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Abstract

In order to counteract the debilitating effects of the space environment on the human body,
short-radius intermittent centrifugation is investigated as a possible means to expose astro-
nauts to artificial gravity. Whereas AG is efficient in providing stimuli for muscles, bones
and cardiovascular system, short-radius centrifugation elicits discomfort and illusory sensa-
tions of motion if particular head movements are made while spinning. Past research has
shown that human beings can adapt to these sensations and undergo various stimuli with-
out the disturbing effects of motion sickness, sensations of tumbling and inappropriate eye
movements. However, current protocols for adaptation basically consist in repeated expo-
sure to the discomfort. This solution is not satisfactory because the drop-out rate oscillates
between 30 and 50%. Since it is not acceptable to spend days of training on astronauts who,
in the end, because of this training, could become unsuitable for flight, it is of primary im-
portance to find a training protocol that achieves adaptation without going through perma-
nent discomfort.

Incremental exposure to centrifugation is expected to be a compromised protocol to bring
trainees to adaptive level without exposing them to maximum discomfort. Seven subjects
were exposed to centrifugation during a five-day protocol, over which the speed of rotation
was progressively increased. As in previous protocols of adaptation, subjects performed
provocative head movements at all speeds. A control experiment had ten subjects exposed to
centrifugation without making head turns, in order to verify to what extent the experimental
conditions of measurement impact the subjects' behavior and reactions.

While subjects in the control experiment did not build up adaptation, all subjects in the ex-
perimental group who completed the protocol showed signs of adaptation to the stimulus.
Only one subject did not complete the five sessions, setting the drop-out rate at about 14%. If
this conclusion holds true with more subjects, then a better protocol of adaptation has been

unveiled.
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Chapter 1

INntroduction

1.1 The New Quest for the Next Frontier.

On January 14%, 2004, American President Georges W. Bush announced the
new Vision for Space Exploration Program that will drive the National Aero-
nautics and Space Administration (NASA) for the decades to come. After
completion of the International Space Station and retirement of the 30-year-
old Shuttle fleet, both by 2010, the agency will draw its efforts to the return of
human beings on the Moon, with the aim of building there a permanent re-
search base, that could later become a virtual launch pad for missions to
Mars and beyond. To travel to the Moon, and then to Mars, a new transporta-
tion system, the Crew Exploration Vehicle (CEV), will be designed. With the
successes of the Mars Exploration Rovers missions (Spirit and Opportunity)
led by NASA, and of the Mars Express orbiter sent by the European Space
Agency (ESA), public attention has recently been more and more focused on
the possibilities of a manned mission to the red planet. Debate is still vivid
about the need for such an expensive mission whereas money could be spent
in enhancing life down here, on Earth. But for the scientific community, there
is no doubt space exploration must be accomplished, in order to answer cru-
cial questions about ourselves: how life has emerged, how did our planet
evolve, is there life somewhere else in the universe...? (Zubrin, 2003). Send-
ing robots is just not enough to perform accurate and proficient science
where clues can be found about our common past and future in the Universe.
Human beings are creative, flexible and full of intuition, at the execution of
tasks, far better than current robots are. Real time research is only possible
with humans on the field: robotic exploration always suffers from time lags.

Sending humans out there, in space, is also a formidable dream and stimu-
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lant for any science apprentice, and for national or international pride and

cooperation.

In June 2004, for the first time in the history of astronautics, a privately built
spacecraft has been launched into space. SpaceShipOne, developed by Scaled
Composites and funded by Paul Allen’s Vulcan Inc., rocketed to 62 miles of
altitude (100 kilometers), into sub-orbital space. This flight opened the space
frontier to private enterprise, and to the possibilities of affordable missions
for launches in near-Earth space. With private companies expanding their
capabilities in this area, government-funded space projects may be dedicated

to further destinations.

Following the American successes and new impulses for space exploration,
international enthusiasm has arisen. In 2003 already, China has become the
third country to gain the capabilities to launch a manned vessel to space.
Now, the Chinese are already planning to settle a base on the Moon and
sending Mars missions for the next decades. The ESA, through its Aurora
Program, is also envisaging a manned mission to Mars. Scientific and techno-
logical efforts are in progress all around the world, in order to achieve one of
the most magnificent goals mankind could dream of: reaching another fron-
tier. May this quest be peaceful and cooperative, and may it bring humanity

as one.

