derivative values could represent outliers or artefacts in the data that would have to

be removed to analyze the remaining valid stability information.
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Figure 4.8: Derivatives of different types of curves in raw data; the second derivative value
is higher with a sharper curve.

To test this method, test trials of stable gait and unstable gait were processed.
Unfortunately, the COF data output by F-Scan was not sufficiently smooth to be processed
with the second derivative analysis technique. The second derivative values fluctuated too
much to reveal the desired behaviour in the COF position graph (Figure 4.9). The number of
second derivative zero crossings for the unstable and stable stride were very similar and

could not be adequately differentiated.

When implementing a second derivative-based algorithm, the objectives are to first
differentiate instability peaks from noise in the data and then analyze the valid stability data.
Therefore, the procedure must be able to first locate the valid stability information. It is
assumed that some high frequencies in the data would be too fast to be caused by a human
subject and these would have to be eliminated. An effort was made to appropriately filter the
high values of second derivative data from test trials; however the technique was too
sensitive to noise and the stability data could not be isolated. As a result, F-Scan data
concavity shift analysis was abandoned. Another data analysis option was to examine the

first derivative of the data which is explored in Sections 4.3.3 and 4.3.4.
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Figure 4.9: Raw data and second derivative graphs of stable and unstable A/P COF motion.
The raw data consists of the A/P COF position on the F-Scan sensor insole versus the frame
number. Higher row (A/P position) values indicate activity at the heel of the sensor. The
second derivative of this data refers to the acceleration of the A/P motion.

4.3.2.4 Frequency Analysis

The Fourier transform is based on the concept that any curve can be represented by a number

of sine and cosine functions with varying amplitudes. Equation 4.2 shows the general Fourier

series where a, and b, are amplitudes of the trigonometric functions.

f(x)= %" + a, cos(x) + a, cos(2x) + a, cos(3x) +...+ a, cos(nx)

4.2)

+ b, sin(x) + b, sin(2x) + b, sin(3x) + ... + b, sin(nx)
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A Fourier transform takes a set of continuous data and translates the set to the
frequency domain. The result isolates frequencies that create the original data curve.
Performing a Fourier transform on a data set finds the dominant frequencies present in the

data (Figure 4.10).

Similar to the concavity analysis, Fourier analysis applied to foot pressure data aims
to first distinguish instability peaks from noise in the data and then eliminate the high-valued

noise frequencies to analyze the remaining valid stability data.

Ideally, in observing a Fourier transform of COF data, higher frequencies would
indicate more perturbations in the COF progression. The test trials of stable and unstable gait
were again used to verify if the frequency analysis technique would work. Unfortunately,
similar to the concavity analysis, noise associated with the F-Scan COF data was too
inconsistent to appropriately remove. The noise and the valid foot pressure data occur at
similar frequencies and without knowing the exact values of the noise frequencies, the noise
cannot be successfully eliminated without affecting the valid foot pressure data. Therefore,
no cut-off frequency can be applied to eliminate noise and the frequency analysis approach

was not used.
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Figure 4.10: Examples of Fourier transforms (modified from [198]).

4.3.3 Anterior/Posterior (A/P) Stability
The A/P stability parameter was the first parameter to be included in the final stability index
calculation. During stable gait, the COF should move from the heel to the forefoot without
any unnecessary fluctuations. Any backward shifts in COF position are signs of instability.
As shown in Figure 4.1, the pressure should move in the negative direction from high row
numbers to low row numbers (i.c., from row 60 to row 1 on the F-Scan sensor), and therefore
should have a negative slope throughout stance-phase on a graph of position (row number)

versus time (Figure 4.11).
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Figure 4.11: A/P position of the COF measured during stance phase. A high position value
would be at the heel of the sensor and a low value would be at the toe.

A/P stability evaluation used the first derivative of the A/P COF data. A positive
slope in the graph of position (row number) versus frame number (Figure 4.11) would
indicate hindered forward progression. The number of frames with a positive first derivative
is proportional to the amount of time the subject spent moving backwards. The number of
samples per stride S was used to normalize the parameter to account for increased deviations
as a result of a higher sampling rate. Equation 4.3 shows the calculation of the AP parameter

where p is the number of frames with a positive slope.

p
AP =% 4.3
R 4.3)

4.3.3.1 A/P Stability Parameter Calculation Pseudocode
The algorithm for obtaining the A/P stability parameter was the following:

e Obtain the A/P position values (row numbers) of the COF for all frames of a data
acquisition trial.

o Create ap_count as a counting variable

e For each stride (analysis in Section 4.3.7.1):
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o Differentiate the A/P position values with respect to time by subtracting each
frame’s COF A/P position from the preceding frame’s value
(i.e.x'(¢#) = x(¢) — x(¢ - 1)), and divide by the change in time which is 1 frame.
o For each frame:
» If the first derivative point is positive then increment ap_count.
o Divide ap_count by the number of samples in the stride to obtain the A/P
stability parameter.

4.3.4 Medial/Lateral (M/L) Stability

An M/L stability index parameter was also included in the final stability index. This
parameter should accurately measure excess M/L COF motion during stance-phase. M/L
stability analysis was slightly different from the A/P analysis because an M/L COF curve
was expected to move laterally until mid-stance and return to the medial side of the foot
during push-off (Figure 2.3). To analyze this motion, the M/L COF position (i.e. the column
number of the F-Scan sensor) was differentiated over an entire stride. The resulting data was
then used to look for transitions between positive and negative slopes of the raw M/L. COF
data (i.e. zero crossing of the first derivative). M/L COF position switches from a positive
slope to a negative slope indicate an M/L shift in the COF of the subject. Increased
positive/negative slope transitions in M/L. COF position data would mean more M/L COF

shifts throughout stance-phase and, therefore, increased instability.

A frequency measure of M/L COF shifts would be a good M/L stability index
parameter; however, the data contains noise that would need to be removed. To isolate the
important stability information, a dynamic (dual) threshold was implemented. The concept of
a dynamic (dual) threshold is illustrated in Figure 4.12. Once the threshold is passed, it
immediately changes sign (positive to negative or vice versa) to become the second
threshold. Therefore, a shift would not be counted if the same sign threshold were repeatedly

passed due to low amplitude fluctuation in value.
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Figure 4.12: M/L position and velocity of an unstable stance-phase. The (*) indicates the
counting of a shift due to the M/L COF velocity value exceeding two thresholds of opposite
sign at 0.5 and -0.5 M/L COF velocity.

When the COF velocity data in Figure 4.12 has a negative value, then the M/L COF

position data is moving in the negative direction. Similarly, when the velocity data has a

positive value, then the M/L COF is moving in the positive direction. Therefore, a zero

crossing (positive to negative switch) in the velocity-time curve would indicate COF

movement from lateral t

o medial. In Figure 4.12, the threshold triggers when the COF
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velocity makes a jump of 1.0 mm/s. Therefore, the subject has to substantially shift their
COF in the M/L direction to pass the double threshold. Small amplitude high frequency
variations of position seen in the COF velocity graph in Figure 4.12 would not be counted,
thereby isolating the subject’s actual shifts in COF in the M/L direction. Therefore, the
number of times the dynamic dual threshold is passed is an indicator of the number of shifts

in COF in the M/L direction.

4.3.4.1 M/L Stability Parameter Calculation Pseudocode

The algorithm for obtaining the M/L stability parameter was the following:

¢ Obtain the M/L position values (column numbers) of the COF for all frames of a data
acquisition trial.
e Create trigger count as a counting variable.
¢ For each stride (analysis in Section 4.3.7.1):
o Initialize trigger count.
o Differentiate the M/L position values with respect to time by subtracting each
frame’s COF M/L position from the preceding frame’s value (i.e.
y'(t) = y(t) — y(t - 1)), and divide by the change in time which is 1 frame.

o For each frame of the stride:
» If the first derivative value exceeds the threshold:
e Increment trigger count.
e Change the sign of the threshold.
o The M/L stability parameter is equal to the value of trigger count.

4.3.5 Maximum Lateral Placement of Force

Another stability index parameter was created based on the maximum lateral placement of
the COP. Movement of the COP to the lateral side of the foot indicates unsteadiness.
Extreme COP lateral placement causes instability and even falls [136, 182]. The F-Scan
column data (Figure 4.1) represents the M/L COP position and can be used to assess the
lateral movement of the subject’s total body centre of gravity and the maximum lateral

placement of the COP.

To detect extreme COP lateral placement, a search algorithm was performed on the
MF data. Section 4.3.1 describes the method of obtaining the value and row/column position
of the maximum registered pressure in each frame of F-Scan data. To find the maximum

lateral placement of force, the frame with the furthest lateral MF column value was isolated
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and compared to the width of the sensor. The further this value was to the lateral side of the
foot, the more unstable the subject. Therefore, the maximum lateral COP placement

parameter was the furthest lateral column number that registered a maximum force.

4.3.5.1 Maximum Lateral Position Stability Parameter Calculation
Pseudocode

The algorithm for obtaining the maximum lateral position stability parameter was the
following:

e Obtain the M/L position values (column numbers) of the MF data for all frames of a
full data acquisition trial.
e For each stride (analysis in Section 4.3.7.1):
o Obtain the maximum lateral position of the MF. This is used as the stability
index parameter.

4.3.6 Cell Trigger Frequency

A cell triggering frequency stability parameter was also added to the calculation of the gait
stability index. As mentioned earlier, the ideal stance-phase would progress smoothly from
heel to fore-foot. As a result, F-Scan cells that come into contact with the foot should only
activate once throughout an ideal stance-phase. A cell could be held in the ‘ON’ position for
any number of frames, but once deactivated the cell should not be triggered again. Activating
a cell more than once is a sign of abnormal weight shifting, hence an indication of instability.
Therefore, the cells that are triggered more than one time during stance-phase can be used as
a parameter for the gait stability index. To obtain this index parameter, each frame of filtered
and thresholded F-scan data is compared to the previous frame in time. The cells are tagged
with an ‘ON’ or ‘OFF’ label for each frame. The number of times each cell is triggered
throughout a stride is monitored and the cell that is triggered the most often is isolated. The
cell triggering frequency parameter also takes into account the number of samples in the
stride by dividing the cell trigger frequency by the total number of frames (i.e., normalizing
to 100% of stance time). Therefore, the cell triggering frequency stability parameter is the
maximum number of times a cell is triggered during a stride divided by the number of frames
in the stride. Equation 4.4 defines the cell triggering frequency stability parameter C where T
is the maximum number of times a cell is triggered throughout a stride and S is the number

of samples in the stride.
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4.3.6.1 Cell Triggering Frequency Stability Parameter Calculation

Pseudocode

The algorithm used to obtain the cell triggering frequency stability parameter was the
following:

e Obtain the filtered data set for all frames of a full data acquisition trial.
e Create three arrays the size of an F-Scan sensor, f arrayl, f array2, and f array.
e For each stride (analysis in Section 4.3.7.1):
o Initialize f arrayl, f array2, and f array to zero.
o For each frame:
* For every cell in the frame, store a value of 1 in the corresponding cell
of f array2 if the cell has a registered pressure value and a 0 if not.
* For every cell in the previous frame, store 1 in the corresponding cell
of £ arrayl if the cell has a registered pressure value and a 0 if not.
e Forevery cell:
o Iff array2—f arrayl =1 then the cell was just
activated:
= Add 1 to the corresponding element in f array.
o After going through each frame of the stride, the maximum value of f array is
divided by the number of frames in the stride to obtain the cell triggering
frequency stability parameter.

4.3.7 Stride Parameters

Stride time (ST) and double support time (DST) are known to have a direct correlation to
gait stability (Section 2.5.2.3). Therefore, these parameters were used in the gait stability
index. ST is the time from heel-strike to heel-strike of one foot. DST is the time when both
feet are in contact with the ground, or the amount of time spent in the double support phase.
Both ST and DST should increase as gait stability decreases. These parameters can be
extracted after the F-Scan data is divided into strides. According to Ochi et al. [199], when
dealing with stroke patients, the typical ST is 2.22 £ 0.92 sand DST is 1.15 £ 0.38 s.

The stride division algorithm searches through the data and stores consecutive frames

with a registered maximum force (according to the F-Scan and software-based threshold
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described in Section 4.3.2). A maximum force is not registered for the frames when the foot
is not in contact with the ground (i.e., swing phase). Therefore, each series of consecutive
frames with a registered maximum force is considered to be stance-phase. The number of
frames in a stride would consist of the entire stance-phase (frames with a registered
maximum force) as well as the following swing-phase (frames with zeros until the following
registered maximum force). The number of frames in the stride is divided by the sampling
rate to calculate ST. The F-Scan data of the left and right foot are also compared with respect
to time such that the overlap between left and right strides reveal when both feet are in
contact with the ground. The number of frames in a stride where both feet register a

maximum force, divided by the sampling rate yields DST.

4.3.7.1 Stride Time Stability Parameter Calculation Pseudocode

The algorithm for obtaining the ST stability parameter was the following:

e Obtain the filtered MF data for a full data acquisition trial.
o Create start_frame, end_frame, and st_count as a counting variables.
e For each frame:
o Register the first frame number of the stride in start_frame.
o st_count is equal to start frame of the stride (initially frame 1).
o Repeat until the frame has no registered maximum force:
o Ifthe frame has a registered maximum force:
e Increment st count.
o {Now st _count is equal to the frame number at the end of push off.}
o Repeat until the frame has a registered maximum force:
o [fthe frame has no registered maximum force:
e Increment st _count.
o {Now st_count is equal to the frame number at the start of the following heel
strike.}
o end_frame = st_count
O st_count = end_frame — start_frame
o Register these variables with the stride and repeat for the following stride.

e Once all the strides have been stored (at end of file), for each stride:

o Divide the number of frames in the stride by the sampling rate to obtain the
ST.

4.3.7.2 Double Support Time Stability Parameter Calculation Pseudocode

The algorithm for obtaining the DST stability parameter was the following:

e Obtain the filtered MF data for the left and right foot of a full data acquisition trial.
e Create dst_count as a counting variable.
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o For each stride (analysis in Section 4.3.7.1):
o Initialize dst _count.
o From the start frame to the end frame of the stride:
= Ifthere is a registered maximum force in both the left and right foot
data of the frame, then increment dst_count.
o dst_count is divided by the sampling rate to obtain the DST.

4.3.8 Summary of Stability Index Parameters

Given the F-Scan system capabilities and limitations, six gait stability parameters were

chosen as input for the dynamic stability index (Table 4.1); A/P, M/L, maximum lateral

position, cell triggering frequency, ST and DST. The A/P and M/L parameters, defined in

Sections 4.3.3 and 4.3.4, are associated with abnormal weight shifting in the A/P and M/L

directions. The maximum lateral placement of force, described in Section 4.3.5, identifies the

most lateral position of maximum force during stance-phase. Another parameter is based on

the F-Scan cell triggering frequency (Section 4.3.6). Finally, ST and DST are temporal gait

measures that have been used in many studies in determining stability (Section 4.3.7).

Table 4.1: Overview of parameters used in dynamic gait stability index.

Stability Index

Parameter

Method

Rationale

A/P Parameter

Source: first derivative of COF A/P position
(F-Scan COF row data)

Processing: Number of frames with a
positive first derivative value (posterior
motion) divided by total number of frames in

the stride.

Posterior COP motion during gait is an
indication of instability (i.e.,

perturbations in A/P curve).

M/L Parameter

Source: first derivative of COF M/L position
(F-Scan COF column data)

Processing: The M/L parameter detected
and counted significant M/L shifts in the
COF position data.

Excessive M/L COP perturbations are
a sign of gait instability (i.e.,

perturbations in M/L curve).

Maximum

Lateral Position

Source: Median and averaging filtered MF

position column data

Processing: Frame where the MF is at its

most lateral position.

Excessive lateral placement of the
COP causes unstable gait. This
parameter correlates well with gait

instability.
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Cell Triggering Source: Filtered F-Scan pressure data An ideal stride would only activate

Frequency Processing: The maximum number of times | each cell once. Reactivation of a cell
that a cell is triggered, divided by the during one stride is a sign of abnormal
number of frames in the stride. weight shifting.

Stride Time (ST) | Source: Filtered MF values ST is a well-known measure of gait
Processing: The number of samples in a stability.

stride is divided by the sampling rate to find

ST.
Double Support Source: Filtered MF values DST is a well-known measure of gait
Time (DST) Processing: The left and right stride data are | stability.

compared to each other and the number of
overlapping frames is divided by the

sampling rate.

4.4 Fuzzy Logic Controller

Once the stability parameters have been isolated and calculated, the values must be
combined to achieve a final index. The fuzzy logic controller was the tool selected for
combining the dynamic stability index parameters. An artificial neural network (ANN) is
another option for the parameter combination. An ANN is a data modeling tool that can
capture and represent complex input/output relationships. A typical ANN requires a desired
output in order to ‘learn’ the weights and system coefficients. The goal of an ANN is to
create a model that correctly maps the inputs to the output using historical or ‘training’ data
so that the model can be used to produce the outputs for any new inputs [200]. The ideal
application of an ANN is for pattern recognition or data classification [201]. However, in the
case of a dynamic stability index, the output is unknown. The purpose of the combination
technique is to establish the output index. The effectiveness of an ANN is directly related to
the training data provided. Since a clear relationship between input and output is difficult to

determine in order to create the training data sets, ANN was not used for this research.

Fuzzy logic controllers, on the other hand, can be customized according to the
expected input values and they can also be established with no initial data. Fuzzy controllers
are versatile and can be programmed to deal with any type of application. The main strength

of a fuzzy logic controller is the ability to relate quantities that do not have a clear
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mathematical connection, such as stability index parameters. As well, by using a fuzzy logic
controller, the combination technique can be finely adjusted in the future. An alternative
method would be to sum a normalized value of each of the parameters. However, even
though neither method immediately guarantees a good result, the fuzzy logic model has a lot
more control over the combination methods with its rules and membership functions, and it

would be easier to adjust in the future.

4.4.1 Fuzzy Logic Controller used for the Stability Index

This section outlines the fuzzy logic controller built in this thesis to generate the stability
index.

4.4.1.1 Membership Functions

The stability index platform is built with four triangular membership functions for each

parameter and is illustrated in Figure 4.13:
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Figure 4.13: Layout of four evenly-spaced triangular membership functions used for each
input parameter.

Ranges for the A/P, M/L, Cell Triggering Frequency and Maximum Lateral Position
parameters were established by retrieving the upper limit of the variables from clinical
testing trials (Chapter 5) in an attempt to span the range of all possible values. These
parameters were constructed for this research project and, as a result, their limits would not

be documented in previous research studies. The upper limits of ST and DST used the worst
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case scenario for stroke patients from the literature (Section 4.3.7). The membership

functions were spread evenly over the range of the input variables (Table 4.2).

Table 4.2: Stability parameter ranges and membership functions used in the stability index
fuzzy-logic controller.

Parameter Good Med-Good | Med-Poor Poor Measure
A/P 0-0.1 0.04-0.24 1 0.16-0.36 | 03-04 | AP= %
Number of significant
M/L 0-0.025 | 0.01-0.06 | 0.04-0.09 | 0.075-0.1
M/L shifts in COP
Maximum Furthest lateral position
Lateral 0-3.25 1.3-78 52—-11.7 | 975-13 | ofthe COP
Position
Maximum number of
Cell
times any cell is
Triggering | 0-21.25 8.5-51 34-76.5 | 63.75-85 )
retriggered
Frequency .
throughout one stride
Time from foot strike to
Stride ) i
0-1.02 | 041-2.44|1.62-3.65 ]| 3.05-5.08 | following foot strike of
Time (s)
the same foot
Double Time with both feet in
0-0.66 | 026-157|1.05-2.36 | 1.97-3.28 )
Support (s) contact with the ground

The number of membership functions was increased to six for the output parameter to

increase the sensitivity of the controller (Figure 4.14).
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Figure 4.14: Six membership functions used for the stability index output parameter to
increase the sensitivity of the controller.