"My wish is that we would allow this planet to be the beautiful oasis that she is, and
allow ourselves to live more in the peace that she generates.”
Ronald E. McNair - NASA Astronaut.

Russian space pioneer Konstantin E. Tsiolkovsky famously said: "Earth is the
cradle of humanity but one cannot live in the cradle forever". Earth as the cradle of

life and mankind is the most beautiful jewel men and women all around the
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world should preserve, protect, respect and cherish. In a few billion years,
the Sun will disappear in a cataclysmic explosion, absorbing in its core every
entity of the solar system. The Earth and its inhabitants, if mankind has not
disappeared before that, will be exterminated. In a human lifetime, billion
years are eternity, and any person reading this will not experience this event.
But our descent will. Therefore, may it be a question of exploration or of sur-

vival, time will come in humans' history to find a way to leave the cradle.
1.2 Considering Humans' Finitude.

Humans are not perfect. They are finite, and conditioned to live in a specific
environment. One might wonder if the environment is responsible for what
the human being is, or if the human being modifies its environment to its
convenience. A combination of both is obviously the safe answer. The former
is concordant with Darwin's evolution theory over a large time scale. The lat-
ter goes in favor of the humans’ will and power over their environment, in a
lifetime scale: conscious of its finitude, human beings modify their way of
living and their close environment in order to adapt it to them, and enhance
their own life. But it remains the case that some environments are, so far, not
understood or reachable enough to be modified. It is potentially the case for
space and extra-terrestrial bodies. The point is that a combination of human
adaptation to environment and environmental adaptation to humans will be
necessary in space exploration. The trade-off is to be investigated carefully, in
order both to preserve human life when swapping between environments,

and to preserve the environment from potential human harmfulness.
1.3 Motivation and Rationale.

The motivation for the present research can be summed up in a 7-step ration-
ale. (1) As emphasized in this introduction and by the space community in
general, space exploration not only by robots and probes, but also by human

beings themselves is both needed and unavoidable in the years, decades, cen-
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turies to come. (2) But extensive exposure to space environment is dangerous
for humans. Past research and current data collection aboard the Interna-
tional Space Station show that a general deconditioning of the human body
occurs due to the absence of gravity, in addition to all the external threats,
such as vacuum or radiations. (3) Past and current research also proves that
countermeasures exist to fight against the deconditioning: negative body
pressure suits, fluid loading, medication, and so on. But none of them targets
all physiological effects at once. Artificial gravity is investigated as a general
countermeasure targeting the very cause of the deconditioning. (4) Two basic
implementations of artificial gravity can be considered: large or short radius
centrifugation. The former would either be a gigantic rotating spacecraft or
two smaller tethered spacecrafts rotating around a common center. The lat-
ter, preferred in current studies, would feature short-radius centrifuges in-
side the spacecraft. Astronauts would then spend a few hours every day on
them to be exposed to an artificial gravity field. (5) But the major drawback
to short-radius centrifugation is that head movements performed while spin-
ning elicit sensations of tumbling and general discomfort. (6) Among other,
research in the Man-Vehicle Lab at MIT has proven that adaptation to these
sensations is possible, and that discomfort can be considerably reduced to

tolerable levels. (7) Now the question is: what is the best way to adapt?

Every step of this rationale is explained in details in Chapter 2.

Current protocols of adaptation to the discomfort resulting from head
movements on a centrifuge include prolonged exposure to this discomfort so
that the body naturally reacts in order not to suffer indefinitely. The advan-
tage is that if astronauts get adapted before flying, then they won't suffer up
in space. The major disadvantage of this solution is the drop-out rate: about
30 to 50% of the subjects cannot stand prolonged exposure to this discomfort
(Sienko, 2000; Lyne, 2000; Brown, 2002; Newby, 2002). Thus, it is fair to won-

der if adaptation could be reached without going through all this discomfort.
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For example, progressive exposure to centrifugation, and therefore to the

discomfort, may still achieve adaptation while reducing the drop-out rate.
1.4 Hypothesis.

Subjects exposed to centrifugation at incrementally growing rotational
speeds will adapt to motion sickness and illusory sensations with less dis-
comfort than in previous full-speed exposure protocols (Sienko, 2000; Brown,
2002). Adaptation will be measured by the reduction in motion sickness
scores, in intensity of sensation scores, in illusory body tilt perception and in
inappropriate compensatory eye movements, between pre- and post-
adaptation phases. The experimental group will be exposed daily to centrifu-
gation at constant speed, but the speed will increase over the days to finally
reach the maximum desired speed of 23 rpm. During these exposures, sub-

jects will perform head movements to build up adaptation.

In addition, a control experiment will be implemented: subjects will be ex-
posed to the maximum speed of rotation, but will not perform head move-
ments, so as to verify to what extent the experimental conditions of meas-

urement impact the subjects' behavior and reactions.

It is expected that subjects in the experimental group will build up adapta-
tion without suffering too much from the discomfort: we expect the drop-out
rate to be lower than 30%. It is also expected that subjects in the control ex-
periment will build up no or significantly less adaptation than subjects in the
experimental group, showing both that head movements are the source of
adaptation and that our measurement protocol does not distort the experi-

ment.
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1.5 Thesis Organization.

Chapter 1 - Introduction. This chapter was aimed at giving a broad view of

the context in which this research was performed.

Chapter 2 - Background. This chapter will provide general background in-

formation on all the elements discussed in the Rationale (Section 1.3).

Chapter 3 - Methods. This chapter will explain in details the experimental
design of this study, and describe the equipment used, the subject selection
process, the measurements made and the technical protocol of experimenta-

tion.

Chapter 4 - Data Analysis. This chapter will describe how the data was ana-

lyzed.
Chapter 5 - Results. This chapter will expose the results of this study.

Chapter 6 - Discussion. This chapter will discuss the results of Chapter 5, and
their significance with regard to other research. Implications of the results
will be considered, as well as the incumbent limitations of this work. Rec-

ommendations for future work will also be addressed.

Chapter 7 - Conclusions. This chapter will summarize the key findings of this

study, and present concluding remarks for this research.
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Chapter 2

Background

2.1 Step 1: The Need to Send Humans to Space.

As stated in the Introduction, space exploration will not happen without

human beings sent to extraterrestrial destinations.

First of all, and most important, men and women are endowed with flexibil-
ity and adaptability qualities virtually unachievable by robots or robotic mis-
sions as we know them (Larson and Giffen, 2004). Humans are able to imag-
ine solutions and behaviors in a manner hardly implementable to machines.
In some areas, human capabilities extend far beyond the technology cur-
rently achievable. For example, pattern recognition of geological activity, in
situ experiments and sample findings are areas of performance where hu-
mans excel. Humans are also able to make unanticipated decisions, whereas
robots have to be programmed for decision-making processes. The rapidity
of action of humans and their possibility of self decision-making would be
invaluable when time lags separate the crew from the ground-based opera-
tive center. Finally, sending humans to deep zones of our knowledge is also a
formidable source of motivation for the actual science community, but also
for scientists-to-be. Zubrin (2003) explained before the American Congress
that "nations, like people, thrive on challenges and decay without it". Such a
human challenge would be a major, powerful message to the youth, to regain
attention to sciences and cooperative endeavors. International partnerships
would be ineluctable, contributing to a better, cordial friendship between
participating countries, as it happened after the cold war between the United

States and Russia.
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But this dream has its drawbacks. Wertz and Larson (2004) explained that
human exploration impacts mission design's complexity on four major is-
sues: 1) safety and reliability (survivability of the crew becomes the first con-
cern), 2) pressurized structures and dedicated subsystems (to allow for life
support and environmental protection), 3) human factors (sociology, psy-
chology, physiology, comfort and productivity issues must be addressed
with more emphasis), 4) logistics (life support systems may need "re-supply”
of vital needs, and more maintenance and repair operation may be foreseen).
The following paragraphs expose the dangers of the space environment, re-

lated to these four categories.
2.2 Step 2: Review of the Effects of Space Environment.