4.4.1.2 Fuzzy Rule Set

Once the membership functions had been created for each input and output variable, the next
step was to create the rule set. The AND method was chosen for this step because each input
was assumed to be unrelated. As a result, a rule needed to be made for each possible
combination of input parameters. With six input variables and four membership functions
each, the number of rules would be 4°= 4096 rules for the fuzzy logic controller. Since all
stability parameter combinations were evaluated (57 combinations in total); there were
14,576 rules that needed to be created. Assigning each rule individually would be incredibly
time-consuming, so an algorithm was created to automatically create the rule set. The
algorithm evenly distributes the output conditions across all the possible combinations of the

input parameters.

The first step of the algorithm was to order the input parameters. This was done by
analyzing the stability parameters produced by trials of test data created by the researcher.
The input parameters were preliminarily ranked according to a visual inspection of the
results as follows: A/P, M/L, DST, ST, Cell Triggering Frequency, and Maximum Lateral
Position. The ordering of the parameters acts as a weighting scheme. Next, the inputs were
arranged in nested ‘for’ loops (Figure 4.15). The number of rules for each condition of the
A/P parameter (Input 1) was calculated as ‘a’. In the case of the six parameter combination,

this value would be 4°=1024. Then, the number of different output conditions for each
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condition of the A/P parameter was calculated as ‘b’. Figure 4.15 shows that b=3 as there
would be three output conditions for each condition of the A/P parameter. The rationale
behind overlapping the output conditions across the four conditions of input 1 is to increase

the influence of the lower ordered parameters. Finally, the output conditions are assigned

accordingly.
Input 1 Input 2 Input 3,4, 5,and 6 Output Condition

| J1

2 em—
| — e/ 02
4 13
| 12

2—
D — 3 — g3
4 14
[ 13

2—
3 — 3 e— 14
| 4

2_
] — 3 e— 5
4 J6

Figure 4.15: Diagram of the layout of input and output conditions for creating the rule set
for a fuzzy logic controller with four input conditions and six output conditions.

The pseudocode for the rule set assignment algorithm is the following:

e Order the input parameters
o Let a = the number of rules needed for each condition (membership function) of the
first input (4°=1024 rules for each condition of the first input)
e Let b = the number of different output conditions (membership functions) for each
condition of the first input (6 output conditions — 4 input conditions + 1 = 3)
Find out if *b’ is evenly divisible by ‘a’; if not, then let ¢ = the remainder
Let d = the number of rules with the same output condition in a row (1024/3 = 341)
e While cycling through all possible combinations of input functions:
o Assign the output condition ‘d’ times
= Check for extra times with ‘¢’
o Go to next output condition
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4.4.1.3 Defuzzification

After the membership functions and the rule set were created, the final step was the
defuzzification of the controller. The default centroid method of defuzzification from the
Matlab Fuzzy Logic Toolbox was used to arrive at a stability index output. This method was

fully described earlier in Section 2.7.4.
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Chapter 5. Clinical Testing

The stability index was clinically tested with unstable human gait to evaluate gait stability
assessment effectiveness of the developed system. Ethical clearance on patients with
unstable gait, such as those in the process of rehabilitation, was difficult to obtain given the
lack of prior stability index validation. Instead of evaluating the pathological gait of stroke
and amputee patients, as was originally planned, clinical testing was performed on healthy
individuals whose gait was purposely impaired to induce instability. This study was
approved by the research ethics bodies at the University of Ottawa, The Ottawa Hospital
Rehabilitation Centre, and the University of Waterloo (See Appendix A).

5.1 Purpose

The purpose of the clinical testing was to confirm that the gait stability index can correctly
classify various levels of gait stability from foot-pressure and stride data acquired by the F-

Scan pressure-measurement system.

5.2 Methods

5.2.1 Subjects

A convenience sample of fifteen subjects was recruited from the staff of The Ottawa
Hospital Rehabilitation Centre, Ottawa, Canada and the community. All subjects were
healthy able-bodied adults with no history of back/neck pain or balance disorders. The
subjects read an information sheet and completed a consent form before participating in the
study. Nine male and six female subjects agreed to participate. The average weight of the
participants was 69.21 + 11.77 kg, the average height was 1.67 £ 0.09 m, and the average age
was 33.53 + 11.85 years.

5.2.2 Data Collection

All data collection trials were performed in the Gait and Motion Analysis (GAMA)
laboratory at The Ottawa Hospital Rehabilitation Centre. Subject demographic data was

collected on a data sheet (age, gender, height, and weight). The F-Scan system was used for
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all plantar pressure measurements. F-Scan pressure sensitive insoles were trimmed to fit
inside the shoes of each subject. Once the insoles were properly placed inside the subject’s
shoes, all wires were secured with a belt strap to eliminate any interference with a
comfortable gait pattern. Finally, the system was calibrated for the subject’s weight using the
F-Scan software. All walking trials were performed over an 8 m area and the subjects walked

at their natural cadence.

Each subject was evaluated at four levels of stability:

1. walking on flat level ground

2. walking on a 50 mm-thick combination of medium and hard memory foam

3. walking on the same foam with eyes closed

4. walking on the same foam with eyes closed after being spun five to fifteen times at

approximately one revolution per two seconds while seated in a chair

Pressure data was recorded during mid-gait (i.e. only while the subject was walking) to
eliminate abnormal pressures that may have resulted from gait initiation or termination. The
F-Scan data acquisition trials lasted 7.12 seconds while recording 1000 frames of data at a
sampling rate of 140 Hz. Each subject performed five trials for each stability level (a total of
20 trials per subject), at a self-selected walking pace. Subjects were allowed to rest between
trials, if necessary, which was mainly done during the trials involving dizziness. A minimum
of two people always ran the protocol to adequately ensure subject safety (i.e., one person

could spot the subject).

5.2.3 Data Processing

The raw F-Scan data files were exported from the F-Scan software into a custom designed
Microsoft Visual Basic 6.0 (VB6) program to extract the six stability parameters for each

trial. The VB6 program was used to:

e Store the 1000 raw data frames from the left and right foot (2000 frames in total).
o Filter the raw data to remove any spike-like noise that may have been registered by

the F-Scan pressure sensor.
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e Divide the filtered data into strides.
o Calculate the six stability parameters (Section 4.3.8) for each stride.

o Output the stability parameters into an ASCII data file.

The filtering stage of the VB6 program had two options: a median filter and an averaging
filter. To determine the better filtering method, two full data sets were analyzed. The
averaging filter would smooth data by averaging noise, while the median filter would choose
the median of a nine-cell array in an attempt to eliminate noise. The median filter proved to
be the better filtering technique because it eliminated any effect of spike-valued noise by

taking the median value (Section 6.1.1).

Another custom designed program was written in Matlab using Simulink and the Matlab
Fuzzy Logic Toolbox. This program was designed to import the VB6 ASCII data file and use
a fuzzy logic controller (Section 4.4) to combine the six stability parameters of each foot to
obtain a left and right index value. The program also calculated index values for all 57
combinations of five, four, three, and two stability parameters. The gait stability indices were

then output to another ASCII data file that was imported into Microsoft Excel.

The final gait stability index is an average of the left and right indices. Gait analysis of
the left and right side individually has some advantages since specific problems with either
side can be located and addressed specifically. However, the rationale behind taking the
average of the left and right strides is for the stability index to account for people who may
have an affected side. If a person only has one affected side in their gait pattern, they should

have a better score on the index than someone with two affected legs.

5.2.4 Data Analysis

Once imported into Excel, the average index value for each subject was arranged to show
how the four stability levels of each subject were analyzed by each stability parameter
combination (Appendix B). Since the indices should increase from stability level one to four
(stable to unstable), the optimal combination of parameters was based on the most

consistently large increase over the stability levels for each subject. Figure 5.1, Figure 5.2,
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Figure 5.3, and Figure 5.4 show graphs from subject 4 of the difference in index value between
the four stability levels for each of the 57 stability parameter combinations. The graphs show

the change in index readings from stability level 2 to 1, level 3 to 2, and level 4 to 3.
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Figure 5.1: Change in index value over the four stability levels for indices of six and five-
parameter combinations for subject 4. The abbreviations for the parameter combinations are:
SIX PARAMS = the index with all six parameters included, AP=A/P, ML = M/L, CellTrig =
Cell Triggering Frequency, MaxLat = Maximum Lateral Position, ST = Stride Time, and
DST = Double Support Time.
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Figure 5.4: Change in index value over the four stability levels for two-parameter
combinations for subject 4.

The best stability parameter combination would provide consistent index values and
the three comparison lines on the graphs should follow a similar pattern. Visual inspection of
the data shows that the final index should have at least four parameters because the
combinations of three or two parameters displayed an erratic behaviour, indicating that they
would not consistently analyze the stability of a subject. Two and three-parameter
combinations showed no consistent relationship between the stability levels and showed no
observable trends. Upon further analysis of Figure 5.5, when the A/P and M/L parameters are
omitted from the index, the change in index value seems to decrease over the stability levels.
This means that the indices lacking the A/P and M/L parameters show a smaller difference
between the stability levels. Therefore, the final index should have at least four parameters

and should include the A/P and M/L parameters.
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Figure 5.5: Change in index value over the four stability levels for the 22 index
combinations with at least four parameters for subject 4.

An analysis of standard deviations (SD) was used to justify omitting certain
parameter combinations. The standard deviation of the change in index readings showed how
much the jump in stability level would vary around a mean value. The less it varied, the more
consistently it should be able to analyze stability. Analysis included all parameter
combinations (57 indices), the combinations with at least four parameters (22 indices), and
the combinations with at least four parameters that include A/P and M/L (11 indices). This
analysis was done across all subjects and found that the standard deviation improved by
74.64% + 22.75%, going from the full data set to only the four parameter combinations that
included A/P and M/L.

The next step in deciding the most effective combination of stability parameters was to
rank the indices according to the difference between the most stable and least stable test
conditions for each subject (Table 5.1). A bigger difference indicated a more effective index.
As well, the index should have a consistently large difference across subjects. Results were
ranked from 1 to 11, with 1 being the biggest difference. The parameter combination

rankings for each subject were summed to generate a total ranking score. The best index
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would have the lowest total ranking across subjects (Table 6.2 and Table 6.3). This is

discussed in the next chapter, Chapter 6.

Table 5.1: Ranking the difference between first and last stability level for subject 10.

Difference Index
Parameter Combination 1 2 3 4 (4-1) Rank
AP ML CellTrig MaxLat 0.118 0.322 0.213 0.429 0.311 1
AP ML ST CellTrig MaxLat 0.118 0.254 0.207 0.412 0.294 2
AP ML ST MaxLat 0.118 0.254 0.206 0.392 0.275 3
AP ML ST CellTrig 0.118 0.254 0.207 0.392 0.274 4
AP ML DST CellTrig MaxLat | 0.118 0.254 0.207 0.383 0.265 5
AP ML DST ST 0.117 0.254 0.205 0.376 0.259 6
AP ML DST ST MaxLat 0.118 0.254 0.206 0.376 0.259 7
AP ML DST ST CeliTrig 0.118 0.254 0.207 0.376 0.258 8
SIXPARAMS 0.117 0.254 0.204 0.373 0.255 9
AP ML DST CellTrig 0.118 0.253 0.207 0.373 0.254 10
AP ML DST MaxLat 0.117 0.254 0.206 0.372 0.254 11
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Chapter 6. Results

6.1 Results of Preliminary Tests

Preliminary tests involved the analysis of the concavity shifts of the COF progression curve
(Section 4.3.2.3) and a frequency analysis of the COF progression curve (Section 4.3.2.4).
As mentioned earlier, these analyses did not produce viable results. The COF curve
contained noise that could not be adequately removed to isolate the pertinent stability data.
Another preliminary test dealt with the filtering method. To select between the median and
average filtering technique, final stability index results were obtained for two data sets and

compared in the following section.

6.1.1 Median versus Averaging Filter

Proper data filtering was essential for dividing the F-Scan data into strides (Section 4.3.2).
The full data analysis tables comparing median and averaging filter results can be seen in
Appendix C. However, a comparison table of the differences in index values between the
data obtained with the averaging filter and the data obtained with median filter can be seen in
Table 6.1. According to this table, the two filtering methods varied by an average of
approximately 0.7%. As well, a comparison with the averaging filter values (Table C.2)
shows an average percent difference of approximately 3%. Therefore, values obtained by the

two methods were not substantially different.
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Table 6.1: Differences in index values calculated by subtracting the data set obtained from
median filtering from the data set obtained from average filtering. This table shows a small
average difference in index values (0.7%) between the two methods.

Stability Level

1 2 3 4 Average
0.0059 0.0066 0.0079 0.0082 0.0072 AVG
SIX PARAMS 0.0262 0.0508 0.0195 0.0689 0.0414 SD
0.0053 0.0061 0.0080 0.0101 0.0074 AVG
AP ML DST ST CellTrig 0.0285 0.0513 0.0212 0.0360 0.0342 1
0.0064 0.0101 0.0034 0.0060 0.0065 AVG
AP ML DST ST MaxLat 0.0274 0.0485 0.0233 0.0425 0.0354 SD
0.0065 0.0104 0.0054 0.0067 0.0072 AVG
AP ML DST CellTrig MaxLat 0.0276 0.0503 0.0266 0.0439 0.0371 SD
0.0039 0.0138 0.0070 0.0038 0.0071 AVG
AP ML ST CeliTrig MaxLat 0.0242 0.0590 0.0291 0.0499 0.0405 sD
0.0125 0.0066 0.0042 0.0183 0.0104 AVG
AP DST ST CellTrig MaxLat 0.0447 0.0223 0.0179 0.0270 0.0280 SD
0.0100 0.0129 0.0026 0.0124 0.0095 AVG
ML DST ST CellTrig MaxLat 0.0357 0.0486 0.0263 0.0332 0.0359 SD
0.0053 0.0079 0.0079 0.0096 0.0077 AVG
AP ML DST ST 0.0285 0.0541 0.0204 0.0368 0.0349 SD
0.0054 0.0058 0.0073 0.0107 0.0073 AVG
AP ML DST CellTrig 0.0286 0.0514 0.0201 0.0366 0.0342 sD
0.0065 0.0096 0.0029 0.0066 0.0064 AVG
AP ML DST MaxLat 0.0275 0.0479 0.0223 0.0430 0.0352 SD
0.0032 0.0067 0.0105 0.0098 0.0075 AVG
AP ML ST CellTrig 0.0248 0.0534 0.0238 0.0377 0.0350 1)
0.0043 0.0107 0.0061 0.0033 0.0061 AVG
AP ML ST MaxLat 0.0237 0.0505 0.0263 0.0501 0.0377 SD
0.0032 0.0130 0.0018 0.0058 0.0060 AVG
AP ML CellTrig MaxLat 0.0331 0.0674 0.0314 0.0501 0.0455 SD
0.0074 0.0041 0.0049 0.0071 0.0059 AVG
AP DST ST CellTrig 0.0289 0.0252 0.0157 0.0174 0.0218 SD
0.0085 0.0049 0.0026 0.0156 0.0079 AVG
AP DST ST MaxLat 0.0286 0.0167 0.0156 0.0187 0.0199 SD
0.0126 0.0065 0.0043 0.0177 0.0103 AVG
AP DST CellTrig MaxLat 0.0447 0.0222 0.0180 0.0265 0.0279 SD
0.0132 0.0034 0.0020 0.0156 0.0085 AVG
AP ST CellTrig MaxLat 0.0410 0.0242 0.0197 0.0233 0.0271 SD
0.0097 0.0112 0.0014 0.0092 0.0079 AVG
ML DST ST CellTrig 0.0354 0.0486 0.0175 0.0237 0.0313 SD
0.0099 0.0127 0.0025 0.0107 0.0089 AVG
ML DST ST MaxLat 0.0351 0.0478 0.0261 0.0242 0.0333 SD
0.0102 0.0131 0.0023 0.0126 0.0096 AVG
ML DST CellTrig MaxLat 0.0358 0.0491 0.0255 0.0333 0.0359 sD
0.0056 0.0108 0.0031 0.0092 0.0072 AVG
ML ST CellTrig MaxLat 0.0292 0.0520 0.0308 0.0343 0.0366 SD
0.0122 0.0047 0.0021 0.0204 0.0099 AVG
DST ST CellTrig MaxLat 0.0428 0.0238 0.0291 0.0437 0.0348 SD
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To further compare the filtering methods, indices produced by the two data sets were
ranked by the difference between the best and worst stability levels of each subject, as
described in Section 5.2.4. Table 6.2 and Table 6.3 show the ranked indices from the data
obtained with an averaging filter and a median filter, respectively. As mentioned earlier, the
selected gait stability index should show the largest difference between best and worst
stability levels over all subjects. According to the results, the most effective index was
obtained with the median filter and used the A/P, M/L, Cell Triggering Frequency and
Maximum Lateral Position parameters. This particular index had the lowest total (37),
thereby having the most consistently lowest (best) rank (i.e., a rank of 1). In contrast, the
averaging filter produced a lowest total of 46 but also isolated the same parameter
combination as being the most effective. This confirmed that the index with the A/P, M/L,
Cell Triggering Frequency, and Maximum Lateral Position parameters was the most
effective parameter combination, and also suggests that the median filter was the better

method of filtering erroneous spike-like noise from the raw data.
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Table 6.2: Ranking of data obtained with an averaging filter.
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Table 6.3: Ranking of data obtained with a median filter.
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5 2 1 3 11 7 3 9 5 8| 10 6
6 11 6| 4 2 8 8 2 5 6 1 8
7 1 3 7 5 8 9 41 10 2 6] 11
8 1 2 4 9 6 6 9| 4 2 9 6
9 2 3 9 4 1 6| 10 5 8| 10 6
10 1 2 6 4 3 7 8 9 5 10 11
11 1 2 5 3 3 5 5 8 9] 11| 10
12 1 4 5 2 3 8 6| 11| 10 7 9
13 11 10 2 3 ¢] 6 3 8| 10 3 9
14 1 7 2 7 2 2 7 2 7 7 2
15 11 8 1 8 8 1 1 4 5 7 5
TOTAL 37| 67| 73| 80| 80, 86| 87| 95| 99105 | 114
Rank 1 2 3 4 4 6 7 8 9 | 10 | 11

Table 6.4 shows the means and standard deviations of the index values for each
parameter combination, across all trials, for all subjects. The standard deviations were
consistent between stability levels. The average standard deviation value was 0.143 (SD =
0.016). The range standard deviations increased from stability level 1 (average = 0.138) to
stability level 4 (average = 0.156). This result is reasonable since increased variability is
expected as a person becomes more unstable. When averaged across all subjects, the index
that combines A/P, M/L, Cell Triggering Frequency, and Maximum Lateral Position had the

largest increase in average index value between stability levels. The full set of stability index
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values for each subject is given in Appendix D. The within subject standard deviations were

much smaller than the between subjects results. From Table D.1, the average of the standard

deviation values was 0.070 (SD = 0.047).

Table 6.4: Average stability index values across all subjects for each parameter combination.
The standard deviations are in parentheses.