2.2.1 External factors.
2.2.1.1 Vacuum.

Because of space vacuum, spacecrafts and spacesuits may have to be oper-
ated at reduced pressure, in order to diminish the overall structural loading.
The major risk of such an implementation is decompression sickness and air
embolism, phenomena very similar to that of scuba diving (Parker and West,
1973). Current research on spacesuits is aimed at balancing the need for ma-
neuverable devices, to limit the fatigue while using it, with the requirements
of stiffness linked to the inside air pressure (Jones and Schmitt, 1992; New-

man and Barratt, 1997; Pitts, 2003).
2.2.1.2 Radiations.

Radiation threats include high energy particles, photons and short-wave elec-
tromagnetic radiations. These particles can infiltrate humans and the space-
craft's material and structure, leading to a decrease in performance and
strength. Looking at all components of the mission, the lowest radiation

damage threshold is for living tissues (humans and animals), in the order on
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0.1 to 1 Gy (Gy = gray =]/kg). In order of comparison, glasses and ceramic are
damaged between 10* and 10° Gy, and metals between 10”7 and 10° Gy (Trib-
ble, 2004). Exposition to such sources may result in acute radiation syn-
drome, or even cancers. Therefore, spacecraft design must include specific
shielding against radiations, more resistant than for the structure itself. High
energy particles protection has been demonstrated to be effective for most of
them, even though some solar flares might still get through (Ohnishi et al.,

2001).

2.2.2 Psychological Isolation and Social Issues.

Psychological issues in an extreme environment can be classified into three
types: cognitive, affective and behavioral responses to long-duration space

missions (Shaw and Hackney, 1989).

The main effect of long-duration spaceflights on cognitive responses is re-
lated to modifications of spatial perception. Illusory sensations (like over-
turning, inversion of the body, disorientation, movements of objects in the
visual field), and time compression phenomena (altered sense of time) occur,
and are probably due to high mental workload and interfering cognitive

processes (Christenson and Talbot, 1986).

During Russian missions aboard MIR, the affective response was character-
ized by increased levels of anxiety, of boredom, of irritability, of hostility,
and of anger (Santy, 1983). This appeared to be closely linked to the length of
mission, since frequency and intensity of psychologically negative events in-
creased with mission duration. Such affective issues can compromise the
mission and astronauts' safety in case of interpersonal conflicts both within

the crew and between the crew and ground control.

Behavioral responses include increased fatigue and states of lethargy, di-
rectly correlated with the affective states (Shaw and Hackney, 1989), de-

creased motivation, inappropriate psychosocial interactions (Santy, 1983).
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Sleep / wake cycle disturbances and sleeping disorders are the major conse-
quences of the modification of global behavioral responses of astronauts in

space.

These last two psychological issues can be grouped as psychological isolation
problems, and have been well documented in the past decade. Psychological
isolation and inter-crew social problems have been noted in the Shuttle/Mir
missions (Kanas et al., 2002), although astronauts’ selection include the
screening of about thirty specific psychological traits aimed at reducing these
risks (Santy, 1994). Whereas very few experiments have been planned so far
(Tomi et al., 2001), training in space analogs (Brubakk, 2000; Stuster, 2000;
Dator, 2003) may help astronauts in areas such as interpersonal tension man-
agement, crew cohesion, leadership roles, or enhanced connection with the

outer world (Kanas et al., 2001).

2.2.3 Physiological Effects.

2.2.3.1 The Immune System.

Immunological modifications during spaceflight are mainly cell-mediated
immune responses: leukocyte proliferation, cytokine production, and leuko-
cyte subset distribution have been noted. But both the causes and conse-
quences of these modifications still have to be established (Sonnenfeld, 2002;
Sonnenfeld and Shearer, 2003). Sonnenfeld proposed that a combination of
exposure to microgravity, to stress, and to radiations might intervene and in-

teract in the biomedical mechanism that affects the immune system.
2.2.3.2 The Cardio-Vascular System.

Figure 2.1 shows a diagram of the postulated mechanism of cardio-vascular

deconditioning.
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=g - 4-

Figure 2.1. Changes in the cardio-vascular system in response
to changes of gravity load (Howard, 1982).