Parameter Combination

Stability Level

1

2

3

4

SIX PARAMS

0.227 (0.131)

0.273 (0.151)

0.262 (0.118)

0.401 (0.152

AP ML DST ST CellTrig

0.224 (0.136)

0.273 (0.159)

0.269 (0.117)

0.409 (0.151)

AP ML DST ST MaxLat

0.227 (0.131)

0.272 (0.140)

0.266 (0.116)

0.402 (0.154)

AP ML DST CellTrig MaxLat

0.227 (0.131)

0.273 (0.142)

0.269 (0.116)

0.402 (0.154)

AP ML ST CellTrig MaxLat

0.232 (0.138)

0.275 (0.142)

0.272 (0.118)

0.426 (0.178)

AP ML DST ST

0.227 (0.131)

0.273 (0.142)

0.269 (0.116)

0.402 (0.154)

AP ML DST CellTrig

0.235 (0.141)

0.281 (0.150)

0.272 (0.134)

0.414 (0.154)

AP ML DST MaxLat

0.235 (0.140)

0.281 (0.145)

0.270 (0.128)

0.422 (0.139)

AP ML ST CellTrig

0.237 (0.144)

0.283 (0.150)

0.277 (0.138)

0.437 (0.152)

AP ML ST MaxLat

0.237 (0.144)

0.283 (0.145)

0.277 (0.133)

0.431 (0.153)

AP ML CellTrig MaxLat

0.245 (0.151)

0.314 (0.176)

0.322 (0.163)

0.485 (0.175)

6.2 Results of Stability Index Evaluation

The average values and standard deviations over all subjects of stability parameter values can

be seen in Table 6.5. Table 6.6 shows the stability parameter values normalized to the range

of each variable. The graph in Figure 6.1 demonstrates how most of the variables tended to

increase with each stability level for all subjects. This graph shows values of each stability

parameter averaged over all subjects for each stability level. Both ST and DST did not vary

much between stability levels. The jump from the second to the third stability level showed

little change in A/P, M/L, and Cell Triggering Frequency and showed a negative change in

Maximum Lateral Position.

According to the data analysis in Section 5.2.4, the most effective index was the

combination of A/P, M/L, Cell Triggering Frequency, and Maximum Lateral Position

parameters. Figure 6.2 shows the performance of this index, as well as the combination of all

six parameters, for all 15 subjects individually. According to these graphs, the index value

indicated that there was a consistent drop in stability from level 1 to 4 for most subjects
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(increase in index value) which meant that their stability decreased from the most to the least
stable levels. Stability levels 2 and 3 displayed some inconsistencies that were largely due to

an issue with the testing procedures that is discussed in Section 7.1.

Both the index of parameters A/P, M/L, Cell Triggering Frequency, and Maximum
Lateral Position and the six parameters index maintained the same pattern through all
subjects. The values of both indices coincided throughout all index measurements. Even
though the data did not always display the expected behaviour of an increase in instability
over every stability level, they did coincide in most values throughout all stability levels over

all subjects.
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Table 6.5: Summary of stability parameter averages and standard deviations over all subjects
for each stability condition.

Stability Stability Level
Parameter 1 2 3 4
AP 0.193 0.214 0.215 0.428 AVG
0.159 0.163 0.162 0.225 SD
L 0.387 0.478 0.486 0.544 AVG
0.278 0.229 0.281 0.250 SD
0.166 0.163 0.184 0.237 AVG
DST (s) 0.135 0.088 0.144 0.160 SD
1.101 1161 1193 1.234 AVG
ST (s)
0.189 0.190 0.285 0.258 SD
CollTrig 0.400 0.445 0.458 0.548 AVG
0.177 0.221 0.273 0.244 sD
0.069 0.220 0.170 0.311 AVG
MaxLat 0.242 0.238 0.237 0.209 sD

Table 6.6: Summary of stability parameter averages and standard deviations over all subjects
for each stability condition normalized to the range of each variable.

Stability Stability Level

Parameter 1 2 3 4

AP 0.193 0.214 0.215 0.428 AVG
0.159 0.163 0.162 0.225 SD

ML 0.387 0.478 0.486 0.544 AVG
0.278 0.229 0.281 0.250 SD

DST 0.056 0.055 0.063 0.082 AVG
0.052 0.034 0.055 0.062 SD

ST 0.197 0.212 0.220 0.228 AVG
0.047 0.047 0.070 0.066 SD

. 0.400 0.445 0.458 0.548 AVG

CellTrig 0177 0.221 0.273 0.244 )
0.069 0.220 0.170 0.311 AVG

MaxLat 0.242 0.238 0.237 0.209 SD
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Figure 6.1: Stability parameter values, scaled from 0 to 1, versus stability condition. These
values were obtained by averaging over all 15 subjects for each stability condition.
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Figure 6.2: Graphs of the index combining A/P, M/L, Cell Triggering Frequency, and Maximum
Lateral Position, as well as the index with all six parameters. The graphs show the performance of the
indices over the four stability conditions for all 15 subjects.
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Both indices, “A/P, M/L, Cell Triggering Frequency, and Maximum Lateral Position”
and the “six parameters index” correctly identified the difference between the least and most
stable conditions for 93.3% of the subjects. Graphs of subjects 2, 4, 7, 8, and 14 displayed the
ideal behaviour (40.0% of subjects) where the stability index results were properly ordered for
all four stability levels. Subjects 1, 3, 9, 10, 12, and 13 all had good results for their most and
least stable trials. However, their second and third stability readings indicate that they were
more stable with their eyes closed on foam than with their eyes open on foam (53.3% of
subjects). This may be attributed to the testing procedure, where the “walking on foam” trials
may not necessarily have produced greater instability (Section 7.1), or a learning effect
between trials for conditions 2 and 3. Subjects 5 and 15 were the only people whose most
stable trials did not produce the lowest reading and the least stable levels of subjects 6 and 15
were also not evaluated as least stable by the indices. These inconsistencies in data are difficult

to pinpoint due to the fact that there is no gold standard for stability comparisons.
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Chapter 7. Discussion

The goal of this research was to develop and clinically validate a quantitative, dynamic
stability index for human locomotion. The tool was designed to be easily applied within a
research and clinical setting and to be portable for use on uneven terrain, indoors/outdoors,
stairs, and ramps. After an extensive literature review of gait stability assessment methods,
the F-Scan Pressure Measurement System was selected as the platform for establishing a
dynamic gait stability index. The gait stability parameters used for gait assessment were also

evaluated and six stability parameters were selected for the index calculation.

One very important step in arriving at a valid stability index was adequately filtering the
raw data. The two methods for filtering the data were an averaging filter and a median filter.
The two resulting data sets only differed by an average of 0.7% (Section 5.2.4). The median
filter was selected over the averaging filter by ranking the indices that were created by each
filtering method. Both methods indicated the same parameter combination as the best index;
however, the final index created by the median filter was a more consistently effective index
in properly ranking the stability levels for each subject. This was expected because a median
filter eliminates spike-like noise instead of averaging the high values. Averaging data with
such spikes can artificially increase the average result. The median filter is therefore much

better suited for this application.

Another crucial step was dividing the data into strides. There were constant problems
associated with the automated stride division algorithm. The filtering and threshold
algorithms would not remove every erroneous pressure reading (i.e., crumples in the sensor
or spike-valued error) when the foot was not in contact with the ground. When these
problems occurred, the F-Scan data would be manually screened frame by frame to adjust
any cells that were not sensing correctly. This was a viable solution given the small
population tested; however, a more effective stride division algorithm would need to be

developed for future applications of the stability index.
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The six stability input parameters were selected based on previous gait studies and
because they were all attainable with foot pressure data. As well, the six parameters should
be able to locate the main deficiencies in an unstable gait pattern. Even if someone tried to
compensate, for example, by slowing down their gait in order to minimize A/P fluctuations
in the COP, the parameters would adjust accordingly. The A/P fluctuations may be reduced
but the stride time parameter would increase. Therefore, the system should still be able to

identify the problem in the gait pattern and calculate an appropriate index.

Fuzzy logic was the final step in the creation of the index. The rationale of the fuzzy
logic controller was to have a technique of combining all the stability parameters without
defining any functions. A fuzzy logic controller was a good way to obtain an index given
exact inputs without needing training data. This method worked well for obtaining a stability
index value and also allows for future adjustment of the combination method by tuning the
membership functions or the controller’s rule set (Sections 2.7.2 and 2.7.3). This added
control over the influence of each input parameter and made fuzzy logic a much better option
than simply normalizing and averaging the parameters. Improvements can be made in the
rule set by optimizing the algorithm that automatically assigns the rules. There is a
possibility that the effect of some parameters may be artificially increased or decreased if the
weighting scheme is incorrect. However, fine-tuning the controller can only be done once the

stability parameter extraction algorithm is finalized with a larger sample of test data.

The stability index system was validated by testing healthy subjects over a range of
stability-varying tasks. The least and most stable stability levels were successfully
differentiated by the index; however, the stability index values could not always correctly
classify the middle levels of stability (walking on foam with eyes open and walking on foam
with eyes closed). This could have been a problem with the index, but is more likely an issue
with the testing procedure. Figure 6.1 shows that each individual parameter did not show
much difference between the second and third stability levels. It seems to indicate that the
index itself may still be suitable. The subjects may have been able to adapt to the foam and
therefore did not become more unstable. Since the all trials were conducted in the same

order, a learning effect may have reduced differences between the eyes closed and eyes open
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trials on foam. This problem could be corrected by administering the tests in a random order,

and should be done for any future testing.

All parameters showed an increase from the most to least stable conditions. The
similarities between the second and third stability levels were particularly visible with the
Maximum Lateral Position parameter. ST and DST also show some similarities and were not
included in the most effective index according to the data analysis. Since ST and DST were
configured to account for the clinically documented worst-case scenario, the upper limit was
probably set too high for the healthy subjects in the study (i.e., even the most unstable task
did not approach the ST and DST values for highly unstable stroke patients). These
parameters still showed a consistent increase through the stability levels; however, they
minimally affect the index since they only varied over a fraction of their full range. This can
be corrected by either altering the range of these parameters or testing a population with
significantly worse gait. Unfortunately, due to a lack of preliminary testing, ethical clearance
could not be obtained to test the system with the pathological gait of stroke and amputee
patients. As a result, the system was only tested with induced gait instability to simulate
disability in healthy subjects. However, it is quite possible that the gait of healthy subjects
that are dizzy, blindfolded and walking on foam may not compare to the impaired gait of a
patient who has just had a stroke. The ranges of the ST and DST variables were not altered to
fit the range of the healthy subjects because the index should be applicable to clinical
patients. By prematurely eliminating part of the range, the index may not be as effective
when dealing with stroke or amputee patients in the future. Therefore, the ranges of the

variables should only be altered once data is collected with pathological gait.

The stability indices were able to classify most induced instability levels. The best
index was identified as the combination of the A/P, M/L, Cell Triggering Frequency and
Maximum Lateral Position parameters; however, the combination of all six parameters was
also considered. As mentioned earlier, the reason for the exclusion of ST and DST are likely
due to the method of inducing instability in healthy subjects. Therefore, it would be
beneficial to maintain all six stability parameters in the index calculation pending further

clinical testing. There were some problems with the second and third stability levels, but in
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general the indices were able to properly classify the index values into the appropriate
stability levels. The indices were able to properly order all four stability levels for 40.0% of
subjects, while 53.3% of the subjects had the second and third stability levels reversed as
mentioned earlier. The indices correctly identified the difference between the least and most
stable conditions for 93.3% of the subjects. The reason for the discrepancies in the data is
difficult to determine. Altering the fuzzy logic controller rule set and membership functions
would be another method of adjusting the calculated stability indices. However, more test
data is needed to identify if the result lies in the simulated instability conditions, with the
subjects’ adaptation or approach to the anticipated instability in the walking tasks, in the
selection of parameters used in the stability index or in the method of calculation of the

stability index itself.

7.1 Limitations

The major limitation with this study was the lack of a gold standard for measuring stability.
With no absolute comparison, the accuracy of the calculated indices could not be directly
measured. As well, with no gold standard there was no way to accurately characterize each
stability level used in the testing. The only assertion that could be made was that the stability
of a person should decrease over the four simulated instability levels. Therefore, stability
index values could not be compared across all subjects. The stability values could only be
analyzed for each person individually (i.e., four data points at a time) which resulted in a

much smaller data set that could be used to compare each stability parameter combination.

Another problem was that the four distinct stability levels did not always create
measurable differences in gait stability. Stability levels two and three were based on walking
on foam with eyes open and eyes closed. During testing, subjects could have learned to adapt
to the foam, and since there was only a slight difference in the outcome data for the trials,
these two stability levels were possibly not as different as anticipated. As mentioned above,
subjects may also have anticipated instability and therefore walked more cautiously with
eyes closed than when open. As a result, the main comparison for each stability index was
the best and worst stability level. Future gait trials should be performed in random order to

eliminate the possibility of subjects adapting to the simulated instability condition. Another
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approach would be to create instability conditions that would not be known to the subjects

themselves even when they begin each trial.

Clinical testing was also affected by variability. Subjects were asked to walk at their
comfortable pace, however the speed at which they chose to walk would unavoidably affect
their stability. If a subject were to try to walk faster while dizzy, they would likely be more
unstable than someone who slowed down to stabilize themselves. The walking speed of the
subjects was not measured since the ST parameter should change accordingly and adjust the
index. However, due to the low reaction of this parameter, the speed chosen by the subjects
may have been a source of variability that was not fully accounted for. As well, subjects
were made dizzy by spinning them until they asked to stop. However, some subjects may
have been able to handle more spins, and as a result, would have had much worse stability
readings for the least stable trial. Conversely, some subjects may not have liked the dizzy
feeling and stopped after fewer spins that would have given them a much more stable gait

pattern for their least stable condition.

Another limitation of the study was the test population. There was a lack of preliminary
testing since the gait stability index system was also created in this study. Therefore, ethical
clearance could not be obtained for testing stroke and amputee patients with pathological
gait. The induced instability of healthy subjects proved that the index works and can
differentiate between certain levels of instability. However, a much better comparison would
be to observe the gait of patients periodically throughout their rehabilitation. Clinical
observational measures could be taken at the same time as the stability index measures to

provide a much more accurate gauge of the sensitivity of the system.

7.2 Future Work

The dynamic gait stability index is a system that can be used as an accurate and quantitative
measurement of gait stability in a clinical setting. However, further testing is necessary to

ensure its accuracy and reliability.
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7.2.1 Future Clinical Testing

Stroke and amputee patients with pathological gait exhibit more perturbations in plantar
pressure and stability than induced instability in healthy subjects. Although the clinical
testing validated the dynamic gait stability index system, it would be useful to obtain clinical
data using the appropriate subject base and testing them periodically throughout their
rehabilitation. Having plantar pressure data from stroke and amputee patients would allow
for the further development of the stability index and would confirm its effectiveness on the

intended population.

7.2.2 Future Technical Work

Dividing the strides of the subject’s gait is a crucial step in calculating an accurate stability
index. Currently, the stride division algorithm has some flaws where small crumples in the
sensor still cause considerable errors. Further development of the stride division and filtering

algorithms is necessary to completely eliminate these problems.

The fuzzy logic controller is another aspect of the system that could be fine tuned.
The system has been set up so that the combination method can be easily reconfigured. The
rule set and membership functions can be altered to make minor adjustments to the final
output of the system. However, before tuning the fuzzy logic controller, a larger sample of

test data is necessary to finalize the stability parameter extraction algorithm.

Finally, to be able to create a commercially viable system, the code should be
integrated into one system. Currently, the system is run on two platforms: the stability
parameter extraction is done with VB6 and the fuzzy logic controller is written in Matlab. A
more user-friendly interface that incorporates the entire system might be necessary to create

a finished product.
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Chapter 8. Conclusions

The purpose of this study was to design and validate a system that obtains a quantitative
index through the dynamic plantar pressure analysis of human gait. This system can be made
portable and provides a fast and easy method to obtain an objective gait stability

measurement.

The system was validated by inducing instability in healthy subjects to create four
distinct levels of gait stability. Testing revealed that the index can successfully differentiate
between the four levels of simulated instability. The indices were able to properly order all
four stability levels for 40.0% of subjects. For 53.3% of the subjects, the second and third
stability levels were reversed, possibly due to walking adaptations made during multiple-trial
testing. The indices correctly identified the difference between the least and most stable
conditions for 93.3% of the subjects. Future testing of the system should involve periodically
testing patients throughout their rehabilitation and comparing stability index results with

clinically observational measures.

Six stability parameters were chosen based on a thorough literature review and were
isolated by the index. The parameters quantitatively measure various aspects of gait that may
indicate instability. These parameters were combined using a fuzzy logic controller to
produce a singe index that proved to be a viable combination method. All combinations of
stability parameters were ranked based on their ability to distinguish between stability levels.
The most effective index was the A/P, M/L, Cell Triggering Frequency, and Maximum
Lateral Position parameters. ST and DST were the two parameters omitted by the data
analysis as they did not seem to vary sufficiently with the stability levels. However, the
reason behind the low response of these parameters is believed to be a result of testing only
healthy subjects. The induced instability did not adequately hinder the speed of the subjects.
Therefore, all six parameters should be used to calculate the index until further clinical

testing can be done with the appropriate population.
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Appendix A
This appendix includes the letters obtained from the Ethics Review Boards of the University
of Ottawa, the University of Waterloo, and The Rehabilitation Centre allowing for the testing

of human subjects for this research project.

§ RN 4
; { oA
Pecembor 1o, 20008
Edward Lepzaire Aoy Lisvas
Retabilitainon Centre ol Ottawa 304 Begdle Drive
Otiews Hospilal Aues, 1A USA S00:0

505 Smyth Road
Otlitvd, ON K1H 8M2

fonsthan Kofmen

Nepertrent of Systrms Design Fnginearing
Lnivessity of Waterico

Waterlog, OIN N2IL 312

RE: Dygramic Gait Stabitity Index Tor Physicul Rebubilitution - Pilut Test (file # 10-05-16)

Dear Daectoes Lemaire and Kofrean and M. Biswas,

You witl find enclosed the JTealth Scirnces and Seicnee TFR oihical clearanee for the
whovemenlicned stucy,

During the course of e sudy. any moediflcations 1o the protoeol or forms may not be inftiued
withour prior writren app-oval om the RER. Yau must o promply report 10 the RES all
edverse zvents ar axpericness cacnintered by particisants.

|'his certificate of ethical clearance is valid until December 6. 206, Please submit an annial
stitus repoit to e Protoco! Officer in Deceiber, 2000 to zither close the file or request a
renewal of ethies approval. This docunent van be found at;

b e ueitiee e evisewrpessdeties ppplivation v esp

A copy of this aparaoval will be sert to research services, ifnecessary.
If you have any questons, you ~1ay con sel the undersignad al the number $62-5187.

Sincerely vous,

Rita D" Alessandro
Protozol Ofticer tar Tovics in Researc:
For Dor. Taanfel Lagarce, Chair of the [ealth Sciences und Science RED
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HEALTH SCIENCES AND SCILNCE RESEARCI ETHICS BOARD

CERTIFICATE OF ETHICAL APPROVAL

I'his is 1o certify that the University of Ottawa Health Sciences and Science Reswarch
Tthics Tinard has cxamined the application for cthical approval of the research project
enfitled Dynamic Gait Stability Index for Physical Rehabilitation — Pilot Test (file H
14-05-1) suomitted by Ajoy [iswas and supervised by Fdward 1 emuire of the Ouawe
Huspital aud Jonathan Kozinan of the Umiversity of Waterloo. 'The Board found that this
resedrch project el agproptiate ethical standacds as outhned i the P'ri-Council Palicy
Stutement and in the Prucedures of the University ol Gltawa Researcti Ethics Boards, anc
cecordingly gave it a Category la (approval), This certification is valid one year from the
date indicuzed bzlow.

o Lecenmiper Lo, 2005
Rite D" Alessandre | Yorzer
Priziacol Qfficer for Ethics in Research
Ear Dr. Daniel Tagaree, Chair of the
Health Sciences and Science REB
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UNIVERSITY OF WATERLOO
OFFICE OF RESEARCH ETHICS

Notification of Full Ethics Clearance of Application to Conduct Research with Human Particigants

e v

PrinclpaliCo-Investigator: Dr. Edward Lemaire Department: University of Ottawa, Faculty of Medicine
Faculty Supervisar: Dr, Jonathan Kofman Department: Systems Design Engineering
Student Investigator: Ajoy Elswas Department: University of Ottawa, Mechanical Engineering

ORH File #: 12480

Projact Title: Dynamic Gait Stability Index for Physical Rehabilitation - Pliot Study - Reviged

—_— . emeem nn e .- L — 1 o — R ~ e

This certificats provides confirmation that the additional information/revised materials requested for the abova profact have been reviewed

and are considered acceplable In accordance with the Univeraity of Waterloo's Cuidelines for Research with Human Peartiolpants and the

Tri-Council Policy Statement: Ethical Conduot for Research Involving Humens, Thus, the provisional ethios clearance status has been

remaved and the profect now has recsived full ethfcs clearance, This claarance is valid for @ period of four years from the date sfiown

below and is subject to an annual ethics review process (268 Note 2). A new application must be submitted for on-going projects
continuing beyond four years.