In Earth gravity (-1-), most of the activity and blood presence is located at
heart level and in lower limbs. When in weightlessness (-2-), the absence of
gravity elicits a fluid shift toward the upper body, increasing the cardio-
vascular activity at heart level, in the chest and in the head (hence the facial
"puffiness" of astronauts), and decreasing the activity and quantity of blood
in the legs and lower body. After less than a week in a zero gravity environ-
ment, the body adapts to this condition by eliminating the surplus of blood
and body fluids in the upper body (-3-): the renal system activates the proc-
esses of diuresis and fluid shedding, in order to get rid of the apparent excess
of fluid in the upper body, so as to return to homeostasis. This also leads to
the destruction of blood cells. So far, this adaptation is perfectly understand-
able and logical with regard to the novel environment. This adaptation is not
a threat in zero gravity. It becomes one upon re-entry in a gravity field. The
effect of gravity is to pull down body fluid to the lower body and the legs,
thus decreasing the quantity available at heart level and in the upper body, to
a level below what it was before launch (-4-). This situation is dangerous be-
cause the lack of a fully capable cardio-vascular system can lead to heart dis-

ease and strokes.
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2.2.3.3 The Musculo-Skeletal System.

Muscles.

The influence of microgravity on the musculo-skeletal system is asymmetric.
As the astronaut is floating in the air, he/she will use his/her upper limbs to
navigate in weightlessness, and not the lower limbs. This leads to a maintain-
ing of the upper body muscle activity, but an atrophy in the lower body.
There, oxidative slow twitch fibers disappear to the profit of glycolytic fast
twitch fibers. The former provide endurance and long-duration posture con-
trol; the latter, precision control and short bursts of strength. Muscle fibers
basically maintain balance between oxidative, glycolytic, and contractile en-
zyme activities (Lieber, 1992). Since the body is no longer subject to hydro-
static gradients, a down-regulation of baroreceptors occurs, leading to an at-
rophy of cardiac muscles. It has been estimated that the reduction in muscle
strength of astronauts upon return after one week missions lies between 10%

and 40%, and between 20% and 30% for muscle atrophy (Newman, 2003).

Bones.

The absence of load on the skeletal structure leads to a decrease in bone min-
eral density (BMD), via the imbalance between osteoblasts and osteoclasts ac-
tivities: bone growth is slowed down because of the reduction in prolifera-
tion and activity of osteoblasts. As a result of demineralization, calcium ex-
cretion increases in weightlessness, worsening the negative balance. On MIR
station, bone loss was quantified as a reduction of 1% to 2% in BMD in a
month (Newman, 2003). This is equivalent to ten years of normal aging on
Earth, and implies a reduction of bone strength, hence an increase in the risk

of fracture, which would be catastrophic if happening on Mars, for example.

26



2.2.3.4 The Neuro-Vestibular System.

Space motion sickness is the most visible effect of the impact of the absence

of gravity on the neuro-vestibular system (Berry, 1970). The otolith organs
(see Section 2.5.1.1) in charge of the detection of the difference ( f= g-—a)of
d

gravity () and linear accelerations (@) are perturbed. It is assumed that the

vestibular system infers 8 by subtracting f from § (Merfeld et al., 2004). In
weightlessness, there is no g, therefore, the vestibular system mis-estimates

linear accelerations by a constant component. In the central nervous system,
this elicits a conflict between the expected linear acceleration (based on vi-
sion, knowledge of conditions...) and the detected linear acceleration (Oman,
1988; Oman, 2003). This is called the Sensory Conflict Theory, and is at the
origin of the motion sickness 75% of astronauts suffer from. Because of this
lack of cues to maintain balance and motor control, vision becomes a pre-
ponderant signal, and otoliths’ signals are interpreted as pure linear accelera-
tion. Space adaptation of the neuro-vestibular system is basically the result of
its desensitization to certain signals (Lathan and Clément, 1997; Young and

Sinha, 1998).
2.2.3.5 Implications.