Note 1: This project must be conducted In accordance with the desaription in the ag:ﬂeaﬂon an revised matertals for which tull elhics
clearance has been granted, Al subgeguent modifications to the application must be submitted for prior ethics review using ORE Form 104
and must not be intlated until notification of ethics clearence has been received.

Note 2: Al ongolng research projects must undergo annual ethics review, ORE Form 105 Is used for this purpose and must be submitted
by the Faculty Investigator/Supervisor (FI/FS) when requested by the ORE, Researchers must submit & Form 105 at the conclusion of the
profect if It conlinues for less than & yeer.

Nate & Fis and FSs also are remlnded that they must immediately report to the ORE (using ORE Form 1086) any events refated lo the
pra ugad that adh ly affecied the participants and the staps taken to deal with these.

ADDITIONAL COMMENTS:

/2/ > Avr’
usan E, , Ph.D., C.Psyah. Daié 4
gigecbr, Offlca of Research Ethios .
Susanne Santi, M. Math ./ Copyright © 2000-02 University of
Managar, Research Ethics
n
puptioete R
pec 20 W
otfics of poseech e
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S

The Ottawa | LHapital

Hospitai ¢’Ottawa !
Rehabilitatidn

ontre , Le Centre de

\I'éadaptation

505 Smyth
Ottawa, Ontario
K1H 8M2

Tel./Tel.:
(613) 737-7350

FawTéiécopieur:
(613) 737-9638

17 November 2005

Ajov Biswas
Mechanical Engincering
University of Ottawa

Dear Ajoy,

Thank you for your prompt reply Lo our last review. You appear to have satistactorily
addressed all of our remaining concerns, and so it gives me pleasure (o inform you that
vour research project entitled “Dynamic gait stability index for physical
rchabilitation — pilot test™ has been granted final approval by The Rehabilitation Centre
(TRC). TRC approval indicates that you have met all Rescarch Ethics Board (REB) and
Institute [or Rehabilitation Research and Development (IRRD) conditions for acceptance.
Your rescarch project may now commence.

Principal Investigators are required to submit a progress report on an annual basis to the
Chair of the Research Ethics Board. You and Dr. Lemaire will be notified in ten months
as to when this is due. You are also expected to provide notification of the termination of
your project. As well, any modilications to the protocol or adverse events must be
reported immediately to the Chair of the Research Ethics Board. You can request forms
for these reporting requirements by emailing djacksonftottawahospital.on.ca or by
calling TRC extension 75577,

Congratutations and good luck with your project!

Sincerely.

David Jackson, PhD
Chair,

Research Ethics Board
The Rehabilitation Centre

Ecopy: Dr. Jamie MacDougall

Pr. Edward Lemaire
Ce: RERB file
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Appendix B

Once imported into Microsoft Excel, the average index value for each subject was arranged
to show how the four stability levels of each subject were analyzed by each stability

parameter combination.

Table B.1: Stability index values for each subject at every stability condition for all stability
parameter combinations. These values were all obtained by processing data that was initially
filtered with a nine-cell median filter.

Subject
Level

0.372 | 0.259 | 0.288 | 0.090 | 0.359 | 0.142 | 0.089 | 0.146 | 0.510 | 0.117 | 0.200 | 0.155 | 0.233 | 0.123 | 0.264
0.437 | 0.251 | 0.533 | 0.109 | 0.242 | 0.171 | 0.132 | 0.189 | 0.601 | 0.254 | 0.190 | 0.218 | 0.308 | 0.200 | 0.206
0.368 | 0.294 | 0.301 | 0.144 | 0.414 | 0.179 | 0.281 | 0.194 | 0.540 | 0.204 | 0.194 | 0.200 | 0.233 | 0.200 | 0.198
0.568 | 0.606 | 0.365 | 0.267 | 0.540 | 0.151 | 0.444 | 0.341 | 0.629 | 0.373 | 0.420 | 0.518 | 0.460 | 0.368 | 0.281

SIX PARAMS

0.326 | 0.260 | 0.287 | 0.094 | 0.360 | 0.138 | 0.089 | 0.148 | 0.525 | 0.118 | 0.200 | 0.155 | 0.235 | 0.126 | 0.264
0.435 | 0.262 | 0.532 | 0.110 | 0.252 | 0.173 | 0.131 | 0.189 | 0.633 | 0.254 | 0.192 | 0.218 | 0.310 | 0.200 | 0.206
0.369 | 0.297 | 0.303 | 0.145 | 0.414 | 0.180 | 0.279 | 0.194 | 0.542 | 0.207 | 0.198 | 0.200 | 0.233 | 0.200 | 0.198
0.566 | 0.608 | 0.365 | 0.267 | 0.515 | 0.151 | 0.459 | 0.341 | 0.621 | 0.376 | 0.422 | 0.525 | 0.462 | 0.368 | 0.284

AP ML DST ST CellTrig

0.326 | 0.259 | 0.290 } 0.094 | 0.360 | 0.142 { 0.091 | 0.147 | 0.510 | 0.118 | 0.200 | 0.155 | 0.234 | 0.123 | 0.264
0.432 | 0.252 | 0.533 | 0.110 | 0.252 | 0.246 | 0.132 | 0.189 | 0.540 | 0.254 | 0.194 | 0.218 | 0.307 | 0.200 | 0.205
0.369 | 0.205 | 0.304 | 0.145 | 0.414 | 0.179 | 0.279 | 0.195 | 0.525 | 0.206 | 0.230 | 0.200 | 0.233 | 0.200 | 0.228
0.566 | 0.606 | 0.365 | 0.267 | 0.544 | 0.151 | 0.447 | 0.341 | 0.624 | 0.376 | 0.422 | 0.520 | 0.461 | 0.368 | 0.284

AP ML DST ST MaxLat

0.326 | 0.260 | 0.288 | 0.091 | 0.359 | 0.142 | 0.091 | 0.148 | 0.510 | 0.118 | 0.200 | 0.155 | 0.236 | 0.126 | 0.264
0.448 | 0.252 | 0.532 | 0.110 | 0.252 | 0.248 | 0.132 | 0.189 | 0.540 | 0.254 | 0.194 | 0.217 | 0.308 | 0.200 | 0.207
0.367 | 0.297 | 0.305 | 0.144 | 0.414 | 0.180 | 0.291 | 0.205 | 0.526 | 0.207 | 0.240 | 0.200 | 0.233 | 0.200 | 0.228
0.564 | 0.603 | 0.365 | 0.267 | 0.524 | 0.151 | 0.472 | 0.345 | 0.621 | 0.383 | 0.414 | 0.519 | 0.462 | 0.368 | 0.280

AP ML DST CellTrig
MaxLat

0.326 | 0.260 | 0.289 | 0.101 | 0.396 | 0.142 | 0.091 | 0.148 | 0.510 | 0.118 | 0.200 | 0.155 | 0.236 | 0.126 | 0.279
0.448 | 0.252 | 0.532 | 0.113 | 0.262 | 0.248 | 0.132 | 0.189 | 0.540 | 0.254 | 0.194 | 0.218 | 0.308 | 0.200 | 0.216
0.369 | 0.297 | 0.305 | 0.147 | 0.442 | 0.180 | 0.296 | 0.210 | 0.525 | 0.207 | 0.246 | 0.200 | 0.233 | 0.200 | 0.228
0.566 | 0.641 | 0.365 | 0.277 | 0.672 | 0.151 | 0.467 | 0.345 | 0.677 | 0.412 | 0.466 | 0.556 | 0.462 | 0.368 | 0.284

AP ML ST CellTrig
MaxLat

0.165 | 0.140 | 0.132 | 0.083 | 0.258 | 0.082 | 0.084 | 0.106 | 0.350 | 0.081 | 0.087 | 0.085 | 0.110 | 0.089 | 0.114
0.189 | 0.128 | 0.177 | 0.086 | 0.218 | 0.187 | 0.110 | 0.085 | 0.330 | 0.086 | 0.080 | 0.089 | 0.099 | 0.085 | 0.106
0.127 | 0.147 | 0.133 | 0.087 | 0.289 | 0.093 | 0.179 | 0.088 | 0.2567 | 0.091 | 0.129 | 0.086 | 0.104 | 0.085 | 0.128
0.295 | 0.269 | 0.162 | 0.169 | 0.303 | 0.091 | 0.273 | 0.175 | 0.287 | 0.184 | 0.176 | 0.235 | 0.208 | 0.166 | 0.143

AP DST ST CellTrig
MaxLat

0.186 | 0.189 | 0.215 | 0.094 | 0.267 | 0.142 | 0.091 | 0.132 | 0.410 | 0.118 | 0.200 | 0.155 | 0.196 | 0.122 | 0.226
0.256 | 0.201 { 0.378 | 0.110 | 0.153 { 0.248 | 0.110 | 0.189 | 0.410 | 0.252 | 0.194 | 0.218 | 0.288 | 0.200 | 0.187

ML DST ST CellTrig

MaxLat 0.306 | 0.217 | 0.234 | 0.145 | 0.313 | 0.160 | 0.163 | 0.195 | 0.357 | 0.204 | 0.230 | 0.200 | 0.208 | 0.200 | 0.228
0.450 | 0.363 | 0.240 | 0.169 | 0.271 | 0.142 | 0.244 | 0.200 | 0.333 | 0.228 | 0.275 { 0.344 | 0.262 | 0.230 | 0.194
0.338 | 0.259 | 0.288 | 0.094 | 0.360 | 0.138 | 0.088 | 0.146 | 0.525 ! 0.117 | 0.200 } 0.155 | 0.233 | 0.123 | 0.264
AP ML DST ST 0.436 | 0.252 | 0.533 | 0.110 | 0.242 | 0.171 | 0.131 | 0.189 | 0.628 | 0.254 | 0.192 | 0.218 | 0.308 | 0.200 | 0.205

0.369 | 0.295 | 0.303 | 0.145 | 0.414 | 0.179 | 0.279 | 0.194 | 0.541 | 0.205 | 0.198 | 0.200 | 0.233 | 0.200 | 0.198
0.566 | 0.606 | 0.365 | 0.267 | 0.544 | 0.151 | 0.447 | 0.341 | 0.626 | 0.376 | 0.422 | 0.525 | 0.461 | 0.368 | 0.284

0.338 | 0.260 | 0.287 | 0.091 | 0.359 | 0.138 | 0.087 | 0.148 | 0.525 | 0.118 | 0.200 | 0.155 | 0.235 | 0.126 | 0.264
0.436 | 0.251 { 0.532 | 0.109 | 0.252 | 0.173 | 0.131 | 0.18¢ | 0.633 | 0.253 | 0.191 | 0.217 | 0.310 | 0.200 | 0.207
0.367 | 0.297 | 0.303 | 0.144 | 0.414 | 0.180 | 0.281 | 0.194 | 0.542 | 0.207 | 0.194 | 0.200 | 0.233 | 0.200 | 0.198
0.564 | 0.603 | 0.365 | 0.267 | 0.510 | 0.151 | 0.446 | 0.341 | 0.621 | 0.373 | 0.413 | 0.524 | 0.462 | 0.368 | 0.280

AP ML DST CellTrlg

0.338 | 0.259 | 0.289 | 0.089 | 0.359 | 0.142 | 0.090 | 0.147 | 0.510 | 0.117 | 0.200 | 0.155 | 0.234 | 0.123 | 0.264
0.432 { 0252 | 0.533 | 0.110 | 0.252 | 0.246 | 0.132 | 0.189 | 0.540 | 0.254 | 0.194 | 0.217 | 0.307 | 0.200 | 0.206
0.367 | 0.294 | 0.304 | 0.144 | 0.414 | 0.179 | 0.281 { 0.195 | 0.524 | 0.206 | 0.227 | 0.200 | 0.233 | 0.200 | 0.228
0.564 | 0.602 | 0.365 | 0.267 | 0.539 | 0.151 | 0.445 | 0.341 | 0.624 | 0.372 | 0.413 | 0.519 | 0.461 | 0.368 | 0.280

AP ML DST MaxLat

AlWIN =2 TBWIN|= 2 WN (=2 WIN(=2BW N =2 (WN AR RN =2 B WIN 22BN =2 B[(WIN-
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AP ML ST CellTrig

0.338

0.260

0.287

0.094

0.396

0.138

0.089

0.148

0.525

0.118

0.200

0.185

0.235

0.126

0.279

0.435

0.252

0.532

0.110

0.252

0.173

0.131

0.189

0.633

0.254

0.192

0.218

0.310

0.200

0.216

0.369

0.297

0.303

0.145

0.414

0.180

0.284

0.206

0.542

0.207

0.199

0.200

0.233

0.200

0.198

0.566

0.641

0.365

0.267

0.533

0.151

0.449

0.341

0.677

0.392

0.462

0.567

0.462

0.368

0.284

AP ML ST MaxLat

0.338

0.259

0.290

0.094

0.396

0.142

0.091

0.147

0.510

0.118

0.200

0.155

0.234

0.123

0.279

0.432

0.252

0.533

0.110

0.252

0.246

0.132

0.189

0.540

0.254

0.194

0.218

0.307

0.200

0.214

0.369

0.295

0.304

0.145

0.414

0.179

0.284

0.207

0.525

0.206

0.234

0.200

0.233

0.200

0.228

0.566

0.640

0.365

0.267

0.571

0.151

0.448

0.341

0.680

0.392

0.462

0.556

0.481

0.368

0.284

AP ML CellTrig MaxLat

0.343

0.260

0.315

0.111

0411

0.167

0.091

0.148

0.510

0.118

0.200

0.155

0.241

0.126

0.306

0.531

0.258

0.612

0.130

0.285

0.248

0.132

0.200

0.577

0.322

0.200

0.234

0.349

0.202

0217

0.474

0.322

0.319

0.210

0.503

0.180

0.387

0.244

0.533

0.213

0.253

0.200

0.233

0.200

0.232

0.651

0.697

0.402

0.351

0.673

0.151

0.589

0.413

0.677

0.429

0.480

0.591

0.512

0.403

0.287

AP DST ST CellTrig

0.166

0.140

0.132

0.083

0.245

0.078

0.081

0.106

0.200

0.081

0.087

0.085

0.110

0.088

0.113

0.189

0.128

0177

0.086

0.218

0.085

0.106

0.082

0.273

0.085

0.089

0.089

0.096

0.085

0.105

0.126

0.147

0.132

0.087

0.280

0.093

0.179

0.083

0.233

0.090

0.088

0.086

0.102

0.085

0.085

0.285

0.269

0.162

0.169

0.300

0.091

0.263

0.174

0.287

0.184

0.176

0.226

0.208

0.165

0.143

AP DST ST MaxLat

0.165

0.138

0.129

0.083

0.238

0.081

0.084

0.105

0.350

0.081

0.086

0.082

0.108

0.086

0.113

0.189

0.128

0.177

0.086

0.218

0.183

0.110

0.085

0.330

0.086

0.089

0.088

0.097

0.084

0.103

0.126

0.147

0.131

0.087

0.289

0.089

0.179

0.087

0.266

0.088

0.129

0.082

0.102

0.083

0.128

0.295

0.269

0.160

0.169

0.290

0.089

0.263

0.175

0.290

0.184

0.176

0.222

0.208

0.166

0.143

AP DST CellTrig
MaxLat

0.166

0.140

0.132

0.078

0.257

0.082

0.082

0.106

0.350

0.075

0.079

0.082

0.110

0.089

0.113

0.189

0.127

0177

0.083

0.218

0.186

0.110

0.084

0.330

0.084

0.081

0.079

0.098

0.085

0.105

0.123

0.147

0.133

0.080

0.289

0.091

0.179

0.086

0.256

0.090

0.121

0.084

0.104

0.082

0.128

0.304

0.265

0.162

0.168

0.300

0.091

0.283

0.175

0.287

0.180

0.172

0.235

0.208

0.166

0.140

AP ST CellTrig MaxLat

0.166

0.140

0.132

0.100

0.329

0.082

0.084

0.106

0.350

0.081

0.087

0.085

0.110

0.089

0.129

0.189

0.128

0177

0.104

0.384

0.187

0.110

0.085

0.330

0.086

0.101

0.108

0.099

0.085

0.145

0.126

0.147

0.133

0.099

0.405

0.093

0.210

0.120

0.257

0.091

0.147

0.086

0.104

0.085

0.140

0.364

0.385

0.162

0.190

0.648

0.091

0.287

0.175

0.354

0.262

0.256

0.272

0.208

0.166

0.143

ML DST ST CellTrig

0.198

0.189

0.214

0.094

0.267

0.138

0.089

0.131

0.330

0.118

0.200

0.155

0.195

0.122

0.226

0.260

0.201

0.378

0.110

0.153

0.173

0.108

0.189

0.360

0.252

0.192

0.218

0.200

0.200

0.187

0.306

0.217

0.233

0.145

0.313

0.160

0.163

0.194

0.346

0.204

0.198

0.200

0.207

0.200

0.198

0.450

0.363

0.240

0.169

0.268

0.142

0.234

0.200

0.333

0.228

0.275

0.337

0.262

0.230

0.194

ML DST ST MaxLat

0.198

0.188

0.216

0.094

0.267

0.142

0.091

0.130

0.410

0.117

0.200

0.186

0.194

0.119

0.226

0.256

0.201

0.380

0.110

0.153

0.246

0.110

0.189

0.410

0.252

0.194

0.218

0.286

0.200

0.186

0.306

0.215

0.233

0.145

0.313

0.159

0.163

0.196

0.357

0.203

0.230

0.200

0.208

0.200

0.228

0.450

0.362

0.240

0.169

0.257

0.142

0.233

0.200

0.333

0.228

0.275

0.331

0.261

0.230

0.194

ML DST CellTrig
MaxLat

0.198

0.189

0.214

0.091

0.267

0.142

0.091

0.132

0.410

0.118

0.200

0.155

0.196

0.122

0.225

0.256

0.201

0.377

0.110

0.149

0.248

0.110

0.188

0.410

0.252

0.194

0.217

0.288

0.200

0.185

0.301

0216

0.234

0.144

0.312

0.160

0.162

0.195

0.357

0.204

0.227

0.200

0.208

0.200

0.228

0.450

0.361

0.240

0.169

0.269

0.141

0.252

0.200

0.333

0.228

0.268

0.344

0.262

0.230

0.190

ML ST CellTrig MaxLat

0.198

0.189

0.215

0.109

0.339

0.142

0.091

0.132

0.410

0.118

0.200

0.155

0.196

0.122

0.246

0.256

0.201

0.378

0.126

0.304

0.248

0.110

0.189

0.410

0.252

0.204

0.237

0.288

0.200

0.234

0.306

0.217

0.234

0.159

0.385

0.160

0.189

0.234

0.357

0.204

0.247

0.200

0.208

0.200

0.248

0.450

0.487

0.240

0.195

0.614

0.142

0.258

0.200

0.400

0.307

0.384

0.390

0.262

0.230

0.194

DST ST CellTrig
MaxLat

0.084

0.088

0.087

0.100

0.237

0.082

0.084

0.087

0.292

0.080

0.087

0.085

0.086

0.085

0.099

0.084

0.088

0.088

0.104

0.286

0.187

0.088

0.085

0.252

0.083

0.101

0.108

0.088

0.085

0.129

0.084

0.089

0.088

0.099

0.327

0.081

0.119

0.119

0.126

0.088

0.147

0.086

0.085

0.085

0.140

0.152

0.195

0.087

0.106

0.407

0.082

0.137

0.084

0.124

0.149

0.168

0.168

0.087

0.084

0.086

AP ML DST

0.212

0.260

0.103

0.085

0.306

0.068

0.082

0.138

0.162

0.116

0.200

0.155

0.130

0.136

0.213

0.452

0.243

0.171

0.110

0.249

0.072

0.108

0.188

0.218

0.076

0.227

0.217

0.192

0.203

0.178

0.361

0.275

0.174

0.135

0.303

0.072

0.284

0.139

0.242

0.115

0.274

0.177

0.123

0.200

0.187

0.595

0.617

0.250

0.298

0.606

0.215

0.453

0.336

0.521

0.256

0.432

0.397

0.457

0.402

0.334

AP ML ST

0.230

0.381

0.109

0.083

0.411

0.084

0.082

0.138

0.152

0.122

0.400

0.215

0.132

0.158

0.213

0.484

0.402

0.172

0.148

0.316

0.078

0.109

0.190

0.218

0.084

0.415

0.417

0.192

0.258

0.235

0.403

0.415

0.176

0.207

0.406

0.080

0.385

0.150

0.246

0.132

0.443

0.244

0.133

0.274

0.254

0.675

0.760

0.276

0.350

0.693

0.215

0.448

0.413

0.580

0.330

0.546

0.516

0.545

0.508

0.453

AP ML CellTrig

0.213

0.261

0.104

0.079

0.318

0.084

0.082

0.140

0.152

0.120

0.200

0.155

0.133

0.138

0.220

0.484

0.243

017

0.129

0.317

0.082

0.108

0.199

0.218

0.087

0.246

0.234

0.192

0.205

0.179

0.403

0.288

0.176

0.193

0.397

0.085

0.383

0.156

0.242

0.120

0.304

0.179

0.123

0.200

0.188
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0.665

0.647

0.260

0.328

0.709

0.215

0.549

0.399

0.575

0.276

0.471

0.456

0.511

0.430

0.346
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AP ML MaxLat

0.214

0.260

0.105

0.078

0.305

0.071

0.086

0.139

0.152

0.105

0.200

0.156

0.130

0.136

0.213

0.484

0.243

0.173

0.109

0.249

0.083

0.110

0.189

0.218

0.080

0.225

0.227

0.192

0.203

0.178

0.394

0.275

0.176

0.133

0.303

0.076

0.284

0.140

0.242

0.117

0.293

0.177

0.124

0.200

0.188

0.624

0.600

0.284

0.278

0.577

0.215

0.409

0.336

0.561

0.265

0.448

0.444

0.506

0.425

0.341

AP DST ST

0.151

0.140

0.109

0.085

0.176

0.084

0.080

0.093

0.150

0.080

0.118

0.084

0.097

0.081

0.123

0.339

0.126

0.115

0.129

0.390

0.078

0.107

0.072

0.209

0.083

0.168

0.082

0.096

0.086

0.094

0.265

0.133

0.102

0.244

0.422

0.080

0.507

0.078

0.185

0.081

0.269

0.083

0.086

0.083

0.094

0.282

0.472

0.172

0.371

0.687

0.152

0.498

0.360

0.266

0.190

0.293

0.198

0.209

0.222

0.254

AP DST CellTrig

0.151

0.142

0.104

0.085

0.176

0.084

0.078

0.097

0.149

0.085

0.097

0.083

0.096

0.081

0.124

0.333

0.127

0.113

0.130

0.384

0.082

0.104

0.080

0.207

0.087

0121

0.085

0.092

0.089

0.096

0.285

0.134

0.103

0.243

0.413

0.085

0.498

0.080

0.180

0.085

0.176

0.083

0.081

0.085

0.097

0.283

0.368

0.174

0.359

0.717

0.153

0.594

0.337

0.265

0.181

0.239

0.188

0.210

0.204

0.235

AP DST MaxLat

0.150

0.140

0.105

0.085

0.176

0.068

0.084

0.096

0.151

0.080

0.008

0.076

0.094

0.084

0.125

0.330

0.127

0.113

0.104

0.277

0.083

0.108

0.083

0.207

0.077

0.120

0.082

0.095

0.086

0.094

0.268

0.13%

0.103

0.156

0.310

0.075

0.333

0.085

0.180

0.075

0.184

0.078

0.082

0.081

0.098

0.282

0.369

0.193

0.315

0.573

0.152

0.485

0.290

0.265

0.189

0.238

0.188

0.209

0.205

0.235

AP ST CellTrig

0.287

0.478

0.154

0.347

0.655

0.088

0.310

0.209

0.149

0.228

0.600

0.359

0.142

0.281

0.249

0.463

0.584

0.185

0.590

0.765

0.082

0.407

0.213

0.209

0.088

0.596

0.549

0.163

0.309

0.329

0.377

0.543

0.208

0.600

0.800

0.119

0.738

0.231

0.204

0.180

0.600

0.308

0.218

0.351

0.355

0.645

0.866

0.330

0.567

0.796

0.287

0.618

0.504

0.572

0.526

0.632

0.583

0.485

0.586

0.669

AP ST MaxLat

0.270

0.413

0.154

0.268

0.506

0.085

0.303

0.209

0.150

0.199

0.424

0.285

0.141

0.230

0.242

0.453

0.493

0.155

0.492

0.639

0.083

0.386

0.207

0.209

0.083

0.402

0.500

0.165

0.309

0.335

0.354

0.447

0.208

0.500

0.659

0.116

0.647

0.238

0.204

0.167

0.436

0.294

0.215

0.327

0.361

0.592

0.785

0.320

0.483

0.767

0.283

0.498

0.473

0.55¢

0.526

0.564

0.582

0.515

0.559

0.630

AP CellTrig MaxLat

0.270

0.227

0.106

0.229

0.399

0.141

0.200

0.173

0.13¢

0.190

0.200

0.160

0.108

0.199

0.238

0.491

0.222

0.115

0.362

0.609

0.083

0.268

0.202

0.207

0.105

0.200

0.176

0.095

0171

0.170

0.386

0.240

0.134

0.411

0.651

0.132

0.607

0.220

0.180

0.119

0.281

0.154

0.095

0.172

0.187

0.492

0.530

0.215

0.418

0.786

0.261

0.659

0.465

0.361

0.369

0.360

0.392

0.349

0.364

0.361

ML DST ST

0.137

0.188

0.087

0.085

0.165

0.084

0.083

0.129

0.104

0.110

0.242

0.156

0.118

0.136

0171

0.368

0.196

0.136

0.159

0.318

0.076

0.086

0.188

0.09¢9

0.084

0.312

0.217

0.172

0.200

0.165

0.276

0.205

0.151

0.287

0.346

0.079

0.469

0.139

0.134

0.119

0.471

0.179

0.126

0.200

0.174

0.350

0.517

0171

0.333

0.691

0.210

0.451

0.397

0.267

0.153

0.363

0.260

0.257

0.281

0.273

ML DST CellTrig

0.137

0.189

0.082

0.085

0.165

0.084

0.083

0.131

0.102

0.114

0.221

0.155

0.117

0.137

0.171

0.368

0.196

0.135

0.159

0.308

0.082

0.085

0.189

0.097

0.087

0.267

0.217

0.172

0.200

0.165

0.296

0.204

0.152

0.287

0.337

0.084

0.460

0.140

0.128

0.120

0.382

0.179

0.123

0.200

0.175

0.351

0.413

0.172

0.320

0.721

0.210

0.547

0.375

0.266

0.146

0.310

0.250

0.260

0.264

0.254

ML DST MaxLat

0.137

0.188

0.081

0.085

0.166

0.071

0.086

0.130

0.102

0.09¢9

0.221

0.155

0.114

0.136

0.170

0.368

0.196

0.135

0.134

0.201

0.078

0.088

0.189

0.008

0.079

0.268

0.217

0.172

0.200

0.165

0.276

0.205

0.152

0.203

0.233

0.074

0.295

0.140

0.130

0.116

0.374

0.177

0.124

0.200

0.175

0.350

0.411

0.192

0.274

0.564

0.210

0.428

0.325

0.267

0.163

0.310

0.250

0.257

0.264

0.254

ML ST CellTrig

0.260

0.588

0.132

0.349

0.634

0.088

0.327

0.253

0.103

0.264

0.800

0.474

0.180

0.357

0.327

0.474

0.708

0.187

0.627

0.665

0.082

0.381

0.390

0.099

0.088

0.801

0.751

0.274

0.500

0.449

0.388

0.657

0.275

0.671

0.703

0.118

0.705

0.315

0.153

0.234

0.815

0.445

0.282

0.546

0477

0.632

0.913

0.326

0.566

0.800

0.338

0.559

0.575

0.555

0.498

0.692

0.638

0.526

0.641

0.691

ML ST MaxLat

0.242

0.528

0.133

0.269

0.490

0.085

0.311

0.253

0.103

0.218

0.624

0.406

0.179

0.208

0.322

0.465

0.616

0.187

0.531

0.539

0.081

0.352

0.383

0.098

0.084

0.618

0.708

0.274

0.499

0.456

0.363

0.572

0.275

0.571

0.562

0.115

0.605

0.315

0.163

0.221

0.653

0.431

0.271

0.523

0.492

0.587

0.835

0.314

0.474

0.765

0.334

0.432

0.539

0.535

0.499

0.628

0.638

0.556

0.618

0.652

ML CellTrig MaxLat

0.236

0.284

0.083

0.229

0.382

0.141

0.200

0.215

0.091

0.201

0.400

0.266

0.138

0.260

0.319

0.502

0.328

0.139

0.404

0.508

0.083

0.231

0.354

0.098

0.105

0.413

0.365

0.172

0.330

0.256

0.387

0.340

0.186

0.486

0.553

0.132

0.563

0.305

0.130

0.162

0.498

0.281

0.132

0.330

0.300

0.527

0.583

0.208

0.410

0.777

0.331

0.594

0.529

0.363

0.344

0.444

0.460

0.407

0.447

0.389

DST ST CellTrig

0.196

0.413

0.132

0.360

0.507

0088 |

0311

0.200

0.100

0.222

0.621

0.359

0.130

0.278

0.202

0.343

0.531

0.127

0.611

0.712

0.082

0.367

0.213

0.083

0.088

0.640

0.549

0.143

0.300 |

0.304

0.272

0.471

0.184

0.682

0.710

0.118

0.762

0.226

0.107

0.180

0.709

0.308

0.218

0.348

0.335

0.386

0.746

0.237

0.561

0.797

0.2585

0.604

0.514

0.327

0.410

0.545

0.434

0.288

0.456

0.590

DST ST MaxLat

0.178

0.357

0.132

0.276

0.353

0.085

0.303

0.200

0.101

0.195

0.445

0.285

0.130

0.228

0.200

0.334

0.440

0.127

0.515

0.584

0.081

0.346

0.207

0.083

0.083

0.447

0.500

0.145

0.299

0.314

0.252

0.375

0.184

0.582

0.570

0.115

0.662

0.232

0.107

0.167

0.526

0.294

0.207

0.325

0.344
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0.327

0.658

0.224

0.482

0.768

0.261

0.482

0.479

0.293

0.410

0.478

0.432

0.319

0.428

0.550
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DST CellTrig MaxLat

0.175

0.157

0.083

0.237

0.243

0.141

0.200

0.165

0.087

0.185

0.221

0.160

0.096

0.199

0.196

0.380

0.178

0.082

0.377

0.555

0.083

0.229

0.202

0.077

0.105

0.244

0.176

0.083

0.165

0.156

0.284

0.176

0.107

0.504

0.561

0.132

0.619

0.215

0.075

0.119

0.370

0.154

0.095

0.172

0.174

0.249

0.386

0.133

0.420

0.796

0.247

0.639

0.471

0.140

0.256

0.271

0.257

0.184

0.239

0.287

ST CellTrig MaxLat

0.310

0.435

0.132

0.503

0.584

0.141

0.464

0.317

0.089

0.364

0.600

0.418

0.150

0.421

0.385

0.470

0.532

0.128

0.721

0.809

0.084

0.511

0.380

0.084

0.106

0.596

0.549

0.145

0.385

0.367

0.365

0.505

0.218

0.779

0.824

0.185

0.819

0.420

0.107

0.218

0.628

0.372

0.218

0.410

0.420

0.499

0.712

0.272

0.582

0.852

0.396

0.650

0.581

0.362

0.538

0.545

0.548

0.402

0.518

0.576

AP ML

0.214

0.260

0.103

0.077

0.306

0.068

0.082

0.138

0.152

0.116

0.200

0.155

0.130

0.136

0.213

0.452

0.243

0.171

0.108

0.249

0.072

0.108

0.188

0.218

0.076

0.221

0.247

0.192

0.203

0.178

0.379

0.275

0.174

0.133

0.303

0.072

0.276

0.139

0.242

0.115

0.243

0.177

0.123

0.200

0.187

0.590

0.570

0.259

0.278

0.537

0.215

0.409

0.336

0.521

0.256

0.406

0.396

0.457

0.390

0.394

AP DST

0.150

0.140

0.102

0.085

0.176

0.064

0.077

0.093

0.149

0.080

0.097

0.076

0.094

0.07¢

0.123

0.330

0.126

0.112

0.103

0277

0.071

0.103

0.072

0.207

0.070

0.118

0.082

0.088

0.085

0.090

0.265

0.133

0.098

0.156

0.310

0.069

0.333

0.078

0.180

0.070

0.154

0.075

0.072

0.081

0.090

0.282

0.368

0.172

0.314

0.545

0.152

0.462

0.290

0.265

0.179

0.238

0.188

0.209

0.204

0.206

AP ST

0.271

0.413

0.154

0.268

0.507

0.084

0.247

0.209

0.149

0.212

0.400

0.285

0.141

0.229

0.242

0.431

0.433

0.155

0.396

0.565

0.078

0.319

0.201

0.209

0.083

0.400

0.400

0.163

0.258

0.269

0.351

0.432

0.208

0.400

0.600

0.115

0.550

0.210

0.204

0.166

0.400

0.262

0.206

0.275

0.291

0.553

0.697

0.313

0.454

0.653

0.272

0477

0.408

0.529

0.433

0.492

0.483

0.465

0.468

0.571

AP CellTrig

0.271

0.227

0.104

0.228

0.388

0.141

0.200

0.172

0.138

0.204

0.200

0.160

0.108

0.199

0.238

0.458

0.222

0.115

0.310

0.547

0.082

0.251

0.188

0.207

0.105

0.200

0.176

0.092

0.168

0.170

0.370

0.240

0.133

0.342

0.591

0.132

0.531

0.209

0.180

0.119

0.222

0.183

0.090

0.172

0.187

0.473

0.517

0.210

0.406

0.671

0.261

0.585

0.406

0.361

0.352

0.356

0.355

0.348

0.358

0.416

AP MaxLat

0.242

0.140

0.144

0.073

0.182

0.068

0.139

0.204

0.163

0.076

0.093

0.067

0.127

0.084

0.133

0.429

0.168

0.235

0.140

0.258

0.099

0.179

0.197

0.328

0.200

0.079

0.135

0.198

0.155

0.201

0.336

0.171

0.170

0.139

0.259

0.074

0.260

0.196

0.300

0.183

0.139

0.141

0.181

0.141

0.196

0.427

0.418

0.324

0.221

0.428

0.216

0.342

0.320

0.393

0.337

0.301

0.298

0.377

0.319

0.379

ML DST

0.137

0.188

0.078

0.085

0.165

0.068

0.082

0.129

0.102

0.110

0.221

0.155

0.113

0.136

0.170

0.368

0.196

0.134

0.134

0.201

0.068

0.085

0.188

0.097

0.075

0.266

0.217

0.172

0.200

0.165

0.276

0.205

0.150

0.203

0.233

0.069

0.295

0.139

0.128

0.115

0.359

0.177

0.123

0.200

0.174

0.350

0.412

0.171

0.274

0.537

0.209

0.405

0.325

0.267

0.145

0.310

0.250

0.257

0.264

0.315

ML ST

0.242

0.528

0.132

0.269

0.488

0.084

0.257

0.252

0.103

0.240

0.600

0.406

0.179

0.298

0.322

0.450

0.556

0.187

0.434

0.465

0.076

0.288

0.378

0.099

0.084

0616

0.617

0.274

0.449

0.391

0.362

0.556

0.275

0.471

0.503

0.114

0.513

0.287

0.153

0.220

0.643

0.399

0.266

0.469

0.417

0.573

0.742

0.308

0.437

0.654

0.326

0.411

0.464

0.520

0.396

0.582

0.551

0.523

0.546

0.598

ML CeliTrig

0.236

0.284

0.082

0.228

0.375

0.141

0.200

0.214

0.0¢1

0.223

0.400

0.266

0.437

0.260

0.319

0.470

0.328

0.138

0.353

0.445

0.082

0.214

0.343

0.097

0.105

0.412

0.365

0.172

0.327

0.256

0.374

0.341

0.185

0.415

0.494

0.131

0.493

0.288

0.128

0.162

0.466

0.281

0.132

0.330

0.300

0.511

0.564

0.203

0.388

0.664

0.331

0.520

0.459

0.363

0.314

0.443

0.422

0.407

0.441

0.443

ML MaxLat

0.213

0.188

0.120

0.078

0.173

0.071

0.141

0.250

0.115

0.099

0.224

0.155

0.155

0.136

0.179

0.447

0.247

0.268

0.174

0.191

0.095

0.156

0.346

0.178

0.200

0.225

0.317

0.305

0.320

0.305

0.335

0.255

0.230

0.189

0.206

0.074

0.250

0.252

0.230

0.229

0.305

0.260

0.246

0.300

0.310

0.472

0.442

0.311

0.191

0.415

0.278

0.285

0.365

0.384

0.304

0.373

0.368

0.433

0.391

0.407

DST ST

0.179

0.357

0.132

0.276

0.356

0.084

0.248

0.200

0.100

0.208

0.421

0.285

0.129

0.226

0.200

0.305

0.380

0.127

0.418

0.512

0.076

0.280

0.201

0.083

0.083

0.444

0.400

0.143

0.249

0.250

0.251

0.360

0.184

0.482

0.510

0.114

0.566

0.208

0.107

0.166

0.509

0.262

0.202

0.273

0.273

0.277

0.546

0218

0.443

0.643

0.242

0.469

0.403

0.261

0.308

0.405

0.334

0.264

0.341

0.491

DST CellTrig

0.175

0.157

0.080

0.237

0.231

0.141

0.200

0.164

0.084

0.198

0.221

0.160

0.083

0.199

0.195

0.335

0.178

0.081

0.328

0.494

0.082

0.213

0.188

0.074

0.105

0.244

0.176

0.079

0.162

0.156

0.264

0.176

0.106

0.432

0.502

0.131

0.545

0.206

0.070

0.119

0.332

0.183

0.090

0.172

0.174

0.216

0.366

0.128

0.400

0.673

0.247

0.577

0.401

0.139

0.226

0.267

0.218

0.183

0.233

0.339

DST MaxLat

0.161

0.078

0.119

0.085

0.092

0.068

0.140

0.196

0.118

0.072

0.115

0.076

0.107

0.080

0.087

0.309

0.118

0.190

0.160

0.204

0.085

0.156

0.197

0.161

0.200

0.123

0.142

0.186

0.150

0.188

0.263

0.114

0.154

0.216

0.198

0.072

0.270

0.196

0.176

0.183

0.211

0.141

0.181

0.140

0.184

0.171

0.267

0.231

0.208

0.420

0.185

0.342

0.312

0.158

0.216

0.215

0.180

0.187

0.202

0.308

ST CellTrig

0.311

0.435

0.132

0.503

0.589

0.141

0.449

0.317

0.088

0.397

0.600

0.418

0.150

0.420

0.384

0.427

0.5632

0.128

0.705

0.782

0.082

0.493

0.369

0.083

0.106

0.596

0.549

0.143

0.382

0.364

0.344

0.505

0.218

0.742

0.791

0.184

0.776

0.408

0.107

0.218

0.622

0.372

0.218

0.410

0.419

B(WIN(2 B[O IN 2B WIN2(RIWIN QB (WIN =2 AN 2 AN 2 AWM =AW N QAN =AWN =B[N AWIN =2 AN =L N|=

0.474

0.700

0.268

0.574

0.770

0.396

0.587

0.531

0.362

0.521

0.544

0.518

0.401

0.517

0.837
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ST MaxLat

0.270

0.357

0.183

0.268

0.353

0.085

0.353

0.375

0.113

0.195

0.424

0.285

0.170

0.228

0.207

0.402

0.441

0.247

0.495

0.474

0.097

0.395

0.364

0.165

0.200

0.402

0.500

0.280

0.372

0.427

0.307

0.410

0.278

0.500

0.459

0.115

0.498

0.380

0.196

0.307

0.436

0.362

0.353

0.374

0.431

0.427

0.580

0.391

0.363

0.558

0.321

0.348

0.435

0.389

0.506

0.472

0.462

0.438

0.466

0.592

CellTrig MaxLat

0.270

0.157

0.122

0.229

0.243

0.141

0.289

0.312

0.099

0.185

0.224

0.160

0.127

0.199

0.203

0.436

0.231

0.192

0.412

0.456

0.100

0.322

0.344

0.164

0.216

0.202

0.257

0.186

0.264

0.285

0.319

0.224

0.177

0.442

0.451

0.132

0.478

0.363

0.176

0.226

0.282

0.246

0.190

0.262

0.315

BN = W=

0.355

0.400

0.265

0.307

0.551

0.325

0.455

0.444

0.237

0.425

0.334

0.341

0.336

0.359

0.437
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Appendix C

This appendix shows the tables of stability index values obtained with the median filter

(Table C.1), values obtained with the averaging filter (Table C.2), and the difference in the

calculated index values (Table C.3). The mean difference between the data sets divided by

the mean value of the averaging filter data yields a 3.13% mean difference between the

median filter and averaging filter data sets.