All these physiological changes are aimed at appropriately adjusting the hu-
man body to its novel environment. But, while being bearable and useful in
weightlessness, they will induce series of problems upon return in a gravita-
tional field, because of their being inconsistent with the environment. In the
case of a Martian landing, immediate medical assistance and facilities will
not be available to cope with these problems. Furthermore, after long-
duration exposure to weightlessness, the possibilities and conditions of re-

adaptation are not well known.
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Therefore, any long-duration space mission will have to provide astronauts
with countermeasure devices and processes, to maintain their physiological

capabilities.
2.3 Step 3: Past and Current Countermeasures.

Current countermeasures to fluid redistribution, cardiac and skeletal decon-
ditioning, and loss of BMD include 1 or 2 hours of daily aerobic and resis-
tance exercise, with treadmills and cycling machines. However, such exer-
cises provoke hull vibrational stress on the spacecraft/station structure, and
contaminate the cabin with sweat droplets (Czarnik, 1999). These kinds of
exercises are efficient for counteracting muscle atrophy and, to a certain
point, bone loss, but remains non-sufficient for cardio-vascular decondition-
ing. To solve this problem, the use of lower body negative pressure has been
combined with classic exercising, but leading to mixed results on Earth-based

tests (Zhang, 2001).

Exercising is also envisioned as a countermeasure for psychological prob-
lems: it has been shown to enhance affective and behavioral states (post exer-
cise Profile of Mood States showed better scores). The sensation of well-being
that occurs after an important exercising activity may be used as a tool to in-

duce positive affective states to crewmembers (Shaw and Hackney, 1989).
2.4 Step 4: Artificial Gravity as a Global Countermeasure.

Despite their effectiveness, existing countermeasures only result in partial re-
conditioning or maintaining, in the sense that each solution targets a specific
problem, but none is able to address all the debilitating effects at the same

time.

An optimal countermeasure would address the very cause of the decondi-
tioning, that is the absence of gravity. Re-creating gravity in a spacecraft may

be enabled by the use of centripetal acceleration of a rotating environment.
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Artificial gravity would then respond to all the physiological problems, as an

integrated countermeasure (Young, 1999).

In 1911, Tsiolkovsky first imagined the potential that artificial gravity could
bring; in 1927, Hermann Noordung studied the engineering feasibility of an
"artificial-gravity station"; and in 1952, Werner Von Braun started his rotating

station project (Figure 2.2).

The concept of a large rotating spacecraft as a rotating torus was often pre-
sented in the domain of science-fiction (Figure 2.3). However the cost of
launch of all elements, and the cost and planning of in-space assembly are
still insurmountable obstacles, preventing this solution from being yet dem-

onstrated.

MGM peesorsa STANLEY KUBRICK PRODUCTION

An epic drama of adventure and exploration

2001 a space odyssey

KEIR DULLEA - EARY LOCKWOOD
Directed by STANLEY KUBRICK

Figure 2.2. Figure 2.3.
Werner Von Braun's concept 2001 A Space Odyssey, movie poster.
of rotating station. (Source: http://en.wikipedia.org/wi-
(Source: http://grin.hq.nasa.gov) ki/Image:2001_movie_poster.jpg)

Another solution would be the tethered spacecraft: a "rope" holding together
two separate elements rotating with respect to each other, around a common

center of gravity (Figure 2.4). This solution reduces the mass (hence the cost
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of launch) and allows for very long radii (thus slow rotational rates, minimiz-
ing Coriolis forces and gravity gradients). Major problems would occur in
case of rupture of the tether, like in the 1996 TSS-1R and 1994 SEDS-2 mis-
sions: in addition to the lost of artificial gravity, the mission can be compro-
mised because modules would be ejected outward. The first test of tethered
spacecrafts was done in 1966 when Richard F. Gordon and Peter Conrad suc-
cessfully created the first artificial microgravity system by linking a tethered
Agena module to their Gemini capsule (Figures 2.5 and 2.6). The tethered

spacecraft was moved into slow rotation in space.

Swing Arm

——————A——b
Ceanter of
Gravity

Figure 2.4. Concept of tethered spacecrafts (Czarnik, 1999).