Table C.1: Stability index values calculated from raw F-Scan data filtered with a median

filter.
Level Subjects
1 2 3 4 5 6 7 8 9 10 11 12 13 14 18
1 0.372 | 0259 | 0.288 | 0.090 | 0.359 | 0.142 | 0.089 | 0.146 | 0.510 | 0.117 | 0.200 | 0.155 | 0.233 | 0.123 | 0.264
SIX 2 0.437 | 0251 | 0533 | 0.109 [ 0.242 | 0.171 | 0.132 | 0.189 | 0.601 | 0.254 [ 0.190 | 0.218 | 0.308 | 0.200 | 0.206
PARAMS 3 0.368 | 0204 | 0301 | 0144 | 0414 | 0179 | 0.281 | 0.194 | 0.540 | 0.204 | 0.194 | 0.200 | 0.233 | 0.200 | 0.198
4 0.568 | 0.606 | 0.365 | 0.267 | 0.540 | 0.151 | 0.444 | 0.341 | 0629 | 0.373 | 0.420 | 0.518 | 0.460 | 0.368 | 0.281
1 0.326 | 0.260 | 0.287 | 0.094 | 0.360 | 0.138 | 0.089 | 0.148 | 0.525 [ 0.118 | 0.200 | 0.155 | 0.235 | 0.126 | 0.264
’SZTMS':T 2 0435 | 0252 | 0532 | 0110 | 0252 | 0173 | 0.131 | 0.189 | 0633 | 0.254 | 0.192 | 0.218 | 0.310 | 0.200 | 0.206
CellTrig 3 0.369 | 0.297 | 0.303 | 0.145 | 0414 | 0.180 | 0.279 | 0.194 | 0.542 | 0.207 | 0.198 | 0.200 | 0.233 | 0.200 | 0.198
4 0.566 | 0.608 | 0.365 [ 0.267 | 0.515 [ 0.151 | 0459 | 0.341 | 0.621 | 0.376 | 0422 | 0.525 | 0462 | 0.368 | 0.284
1 0.326 | 0.259 | 0.290 [ 0.094 | 0.360 [ 0.142 | 0.091 | 0.147 | 0.510 | 0.118 | 0.200 | 0.155 | 0.234 | 0.123 | 0.264
’SZT""SLT 2 0432 | 0.252 | 0.533 | 0.110 | 0.252 | 0.246 | 0.132 | 0.180 | 0.540 | 0.254 | 0.194 | 0.218 | 0.307 | 0.200 | 0.205
MaxLat 3 0.369 | 0.295 | 0.304 | 0.145 | 0414 | 0179 | 0.279 | 0.195 | 0.525 | 0.206 | 0.230 { 0.200 | 0.233 | 0.200 | 0.228
4 0.566 | 0.606 | 0.365 | 0.267 | 0.544 | 0.151 | 0447 | 0.341 | 0.624 | 0.376 | 0422 | 0.520 | 0.461 | 0.368 | 0.284
AP ML 1 0.326 | 0260 | 0.288 | 0.091 | 0.359 | 0.142 | 0.091 | 0.148 | 0.510 | 0.118 | 0.200 | 0.155 | 0.236 | 0.126 | 0.264
DST 2 0448 | 0252 | 0.532 | 0.110 [ 0.252 | 0.248 | 0.132 | 0.189 | 0.540 | 0.254 | 0.194 | 0.217 | 0.308 | 0.200 | 0.207
CellTrig 3 0.367 | 0297 | 0.305 | 0.144 | 0414 | 0.180 | 0.291 | 0.205 | 0.525 | 0.207 | 0.240 | 0.200 [ 0.233 | 0.200 | 0.228
MaxLat 4 0.564 | 0.603 | 0.365 | 0.267 | 0.524 | 0.151 | 0472 | 0.345 | 0.621 | 0.383 | 0.414 | 0.519 | 0.462 | 0.368 | 0.280
1 0.326 | 0.260 | 0.289 | 0.101 | 0.396 [ 0.142 | 0.091 | 0.148 | 0.510 | 0.118 | 0.200 | 0.155 | 0.236 | 0.126 | 0.279
éZIII\'I/"rLigST 2 | 0448 | 0252 | 0532 | 0.113 | 0.262 | 0.248 | 0.132 | 0189 | 0.540 | 0.254 | 0.194 | 0.218 | 0.308 | 0.200 | 0.216
MaxLat 3 0.369 | 0.297 | 0.305 | 0.147 | 0442 | 0.180 [ 0296 | 0.210 | 0525 | 0.207 | 0.246 | 0.200 | 0.233 | 0.200 | 0.228
4 0.566 | 0.641 | 0.365 | 0.277 | 0.672 | 0.1561 | 0467 | 0.345 | 0.677 | 0.412 { 0.466 | 0.556 | 0.462 | 0.368 | 0.284
AP DST 1 0.165 | 0.140 [ 0.132 | 0.083 | 0.258 [ 0.082 | 0.084 | 0.106 | 0.350 | 0.081 | 0.087 | 0.085 | 0.110 | 0.089 | 0.114
ST 2 0.189 | 0.128 [ 0.177 | 0.086 | 0.218 | 0.187 | 0.110 | 0.085 | 0.330 | 0.086 | 0.090 | 0.089 | 0.099 | 0.085 [ 0.106
CellTrig 3 0.127 | 0.147 | 0.133 | 0.087 | 0.289 | 0.093 | 0.179 | 0.088 | 0.257 | 0.091 | 0.129 | 0.086 | 0.104 | 0.085 | 0.128
MaxLat 4 0.295 | 0.269 | 0.162 | 0.169 | 0.303 | 0.091 | 0.273 | 0.175 | 0.287 | 0.184 | 0.176 | 0.235 | 0.208 | 0.166 | 0.143
ML DST 1 0.186 | 0.189 | 0.215 | 0.094 | 0.267 | 0.142 | 0.091 | 0.132 | 0410 [ 0.118 | 0.200 | 0.155 | 0.196 | 0.122 | 0.226
ST 2 0.256 | 0.201 | 0.378 | 0.110 | 0.153 | 0.248 | 0.110 | 0.189 | 0.410 | 0.252 | 0.194 | 0.218 | 0.288 | 0.200 [ 0.187
CellTrig 3 0306 | 0217 | 0234 | 0145 | 0.313 | 0.160 | 0.163 | 0.195 | 0.357 | 0.204 { 0.230 | 0.200 | 0.208 | 0.200 | 0.228
MaxLat 4 0.450 | 0.363 | 0.240 | 0.169 | 0.271 | 0.142 | 0.244 | 0.200 | 0.333 | 0.228 | 0.276 | 0.344 | 0.262 | 0.230 | 0.194
1 0338 | 0259 | 0.288 | 0.094 | 0360 | 0.138 | 0.088 | 0.146 | 0.525 | 0.117 | 0.200 | 0.155 | 0.233 | 0.123 | 0.264
AP ML 2 0436 | 0252 | 0533 | 0.110 | 0242 | 0171 | 0.131 | 0.189 | 0.628 | 0.254 | 0.192 | 0.218 | 0.308 | 0.200 | 0.205
DST 8T 3 0.369 | 0295 | 0.303 | 0145 | 0.414 | 0179 | 0279 | 0.194 | 0.541 | 0.205 | 0.198 | 0.200 | 0.233 | 0.200 | 0.198
4 0.566 | 0.606 | 0.365 | 0.267 | 0.544 | 0.151 | 0447 | 0.341 | 0.626 | 0.376 | 0422 | 0.525 | 0.461 | 0.368 | 0.284
1 0.338 | 0260 | 0.287 | 0.091 [ 0.359 | 0.138 | 0.087 | 0.148 | 0.525 [ 0.118 [ 0.200 | 0.155 | 0.235 | 0.126 | 0.264
SZT’"‘L 2 0436 | 0.251 | 0532 | 0.109 | 0.252 | 0.173 | 0.131 | 0.189 | 0.633 | 0.253 | 0.191 | 0.217 | 0.310 | 0.200 | 0.207
CellTrig 3 0.367 | 0297 [ 0303 | 0144 | 0414 | 0.180 | 0.281 [ 0.194 | 0.542 | 0.207 | 0.194 | 0.200 | 0.233 | 0.200 | 0.198
4 0.564 | 0.603 | 0.365 | 0.267 | 0.510 | 0.151 | 0446 | 0.341 | 0621 | 0.373 [ 0413 | 0524 | 0.462 | 0.368 | 0.280
1 0.338 | 0259 | 0.289 | 0.089 | 0.359 | 0.142 | 0.090 | 0.147 | 0.510 | 0.117 | 0.200 | 0.155 | 0.234 | 0.123 | 0.264
SZTML 2 0432 | 0252 | 0533 | 0.110 | 0.252 | 0.246 | 0132 | 0189 | 0.540 | 0.254 | 0.194 | 0.217 | 0.307 | 0.200 | 0.206
MaxLat 3 0.367 | 0.294 | 0.304 | 0.144 | 0414 | 0.179 | 0.281 | 0.195 | 0.524 | 0.206 | 0.227 | 0.200 | 0.233 | 0.200 | 0.228
4 0.564 | 0602 | 0365 | 0.267 | 0539 | 0.151 | 0445 | 0.341 | 0624 | 0.372 | 0413 | 0.519 | 0.461 | 0.368 | 0.280
1 0.338 | 0.260 | 0.287 | 0.094 | 0.306 | 0.138 | 0.089 | 0.148 | 0.525 | 0.118 | 0.200 | 0.155 | 0.235 | 0.126 | 0.279
AP ML ST 2 0.435 | 0252 | 0532 | 0.110 | 0252 | 0173 | 0.131 | 0.189 | 0.633 | 0.254 | 0.192 | 0.218 | 0.310 | 0.200 | 0.216
CellTrig 3 0.369 | 0297 | 0303 | 0.145 | 0414 | 0.180 | 0.284 | 0.206 | 0.542 [ 0.207 | 0.199 | 0.200 | 0.233 | 0.200 | 0.198
4 0.566 | 0.641 | 0.365 | 0.267 | 0.533 | 0.151 | 0449 | 0.341 | 0677 | 0.392 | 0462 | 0.557 | 0.462 | 0.368 | 0.284
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1 0.338 | 0.259 | 0.290 | 0.094 ] 0.396 | 0.142 | 0.091 | 0.147 | 0.510 | 0.118 ]| 0.200 | 0.155 | 0.23¢ | 0.123 | 0.279
AP ML ST 2 | 0432 | 0252 | 0533 | 0.110 | 0.252 | 0.246 | 0.132 | 0489 | 0.540 | 0.254 | 0194 | 0.248 | 0.307 | 0.200 | 0.214
Maxlat 3 0.369 0.295 0.304 0.145 0.414 0.179 0.284 0.207 0.525 0.206 0.231 0.200 0.233 0.200 0.228
4 | 0566 | 0.640 | 0365 | 0267 | 0571 | 0.151 | 0.448 | 0.341 | 0.680 | 0.392 | 0.462 | 0.556 | 0.461 | 0.368 | 0.284
1 0.343 | 0.260 | 0315 | 0411 | 0411 | 0467 | 0.097 | 0.148 | 0.510 | 0.118 | 0.200 | 0.155 | 0.241 | 0.126 | 0.306
éFe’”“T"#g 2 0.531 | 0.258 | 0.612 | 0.130 | 0.285 | 0.248 | 0.132 | 0.200 | 0.577 | 0.322 | 0.200 | 0.234 | 0.349 | 0.202 | 0.217
MiaxLat 3 | 0474 | 0.322 | 0.319 | 0.210 | 0.503 | 0.180 | 0.387 | 0.244 | 0533 | 0.213 | 0.253 | 0.200 | 0.233 | 0.200 | 0.232
4 | 0651 | 0697 | 0.402 | 0.351 | 0.673 | 0.151 | 0.589 | 0413 | 0.677 | 0.429 | 0.480 | 0.591 | 0,512 | 0403 | 0.287
1 0.166 | 0.140 | 0.132 | 0.083 | 0.245 | 0.078 | 0.081 | 0.106 | 0.200 | 0.081 | 0.087 | 0.085 | 0.110 | 0.088 | 0.113
/s\; osT 2 | 0489 | 0.128 | 0.177 | 0.086 | 0.218 | 0.085 | 0.106 | 0.082 | 0.273 | 0.085 | 0.089 | 0.089 | 0.096 | 0.085 | 0.105
CellTrig 3 | 0426 | 0.147 | 0.132 | 0.087 | 0.280 | 0.093 | 0479 | 0.083 | 0.233 | 0.090 | 0.088 | 0.086 | 0.102 | 0.085 | 0.085
4 | 0.295 | 0269 | 0.162 | 0.169 | 0.300 | 0.091 | 0.263 | 0174 | 0.287 | 0.184 | 0.176 | 0.226 | 0.208 | 0.165 | 0.143
1 0.165 | 0.138 | 0120 | 0.083 | 0.238 | 0.081 | 0.084 | 0.105 | 0.350 | 0.081 | 0.086 | 0.082 | 0.108 | 0.086 | 0.113
AP DST 2 | 0489 | 0.128 | 0.177 | 0.086 | 0218 | 0.183 | 0.110 | 0.085 | 0.330 | 0.086 | 0.089 | 0.088 | 0.097 | 0.084 | 0.103
STMaxlat [~ 3 | 0126 | 0.147 | 0.131 | 0.087 | 0.289 | 0.089 | 0.179 | 0.087 | 0.256 | 0.088 | 0.129 | 0.082 | 0.102 | 0.083 | 0.128
4 | 0205 | 0269 | 0.160 | 0.169 | 0.290 | 0.089 | 0.263 | 0.175 | 0.290 | 0.184 | 0.176 | 0.222 | 0.208 | 0.166 | 0.143
1 0.166 | 0.140 | 0432 | 0.078 | 0.257 | 0.082 | 0.082 | 0.106 | 0.350 | 0.075 | 0.079 | 0.082 | 0.110 | 0.089 | 0.113
éZu??J 2 0.189 | 0.127 | 0.177 | 0.083 | 0.218 | 0.186 | 0.110 | 0.084 | 0.330 | 0.084 | 0.081 | 0.079 | 0.098 | 0.085 | 0.105
MaxLat 3 | 0.123 | 0.147 | 0.133 | 0.080 | 0.289 | 0.091 | 0.479 | 0.086 | 0.256 | 0.090 | 0.121 | 0.084 | 0.104 | 0.082 | 0.128
4 | 0304 | 0.265 | 0.162 | 0.168 | 0.300 | 0.091 | 0.283 | 0475 | 0.287 | 0.180 | 0.172 | 0.235 | 0.208 | 0.166 | 0.140
1 0.166 | 0.140 | 0.132 | 0.100 | 0.329 | 0.082 | 0.084 | 0.106 | 0.350 | 0.081 | 0.087 | 0.085 | 0.110 | 0.089 | 0.129
éZu?r;g 2 0.189 | 0128 | 0.177 | 0.104 | 0.384 | 0.187 | 0.110 | 0.085 | 0.330 | 0.086 | 0.101 | 0.108 | 0.099 | 0.085 | 0.145
MLt 3 | 0126 | 0147 | 0.133 | 0.099 | 0405 | 0.093 | 0.210 | 0.120 | 0.257 | 0.091 | 0.147 | 0.086 | 0.104 | 0.085 | 0.140
4 | 0364 | 0385 | 0.162 | 0190 | 0.648 | 0.091 | 0.267 | 0.175 | 0.354 | 0.262 | 0.256 | 0.272 | 0.208 | 0.166 | 0.143
1 0.198 | 0.189 | 0.214 | 0.094 | 0.267 | 0.138 | 0.089 | 0.131 | 0.330 | 0.118 | 0.200 | 0.155 | 0.195 | 0.122 | 0.226
”S"TL bsT 2 0.260 | 0.201 | 0.378 | 0.110 | 0.153 | 0.173 | 0.100 | 0.180 | 0.360 | 0.252 | 0.192 | 0.218 | 0,290 | 0.200 | 0.187
CellTrig 3 | 0.306 | 0.217 | 0.233 | 0445 | 0.313 | 0.160 | 0.463 | 0.194 | 0.346 | 0.204 | 0198 | 0.200 | 0.207 | 0.200 | 0.198
4 | 0450 | 0.363 | 0.240 | 0.169 | 0.268 | 0.142 | 0.234 | 0.200 | 0.333 | 0.228 | 0.275 | 0.337 | 0.262 | 0.230 | 0.194
1 0.198 | 0.188 | 0.216 | 0.094 | 0.267 | 0.142 | 0.091 | 0.130 | 0.410 | 0.117 | 0.200 | 0.155 | 0.194 | 0.119 | 0.226
ML DST 2 | 0256 | 0201 | 0.380 | 0.110 | 0.153 | 0.246 | 0.110 | 0.189 | 0410 | 0.52 | 0.194 | 0.218 | 0.286 | 0.200 | 0.186
STMaxtat |~ 3 | 006 | 0.215 | 0.233 | 0.145 | 0.313 | 0.159 | 0.163 | 0.195 | 0.357 | 0.203 | 0.230 | 0.200 | 0.208 | 0.200 | 0.228
4 | 0450 | 0.362 | 0.240 | 0.169 | 0.257 | 0.142 | 0.233 | 0.200 | 0.333 | 0.228 | 0.275 | 0.331 | 0.261 | 0.230 | 0.194
1 0.198 | 0.189 | 0.214 | 0.091 | 0.267 | 0.142 | 0.091 | 0.132 | 0410 | 0.118 | 0.200 | 0.155 | 0.196 | 0.122 | 0.225
g(:u?rsi; 2 0.256 | 0201 | 0377 | 0410 | 0149 | 0.248 | 0.110 | 0.189 | 0.410 | 0.252 | 0.194 | 0.217 | 0.288 | 0.200 | 0.185
MaxLat 3 | 0301 | 0216 | 0.234 | 0.144 | 0312 | 0.160 | 0.162 | 0.195 | 0.357 | 0.204 | 0.227 | 0.200 | 0.208 | 0.200 | 0.228
4 | 0450 | 0.361 | 0.240 | 0.169 | 0.269 | 0.141 | 0.252 | 0.200 | 0.333 | 0.228 | 0.268 | 0.344 | 0.262 | 0.230 | 0.190
1 0.198 | 0.189 | 0215 | 0.109 | 0.339 | 0142 | 0.097 | 0.132 | 0410 | 0.118 | 0.200 | 0.155 | 0.196 | 0.122 | 0.246
?:"(';“ﬂg 2 | 0256 | 0.201 | 0.378 | 0.126 | 0.304 | 0.248 | 0.110 | 0189 | 0.410 | 0.252 | 0.204 | 0.237 | 0288 | 0.200 | 0.234
MaxLat 3 | 0.306 | 0217 | 0.234 | 0.159 | 0.385 | 0.160 | 0480 | 0.234 | 0.357 | 0.204 | 0.247 | 0.200 | 0.208 | 0.200 | 0.248
4 | 0450 | 0.487 | 0.240 | 0.195 | 0.614 | 0.142 | 0.258 | 0.200 | 0.400 | 0.307 | 0.384 | 0.390 | 0.262 | 0.230 | 0.194
1 0.084 | 0.088 | 0.087 | 0.100 | 0.237 | 0.082 | 0.084 | 0.087 | 0.292 | 0.080 | 0.067 | 0.085 | 0,086 | 0.085 | 0.099
(D;ZITTrSg 2 | 0084 | 0088 | 0.088 | 0.104 | 0.286 | 0.187 | 0.088 | 0.085 | 0.252 | 0.083 | 0.101 | 0.108 | 0.088 | 0.085 | 0.129
MaxLat 3 | 0.084 | 0.089 | 0.088 | 0.099 | 0.327 | 0.081 | 0.119 | 0419 | 0.126 | 0.088 | 0.147 | 0.086 | 0.085 | 0.085 | 0.140
4 | 0452 | 0195 | 0.087 | 0.106 | 0407 | 0.082 | 0.137 | 0.084 | 0.124 | 0.148 | 0.168 | 0.168 | 0.087 | 0.084 | 0.086
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Table C.2: Stability index values calculated from raw F-Scan data filtered with an averaging

filter.
Level Subjects
1 2 3 4 5 6 7 8 9 10 1 12 13 14 15
1 0.381 | 0.260 | 0.336 | 0.078 | 0420 | 0.100 | 0.084 | 0.144 | 0.505 | 0.113 | 0.200 | 0.155 | 0.213 | 0.136 | 0.295
SIX 2 0535 | 0.249 | 0442 | 0.108 | 0.361 | 0.200 | 0.100 | 0.183 | 0.558 | 0.247 | 0.221 | 0.248 | 0.310 | 0.207 | 0.187
PARAMS 3 0.415 | 0.282 | 0.308 | 0.133 | 0435 | 0.178 | 0.277 | 0.202 | 0.564 | 0.201 | 0.245 | 0.200 | 0.233 | 0.200 | 0.188
a 0.573 | 0.634 | 0.378 | 0.280 | 0.543 | 0.203 | 0.424 | 0.362 | 0442 | 0.342 | 0.453 | 0.516 | 0.481 | 0.385 | 0.439
1 0.332 | 0.26% | 0.336 | 0.082 | 0.438 | 0.106 | 0.084 | 0.147 | 0.503 | 0.114 | 0.200 | 0.156 | 0.215 | 0.138 | 0.295
v 2 0535 | 0.251 | 0441 | 0.110 | 0.369 | 0.200 | 0.108 | 0.189 | 0.581 | 0.247 | 0.223 | 0.218 | 0.311 | 0.208 | 0.187
CellTrig 3 0.419 | 0283 | 0.307 | 0.134 | 0430 | 0.179 | 0.278 | 0.202 | 0.570 | 0.204 | 0.255 | 0.200 | 0.233 | 0.200 | 0.188
4 0.573 | 0.632 | 0.362 | 0.280 | 0.514 | 0.203 | 0.438 | 0.374 | 0.551 | 0.347 | 0.451 | 0.503 | 0.484 | 0.385 | 0.365
1 0.333 | 0.260 | 0.336 | 0.082 | 0438 | 0.111 | 0.086 | 0.146 | 0.505 | 0.113 | 0.200 | 0.165 | 0.214 | 0.136 | 0.295
S’QT""SLT 2 0535 | 0.251 | 0441 | 0.110 | 0.363 | 0.275 | 0.110 | 0.189 | 0.548 | 0.246 | 0.223 | 0.218 | 0.310 | 0.208 | 0.187
MaxLat 3 0.416 | 0.282 | 0.307 | 0.134 | 0427 | 0.178 | 0.278 | 0.202 | 0.516 | 0.203 | 0.288 | 0.200 | 0.233 | 0.200 | 0.188
4 0.573 | 0.632 | 0.378 | 0.280 | 0.548 | 0.203 | 0.429 | 0.346 | 0.513 | 0.347 | 0.451 | 0.502 | 0.482 | 0.385 | 0.365
AP ML 1 0.333 | 0.261 | 0.336 | 0.079 | 0438 | 0.111 | 0.086 | 0147 | 0.505 | 0.113 | 0.200 | 0.155 | 0.216 | 0.138 | 0.295
DST 2 0.556 | 0.250 | 0439 | 0.109 | 0.369 | 0.275 | 0.110 | 0.189 | 0.548 | 0.248 | 0.223 | 0.217 | 0.311 | 0.207 | 0.187
CellTrig 3 0429 | 0282 | 0307 | 0133 | 0454 | 0179 | 0.284 | 0.215 | 0516 | 0204 | 0.291 | 0.200 | 0.233 | 0.200 | 0.188
MaxLat 4 0.588 | 0.629 | 0.382 | 0.280 | 0528 | 0.203 | 0.445 | 0.346 | 0.513 | 0.341 | 0.451 | 0.502 | 0484 | 0.385 | 0.362
AP ML 1 0.333 | 0.261 | 0.336 | 0.082 | 0.458 | 0.111 | 0.086 | 0.147 | 0.505 | 0.114 | 0.200 | 0.156 | 0.216 | 0.138 | 0.295
ST 2 0558 | 0251 | 0439 | 0.112 | 0.428 | 0.275 | 0.110 | 0.189 | 0.548 | 0.248 | 0.223 | 0.218 | 0.311 | 0.217 | 0.187
CellTrig 3 0.432 | 0.282 | 0.307 | 0.136 | 0499 | 0.179 | 0.295 | 0.217 | 0.516 | 0.204 | 0.304 | 0.200 | 0.233 | 0.200 | 0.168
MaxLat 4 0.588 | 0.673 | 0.382 | 0.290 | 0.671 | 0.203 | 0.444 | 0.346 | 0.538 | 0.364 | 0.490 | 0.544 | 0484 | 0.385 | 0.365
AP DST 1 0.465 | 0.142 | 0.131 | 0.082 | 0431 | 0.083 | 0.085 | 0.105 | 0.350 | 0.081 | 0.087 | 0.085 | 0.110 | 0.086 | 0.130
ST 2 0.269 | 0.128 | 0.166 | 0.086 | 0.268 | 0.185 | 0.109 | 0.085 | 0.331 | 0.089 | 0.089 | 0.089 | 0.098 | 0.086 | 0.097
CellTrig 3 0.163 | 0.140 | 0.138 | 0.087 | 0.283 | 0.094 | 0.178 | 0.129 | 0.285 | 0.087 | 0.130 | 0.085 | 0.103 | 0.085 | 0.099
MaxLat 4 0.335 | 0.278 | 0477 | 0.183 | 0.300 | 0.112 | 0.272 | 0.204 | 0.338 | 0.219 | 0.188 | 0.198 | 0.210 | 0.177 | 0.223
MLDST 1 0.193 | 0.189 | 0.256 | 0.082 | 0.3%0 | 0.111 | 0.086 | 0.132 | 0.405 | 0.114 | 0.200 | 0.156 | 0.185 | 0.137 | 0.259
ST 2 0.367 | 0.203 | 0.305 | 0.110 | 0.278 | 0.275 | 0.088 | 0.189 | 0417 | 0.244 | 0.223 | 0.218 | 0.291 | 0.208 | 0.174
CellTrig 3 0.310 | 0.204 | 0.221 | 0.134 | 0.318 | 0.159 | 0.163 | 0.203 | 0412 | 0.204 | 0.288 | 0.200 | 0.208 | 0.200 | 0.175
MaxLat 4 0.463 | 0.369 | 0226 | 0.170 | 0.267 | 0.163 | 0.228 | 0.230 | 0.374 | 0.218 | 0.289 | 0.318 | 0.282 | 0.230 | 0.306
1 0.344 | 0.260 | 0.336 | 0.082 | 0.438 | 0.106 | 0.083 | 0.144 | 0.503 | 0.113 | 0.200 | 0.155 | 0.213 | 0.136 | 0.285
AP ML 2 0.535 | 0.251 | 0.442 | 0.110 | 0.379 | 0.200 | 0.108 | 0.188 | 0.582 | 0.247 | 0.223 | 0.218 | 0.310 | 0.208 | 0.187
DST ST 3 0.416 | 0.283 | 0.307 | 0.134 | 0.427 | 0.178 | 0.278 | 0.201 | 0.569 | 0.202 | 0.255 | 0.200 | 0.233 | 0.200 | 0.188
4 0573 | 0.632 | 0.378 | 0.280 | 0.544 | 0.203 | 0.429 | 0.374 | 0.551 | 0.347 | 0.451 | 0.502 | 0482 | 0.385 | 0.365
1 0.344 | 0.261 | 0.336 | 0.079 | 0438 | 0.106 | 0.082 | 0.147 | 0.503 | 0.113 | 0.200 | 0.155 | 0.215 | 0.138 | 0.295
3;]!""- 2 0.535 | 0.249 | 0.440 | 0.109 | 0.369 | 0.200 | 0.108 | 0.189 | 0.581 | 0.247 | 0.222 | 0.217 | 0.311 | 0.207 | 0.187
CellTrig 3 0.417 | 0.282 | 0.307 | 0.133 | 0.427 | 0.179 | 0.276 | 0.202 | 0.570 | 0.204 | 0.243 | 0.200 | 0.233 | 0.200 | 0.188
4 0.573 | 0.629 | 0.382 | 0.280 | 0.513 | 0.203 | 0.425 | 0.374 | 0.5650 | 0.341 | 0.447 | 0.502 | 0.484 | 0.385 | 0.362
1 0.345 | 0.260 | 0.336 | 0.077 | 0.438 | 0.111 | 0.086 | 0.146 | 0.505 | 0.113 | 0.200 | 0.155 | 0.214 | 0.136 | 0.285
vl 2 0535 | 0.250 | 0441 | 0.109 | 0.350 | 0.275 | 0.190 | 0.189 | 0.548 | 0.248 | 0.223 | 0.217 | 0.310 | 0.207 | 0.187
MaxLat 3 0.413 | 0.282 | 0307 | 0.133 | 0.427 | 0.178 | 0.276 | 0.202 | 0.515 | 0.203 | 0.279 | 0.200 | 0.233 | 0.200 | 0.188
) 0573 | 0.629 | 0.378 | 0.280 | 0.547 | 0.203 | 0.425 | 0.36 | 0513 | 0.341 | 0.448 | 0.501 | 0482 | 0.385 | 0.362
1 0.3a4 | 0.261 | 0.336 | 0.082 | 0.458 | 0.106 | 0.084 | 0.147 | 0503 | 0.114 | 0.200 | 0.156 | 0.215 | 0.138 | 0.295
‘s‘.': ML 2 0.535 | 0.2561 | 0.441 | 0.110 | 0.379 | 0.200 | 0.108 | 0.189 | 0.581 | 0.247 | 0.223 | 0.218 | 0.311 | 0.217 | 0.187
CellTrig 3 0.419 | 0.283 | 0307 | 0.134 | 0.465 | 0.179 | 0.283 | 0.216 | 0.570 | 0.204 | 0.256 | 0.200 | 0.233 | 0.200 | 0.188
] 0.573 | 0.673 | 0.382 | 0.280 | 0.525 | 0.203 | 0.429 | 0.376 | 0.605 | 0.347 | 0.490 | 0.544 | 0.484 | 0.385 | 0.365
1 0.345 | 0.260 | 0.336 | 0.082 | 0.458 | 0.111 | 0.086 | 0.146 | 0.505 | 0.113 | 0.200 | 0.155 | 0.214 | 0.136 | 0.285
g;’ ML 2 0.535 | 0.251 | 0441 | 0.110 | 0.373 | 0.275 | 0.110 | 0189 | 0.548 | 0.248 | 0.223 | 0.218 | 0.310 | 0.217 | 0.187
MaxLat 3 0416 | 0.282 | 0307 | 0.134 | 0.465 | 0.178 | 0.283 | 0.217 | 0.516 | 0.203 | 0.289 | 0.200 | 0.233 | 0.200 | 0.188
1 0.573 | 0.674 | 0.378 | 0.280 | 0.569 | 0.203 | 0429 | 0.346 | 0.538 | 0.347 | 0.450 | 0.543 | 0482 | 0.385 | 0.365
1 0.364 | 0.261 | 0400 | 0.079 | 0.465 | 0.111 | 0.086 | 0.147 | 0505 | 0.113 | 0.200 | 0.155 | 0.221 | 0.138 | 0.307
é:"'#ig 2 0635 | 0.258 | 0484 | 0.129 | 0.469 | 0.275 | 0.110 | 0.200 | 0.586 | 0.308 | 0.248 | 0.234 | 0.352 | 0.218 | 0.187
MaxLas 3 0520 | 0.295 | 0.321 | 0.193 | 0.515 | 0.179 | 0.383 | 0.233 | 0.518 | 0.210 | 0.344 | 0.200 | 0.233 | 0.200 | 0.188
4 0629 | 0.740 | 0402 | 0.364 | 0674 | 0203 | 0.562 | 0.411 | 0.563 | 0.361 | 0.530 | 0.612 | 0.554 | 0.420 | 0.370
1 0.165 | 0.142 | 0431 | 0.082 | 0.354 | 0.078 | 0.081 | 0.105 | 0.188 | 0.081 | 0.087 | 0.085 | 0.109 | 0.085 | 0.130
2: DsT 2 0.259 | 0.128 | 0.166 | 0.086 | 0.268 | 0.082 | 0.106 | 0.082 | 0.234 | 0.087 | 0.089 | 0.089 | 0.097 | 0.086 | 0.096
CollTrig 3 0.163 | 0.140 | 0.138 | 0.087 | 0.260 | 0.094 | 0.178 | 0.124 | 0.243 | 0.086 | 0.089 | 0.085 | 0.102 | 0.085 | 0.096
4 0298 | 0.278 | 0177 | 0.183 | 0.296 | 0.111 | 0.262 | 0.192 | 0.264 | 0.205 | 0.187 | 0.197 | 0.210 | 0.177 | 0.183
1 0.165 0.140 0.131 0.082 0.348 0.081 0.085 0.104 0.350 0.080 0.087 0.082 0.107 0.084 0.130
’s‘lr’ DST 2 0.234 | 0.128 | 0.166 | 0.086 | 0.262 | 0.184 | 0.109 | 0.085 | 0.331 | 0.089 | 0.089 | 0.088 | 0.096 | 0.084 | 0.095
MaxLat 3 0.162 | 0.140 | 0.138 | 0.087 | 0.280 | 0.089 | 0.178 | 0.105 | 0.284 | 0.085 | 0.130 | 0.081 | 0.102 | 0.083 | 0.098
4 0.335 | 0.278 | 0.176 | 0.183 | 0.289 | 0.109 | 0.262 | 0.204 | 0.338 | 0.205 | 0.188 | 0.198 | 0.200 | 0.177 | 0.183
1 0.166 | 0.142 | 0.131 | 0.078 | 0430 | 0.083 | 0.083 | 0.105 | 0.350 | 0.075 | 0.079 | 0.082 | 0.110 | 0.086 | 0.130
é::?rf‘i; 2 0.259 | 0.127 | 0.165 | 0.083 | 0.267 | 0.183 | 0.108 | 0.084 | 0.331 | 0.087 | 0.081 | 0.079 | 0.098 | 0.086 | 0.097
MaxLat 3 0.160 | 0.140 | 0.138 | 0.081 | 0.287 | 0.090 | 0.177 | 0.128 | 0.285 | 0.086 | 0.119 | 0.083 | 0.103 | 0.082 | 0.099
4 0.336 | 0.272 | 0477 | 0.181 | 0.299 | 0.111 | 0.282 | 0.204 | 0.338 | 0.212 | 0.184 | 0.198 | 0.210 | 0.177 | 0.222
1 0.186 | 0.142 | 0.131 | 0.082 | 0.471 | 0.083 | 0.085 | 0.105 | 0.350 | 0.081 | 0.087 | 0.085 | 0.110 | 0.086 | 0.204
é;ﬁ:lg 2 0.259 | 0.128 | 0.166 | 0.104 | 0.414 | 0.185 | 0.109 | 0.085 | 0.331 | 0.089 | 0.100 | 0.108 | 0.098 | 0.097 | 0.087
MaxLas 3 0.163 | 0.140 | 0.138 | 0.099 | 0.384 | 0.094 | 0.208 | 0.153 | 0.285 | 0.087 | 0.147 | 0.085 | 0.103 | 0.085 | 0.089
4 0.407 | 0.394 | 0177 | 0.204 | 0654 | 0.112 | 0.286 | 0.204 | 0.363 | 0.259 | 0.277 | 0.250 | 0.210 | 0.177 | 0223
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1 0.204 | 0489 | 0.256 | 0.082 | 0.387 | 0.406 | 0.084 | 0431 | 0.323 | 0.114 | 0.200 | 0.156 | 0.183 | 0.137 | 0.259
gTL ST 2 0.367 | 0.203 | 0.305 | 0.110 | 0.278 | 0.200 | 0.085 | 0.189 | 0.347 | 0.244 | 0223 | 0.218 | 0.201 | 0.208 | 0.174
CellTrig 3 0310 | 0.204 | 0.221 | 0.134 | 0315 | 0.159 | 0.162 | 0.202 | 0.357 | 0.204 | 0.255 | 0.200 | 0.207 | 0.200 | 0.175
2 0.463 | 0.360 | 0.226 | 0.170 | 0.267 | 0.163 | 0.217 | 0.238 | 0.349 | 0.218 | 0.289 | 0.318 | 0.262 | 0.230 | 0.266
1 0.205 | 0.188 | 0.256 | 0.082 | 0.387 | 0.411 | 0.086 | 0.131 | 0.405 | 0.113 | 0,200 | 0.155 | 0.183 | 0.136 | 0.259
g}- DST 2 0.367 | 0.203 | 0.306 | 0.110 | 0.272 | 0.275 | 0.083 | 0.189 | 0.417 | 0.244 | 0.223 | 0.218 | 0.289 | 0.208 | 0.174
MaxLat 3 0.307 0.204 0.222 0.134 0.315 0.158 0.163 0.202 0.412 0.203 (.288 0.200 0.208 0.200 0.175
4 0.463 | 0.369 | 0.222 | 0.170 | 0.257 | 0.163 | 0.218 | 0.230 | 0.374 | 0.218 | 0.289 | 0.317 | 0.281 | 0.230 | 0.266
1 0.205 | 0.189 | 0.256 | 0.079 | 0.389 | 0.111 | 0.086 | 0.132_ | 0405 | 0.113 | 0.200 | 0.155 | 0.185 | 0.137 | 0.259
g‘;ﬁ:g 2 0.367 | 0.203 | 0.304 | 0.109 | 0.277 | 0.275 | 0.088 | 0.189 | 0.417 | 0.244 | 0.223 | 0.217 | 0.291 | 0.206 | 0.174
MoxLas 3 0.306 | 0.204 | 0.221 | 0.133 | 0.320 | 0.150 | 0.168 | 0.204 | 0412 | 0.204 | 0.279 | 0.200 | 0.208 | 0.200 | 0.175
4 0463 | 0.369 | 0.226 | 0.169 | 0.266 | 0.163 | 0.234 | 0.230 | 0.374 | 0.217 | 0.284 | 0.317 | 0.282 | 0.230 | 0.303
i 0.205 | 0.189 | 0.256 | 0.082 | 0.430 | 0111 | 0.086 | 0.132 | 0.405 | 0.114 | 0200 | 0.156 | 0.185 | 0.137 | 0.269
g";"ﬂig 2 0.367 | 0.203 | 0.305 | 0.125 | 0.429 | 0.275 | 0.088 | 0.189 | 0417 | 0.244 | 0.233 | 0238 | 0.201 | 0.224 | 0.174
MoxLas 3 0.310 | 0.204 | 0.221 | 0.148 | 0425 | 0.150 | 0.190 | 0.235 | 0412 | 0.204 | 0.302 | 0.200 | 0.208 | 0.200 | 0.175
3 0463 | 0.495 | 0.226 | 0.196 | 0.622 | 0.163 | 0.242 | 0.230 | 0.399 | 0.258 | 0.399 | 0.383 | 0.282 | 0.230 | 0.306
1 0.085 | 0.089 | 0,086 | 0.082 | 0.398 | 0.083 | 0.085 | 0.087 | 0.292 | 0.080 | 0.087 | 0.085 | 0.086 | 0.085 | 0.138
gfﬁ; 2 0.124 | 0.088 | 0.087 | 0.104 | 0.354 | 0.185 | 0.087 | 0.085 | 0.252 | 0.083 | 0.100 | 0.108 | 0.086 | 0.096 | 0.086
MoxLat 3 0.086 | 0.089 | 0.086 | 0.099 | 0.295 | 0.082 | 0.119 | 0.152 | 0.210 | 0.087 | 0.147 | 0.085 | 0.085 | 0.085 | 0.087
4 0.197 | 0197 | 0.086 | 0.105 | 0.408 | 0.081 | 0.138 | 0.125 | 0.256 | 0.167 | 0.169 | 0.135 | 0.085 | 0.085 | 0.189
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Table C.3: Difference in stability index value between the averaging filter values
(Table C.2) and the median filter values (Table C.1). The difference between the two data
sets has an average of 3.13%.

Subjects
1 2 3 4 5 6 7 8 9 10 11 12 13 14 156
0.009 0.001 0.048 -0.012 0.070 -0.033 -0.006 -0.001 -0.0056 -0.005 0.000 0.000 -0.021 0.013 0.031
SIX 0.099 -0.002 -0.091 -0.001 0.119 0.029 -0.023 -0.001 -0.042 -0.007 0.031 0.000 0.004 0.007 -0.019

PARAMS | 0.047 -0.011 0.007 -0.011 0.022 -0.001 -0.004 0.008 0.023 -0.003 0.051 0.000 0.000 0.000 -0.010

0.005 0.027 0.013 0.013 0.002 0.052 -0.020 0.021 -0.187 -0.030 0.034 -0.001 0.021 0.016 0.158

AP ML 0.006 0.001 0.048 -0.012 0.079 -0.032 -0.005 -0.001 -0.022 -0.005 0.000 0.000 -0.021 0.012 0.031

DST ST 0.100 -0.001 -0.091 0.000 0.117 0.027 -0.023 0.000 -0.062 -0.006 0.030 0.000 0.002 0.008 -0.019
CellTrig 0.050 -0.014 0.003 -0.011 0.016 -0.001 -0.001 0.008 0.028 -0.003 0.056 0.000 0.000 0.000 -0.011

0.007 0.024 0.017 0.013 -0.001 0.052 -0.020 0.033 -0.070 -0.030 0.029 -0.022 0.022 0.016 0.081

AP ML 0.007 0.001 0.046 -0.012 0.079 -0.032 -0.005 -0.001 -0.005 -0.005 0.000 0.000 -0.021 0.013 0.031
DSTST 0.104 -0.001 -0.083 0.000 0.112 0.029 -0.023 0.000 0.008 -0.006 0.029 0.000 0.003 0.008 -0.018

MaxLat 0.047 -0.013 0.003 -0.011 0.013 -0.001 -0.001 0.008 -0.009 -0.003 0.058 0.000 0.000 0.000 -0.040

0.007 0.026 0.013 0.013 0.004 0.052 -0.019 0.005 -0.111 -0.030 0.029 -0.018 0.021 0.016 0.081

AP ML 0.007 0.001 0.048 -0.012 0.079 -0.032 -0.005 -0.001 -0.005 -0.005 0.000 0.000 -0.021 0.012 0.031

DsT 0.110 -0.002 -0.093 -0.001 0.117 0.027 -0.023 0.000 0.008 -0.006 0.029 0.000 0.003 0.007 -0.020

CellTrig 0.062 | -0.015 | 0.002 | -0.011 0.041 | -0.001 | -0.006 | 0010 | -0.009 | -0.003 | 0.051 0.000 0.000 0.000 | -0.040

MaxLat 0.024 | 0025 | 0017 | 0013 | 0004 | 0052 | -0.027 | 0001 | -0.108 | -0.041 | 0.038 [ -0.017 | 0022 | 0016 | 0.082

AP ML 0.007 0.001 0.047 -0.019 0.062 -0.032 -0.005 -0.001 -0.005 -0.005 0.000 0.000 -0.021 0.012 0.016

ST 0.110 -0.001 -0.093 0.000 0.166 0.027 -0.023 0.000 0.008 -0.006 0.029 0.000 0.003 0.017 -0.029

CellTrig 0.063 -0.015 0.002 -0.011 0.057 -0.001 -0.001 0.007 -0.009 -0.003 0.057 0.000 0.000 0.000 -0.040

MaxLat 0.022 0.033 0.017 0.013 -0.001 0.052 -0.024 0.001 -0.139 -0.048 0.025 -0.012 0.022 0.016 0.081

AP DST 0.000 0.003 -0.001 -0.001 0.173 0.001 0.001 -0.001 0.000 -0.001 0.001 0.000 -0.001 -0.003 0.017

ST 0.070 0.000 | -0.012 | 0.000 0.050 | -0.003 | -0.001 | 0.000 | 0.001 0.003 0.000 0.000 | -0.001 | 0.000 [ -0.008
CellTrig 0.036 | -0.007 | 0.006 0.000 | -0.006 | 0.001 -0.001 0.041 0.028 | -0.004 | 0.001 -0.001 0.000 0.000 | -0.030
MaxLat 0.040 0.009 0.016 0.013 | -0.004 [ 0.020 | -0.001 | 0.029 0.050 | 0.035 0.011 | -0.037 | 0.001 0.011 0.081
ML DST 0.007 0.000 0.041 | -0.012 | 0122 | -0.032 | -0.005 | 0000 | -0.005 | -0.004 | 0.000 0.000 | -0.011 | 0016 | 0.033
ST 0.110 0.002 | -0.073 | 0.000 0125 | 0.027 | -0.022 | 0.000 0.007 | -0.008 | 0.029 0.000 0.003 0.008 | -0.014

CellTrig 0.004 | -0.013 | -0.013 | -0.011 0.005 | -0.001 0.000 0.008 0.055 0.000 0.058 0.000 0.000 0.000 | -0.053

MaxLat 0.013 0.006 | -0014 | 0.000 | -0004 [ 0022 | 0016 | 0030 | 0.040 | -0.010 | 0014 | 0027 | 0020 [ 0.000 | 0.113

0.006 0.001 0.048 -0.012 0.079 -0.032 -0.005 -0.001 -0.022 -0.005 0.000 0.000 -0.021 0.013 0.031

AP ML 0.099 -0.001 -0.091 0.000 0.137 0.029 -0.023 -0.001 -0.046 -0.006 0.030 0.000 0.002 0.008 -0.018

DST ST 0.047 -0.012 0.005 -0.011 0.013 0.000 -0.001 0.008 0.028 -0.003 0.056 0.000 0.000 0.000 -0.010

0.007 0.026 0.013 0.013 0.000 0.052 -0.019 0.033 -0.075 | -0.030 0.029 -0.023 0.021 0.016 0.081

AP M 0.006 0.001 0.049 -0.012 0.07¢ -0.032 -0.005 -0.001 -0.022 -0.005 0.000 0.000 -0.0214 0.012 0.031
DST L 0.100 -0.002 -0.092 -0.001 0117 0.027 -0.023 0.000 -0.052 -0.007 0.031 0.000 0.002 0.007 -0.020

CeliTig | 0050 | -0014 | 0.003 | 0011 | 0013 | -0.001 | -0.004 | 0008 | 0.028 | -0.003 | 0050 | 0000 | 0000 | 0000 | -0011

0.009 0.025 0.017 0.013 0.002 0.052 -0.021 0.033 -0.070 -0.031 0.034 -0.022 0.022 0.016 0.082

AP ML 0.007 0.001 0.047 -0.012 0.079 -0.032 -0.005 -0.001 -0.005 -0.005 0.000 0.000 -0.021 0.013 0.031

DST 0.104 -0.002 -0.093 -0.001 0.107 0.029 -0.023 0.000 0.008 -0.006 0.029 0.000 0.003 0.007 -0.018
MaxLat 0.047 -0.012 0.003 -0.011 0.013 -0.001 -0.004 0.008 -0.009 -0.003 0.052 0.000 0.000 0.000 -0.040

0.009 0.027 0.013 0.013 0.007 0.052 -0.020 0.005 -0.111 -0.030 0.034 -0.019 0.021 0.016 0.082

AP ML 0.006 0.001 0.048 -0.012 0.062 -0.032 -0.005 -0.001 -0.022 -0.005 0.000 0.000 -0.024 0.012 0.016
ST 0.100 -0.001 -0.091 0.000 0.127 0.027 -0.023 0.000 -0.052 -0.006 0.030 0.000 0.002 0.017 -0.029

CellTrig 0.050 -0.014 0.003 -0.011 0.051 -0.001 -0.001 0.010 0.028 -0.003 0.056 0.000 0.000 0.000 -0.011

0.007 0.033 0.017 0.013 -0.008 0.052 -0.020 0.035 -0.071 -0.046 0.028 -0.013 0.022 0.016 0.081

AP ML 0.007 0.001 0.046 -0.012 0.062 -0.032 -0.005 -0.001 -0.005 | -0.005 0.000 0.000 -0.021 0.013 0.016

ST 0.104 -0.001 -0.093 0.000 0.122 0.029 -0.023 0.000 0.008 -0.006 0.029 0.000 0.003 0.017 -0.027
MaxLat 0.047 -0.013 0.003 -0.011 0.051 -0.001 -0.001 0.010 -0.009 -0.003 0.058 0.000 0.000 0.000 -0.040

0.007 0.034 0.013 0.013 -0.002 0.052 -0.019 0.005 -0.143 -0.046 0.028 -0.013 0.021 0.016 0.081

AP ML 0.021 0.001 0.085 -0.032 0.054 -0.057 -0.005 -0.001 -0.005 -0.005 0.000 0.000 -0.021 0.012 0.000

CeliTrig 0.105 0.000 -0.128 -0.001 0.184 0.027 -0.023 0.000 0.008 -0.014 0.048 0.000 0.003 0.015 -0.030
MaxLat 0.046 -0.027 0.002 -0.017 0.011 -0.001 -0.004 -0.011 -0.015 -0.003 0.091 0.000 0.000 0.000 -0.044

-0.022 0.043 0.000 0.014 0.001 0.052 -0.027 -0.002 -0.115 -0.068 0.050 0.021 0.042 0.016 0.083

AP DST 0.000 0.003 -0.001 -0.001 0.110 0.000 0.000 -0.001 -0.011 -0.001 0.000 0.000 -0.001 -0.003 0.017
ST 0.070 0.000 -0.012 0.000 0.050 -0.003 0.000 0.000 -0.039 0.002 0.000 0.000 0.001 0.000 -0.009

CellTrig 0.037 -0.007 0.006 0.000 -0.020 0.001 -0.001 0.041 0.010 -0.004 0.001 -0.001 0.000 0.000 0.012

0.003 0.009 0.016 0.013 -0.005 0.021 -0.001 0.018 -0.023 0.021 0.011 -0.029 0.001 0.011 0.041

AP DST 0.000 0.002 0.002 -0.001 0.111 0.001 0.001 -0.001 0.000 -0.001 0.001 0.000 -0.001 -0.002 0.017

ST 0.046 0.000 -0.011 0.000 0.044 0.001 -0.001 0.000 0.001 0.002 0.000 0.000 -0.001 0.000 -0.008

MaxLat 0.036 -0.007 0.007 0.000 -0.009 0.001 -0.001 0.017 0.028 -0.003 0.001 -0.001 0.000 0.000 -0.030
0.040 0.009 0.016 0.013 -0.001 0.020 -0.001 0.029 0.047 0.022 0.011 -0.024 0.000 0.011 0.041

AP DST 0.000 0.003 -0.001 0.000 0.173 0.001 0.001 -0.001 0.000 -0.001 0.001 0.000 -0.001 -0.003 0.017
Cell'?'rig 0.070 0.000 -0.012 0.000 0.049 -0.003 -0.002 0.000 0.001 0.003 0.000 0.000 -0.001 0.000 -0.008

MaxLat 0.037_| -0.007 | 0005 | 0000 | -0.002 | 0000 | 0002 | 0.042 | 0.028 | -0.004 | -0002 | -0.001 | 0.000 | 0.001 | -0.029

0.032 0.007 0.016 0.013 -0.001 0.020 -0.001 0.029 0.050 0.032 0.012 -0.037 0.001 0.011 0.082

AP ST 0.000 0.003 -0.001 -0.018 0.142 0.001 0.001 -0.001 0.000 -0.001 0.001 0.000 -0.001 -0.003 0.075

CeliTrig 0.070 0.000 -0.012 -0.001 0.031 -0.003 -0.001 0.000 0.001 0.003 0.000 0.000 -0.001 0.011 -0.048
MaxLat 0.037 -0.007 0.006 0.000 -0.021 0.001 -0.001 0.033 0.028 -0.004 0.000 -0.001 0.000 0.000 -0.041

0.042 0.010 0.016 0.013 0.006 0.020 0.000 0.029 0.009 -0.003 0.020 -0.022 0.001 0.011 0.081
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0.006 | 0.000 | 0.042 | -0.012 | 0.120 ] -0.032 | -0.005 | 0.000 | -0.007 | -0.004 ] 0.000 | 0.000 ] -0.011 | 0016 | 0.033
oy O5T [Co106 | 0002 | 0,073 | 0000 | 0125 | 0027 | 0.023 | 0000 | -0.013 | 0008 | 0030 | 0.000 | 0001 | 0.008 | -0.014
Gerig | 0004 | 0013 | 0012 | 0011 | 0002 | -0001 | 0000 | ooos | oo11 | o000 | 0056 | 0000 | 0.000 | o000 | 0023
0013 | 0006 | -0.014 | 0000 | 0000 | 0022 | -0.017 | 0038 | 0015 | -0.010 | 0014 | -0.018 | 0.020 | 0000 | 0073
wLbsr | -2.007 | 0.000 [ 0040 0012 | 0.120 | -0.082 | -0.005 | 0000 | 0.005 | -0.004 | 0000 | 0000 [ 0011 | 00%6 | 0033
o 0.110 | 0.002 | -0.074 | 0.000 | 0120 | 0029 | -0.022 | 0.000 | 0.007 | -0.008 | 0029 | 0.000 | 0003 | 0.008 | -0.042
Maxiat | 0001 | -0011 | 0011 | 0011 | 0002 | -0.001 | 0000 | 0008 | 0055 | 0000 | 0058 | 0000 | 0000 | 0000 | -0053
0.013 | 0.007 | 0018 | 0.000 | 0000 | 0022 | -0.015 | 0.030 | 0040 | -0.010 | 0.014 | -0.014 | 0020 | 0000 | 0.073
Loy | 0007 | 0000 [ 0042 [ 0012 | 022 | -0082 | -0.005 | 0000 | -0.005 | -0.004 | 0.000 | 0000 | 0011 [ 00t6 | 0035
et [o110 o002 | 0073 | -0.001 | 0128 | 0.027 | 0022 | 0000 | 0007 | -0.008 | 0020 | 0000 | 0.005 | 0.006 | -0.011
Vaxtar | 0.005 | 0012 | -0.013 | 0.011 | 0008 | -0.001 | 0.004 | 0008 | 0.055 | 0000 | 0052 | 0000 | 0000 | 0.000 | -0.063
0013 | 0008 | -0.014 | 0.000 | -0.003 | 0.022 | -0.017 | 0030 | 0.040 | -0.010 | 0016 | -0.027 | 0.020 | 0.000 | 0.113
0.007 | 0.000 | 0.041 | 0.027 | 0001 | -0032 | -0.005 | 0.000 | -0.005 | -0.004 | 0000 | 0.000 | -0.011 | 0.016 | 0.014
'(‘:"";"ﬂg 0.110 | 0.002 | 0.073 | 0.001 | 0125 | 0027 | -0.022 | 0.000 | 0.007 | 0.008 | 0.028 | 0.000 | 0.003 | 0.024 | -0.061
Maxiat | 0004 | -0013 | -0013 | 0011 | 0040 | -0001 | 00017 | 0002 | 0055 | 0000 | 0055 | 0000 | 0000 | 0000 | -0.073
0.013 | 0007 | -0.014 | 0.000 | 0.007 | 0022 | -0.016 | 0.080 | -0.001 | -0.049 | 0.015 | -0.008 | 0.020 | 0.000 | 0.113
0.000 | 0000 | -0.002 | -0.018 | 0.161 | 0001 | 0.001 | 0.000 | 0.001 | 0.000 | 0.001 | 0.000 | 0.000 | 0.000 | 0.039
8§||TT§; 0.040 | 0000 | -0.001 | -0.001 | 0.068 | -0.003 | 0000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | -0.002 | 0.011 | -0.043
Maxiat | 0001 | 0000 | -0.002 | 0000 | -0032 | 0001 | 0001 | 0033 | 0084 | 0.000 | 0000 | -0001 | 0.000 | 0.000 | -0053
0.045 | 0003 | 0.001 | 0.000 | 0.000 ] -0.001 | 0001 | 0.041 | 0132 | 0.018 | 0001 | -0.032 | -0.002 | 0.000 | 0.103
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Appendix D

This appendix shows the mean stability index values for each subject, across all trials, for

each stability level, from the best 11 parameter combinations (Section 5.2.4).
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