Figures 2.5 and 2.6. Views of the tethered Agena (Gemini 11 Mission).
(source: http://www.astronautix.com/flights/geminil1.htm)

Either consisting of a torus or a tethered vehicle, the spacecraft would be ro-
tating at a low angular velocity in order to produce the required gravity at its
rim. In this case, the gradient of gravity (difference of gravity between the
head and the feet of the astronaut) would affect human performance: in or-

der to minimize the discomfort of the gravity gradient, the radius should
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stand between 15.2 and 16.8 meters, in order to provide speeds of rotation

under 6 rpm (Stone, 1970; Stone, 1973).

The main advantage for large rotating spacecraft is that no exercise is
needed, thus saving precious time for astronauts; and no hazardous material
would be floating inside the cabin (Czarnik, 1999). So far, NASA has not
ruled out the hypothesis of a rotating spacecraft for the Crew Exploration
Vehicle (CEV), even though priority is given to short-radius centrifuges
(SRC).

SRC would be used on a regular basis as an intermittent countermeasure to

weightlessness, just like any other exercise device (Figures 2.7 and 2.8).

Figure 2.7. STS-42 Mission Specialist Hilmers in IML-1's MVI rotator chair.
(Source: http://images.jsc.nasa.gov)
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Figure 2.8. STS-42 Payload Specialist Bondar in IML-1's MVI rotator chair.
(Source: http://images.jsc.nasa.gov)

Short-radius centrifugation stimulates efficiently the baroreceptors, which
can help reduce orthostatic intolerance upon return on the ground (Burton
and Mecker, 1992). Onboard centrifugation of animals on Kosmos-782 in 1975
proved that 1g for 24 hours is sufficient to stop the overall deconditioning
(Shipov, 1975). But SRC still suffers from the problem of gravity gradients.
The gravity gradient is inversely proportional to the radius of centrifugation,
hence short radius means huge gravity gradients, which might affect the
cardio-vascular system. However, further studies are needed to better char-
acterize the influence of gravity gradients on physiological systems. In any
case, it would be probably bearable since SRC is not a permanent exposure.
A second major problem is the impact of SRC on the neurovestibular system.
Due to the nature of the vestibular system in the inner ear and to the stimuli
given by centrifugation, illusory sensations and motion sickness are elicited
when the vestibular system is moved with respect to the planes of rotation.
Vestibular functions can disturb an astronaut's ability to perform assigned

tasks, and decrease efficiency (Young, 2000).
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2.5 Step 5: Why Do Humans Experience Discomfort on a Centri-

fuge?

Because of busy schedules, it is then not conceivable to force the astronauts to
stay motionless on a bed during short radius centrifugation. These periods
would better be used by astronauts to do emails, to read, to talk to their fami-
lies via videophone, to exercise, even maybe to sleep. Such activities require
certain degrees of freedom of the body and the head, which will probably not
be totally restrained. Subsequent paragraphs investigate the problems en-
gendered by head movements in these conditions. In order to understand the
phenomena, the related background on vestibular physiology is first ex-

posed.

2.5.1 Vestibular Physiology.

[note: references for this section are Young, 1983; Young, 2003a and 2003b; Oman,
1988; Oman, 2003; Guedry and Benson, 1978]

The vestibular system is a physiological structure that allows for self-motion
perception: it sends information to the brain about the relative movement of
its organs so that the brain interprets this information and translates it into
motion data. The vestibular system is located in the inner ear (one set of it for
each ear). Figure 2.9 shows the relative location of the vestibular organs in

the inner ear.

Figure 2.9. Location of the vestibular system in the inner ear.
Mlustration taken from McGill Faculty of Medicine website.
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The vestibular system consists of two types of motion sensors: the otolith or-
gans (saccule and utricle) which are sensitive to linear accelerations and
gravity; and three semi-circular canals (anterior, posterior and lateral canals)

which are sensitive to angular acceleration.

2.5.1.1 The Otolith Organs.

The otolith organs are sensitive to linear acceleration and gravity. Each organ
(saccule or utricle) consists of a macular plane composed of hair cells project-
ing into a gelatinous membrane. In its top layer are small calcium carbonate
aggregates or otoconia (similar to little stones, hence the name otolith: oto =
ear, lith = stone). In the presence of linear acceleration and/or gravity, the oto-
conial membrane moves in the endolymph, thus moving the otoconia, acti-

vating the hair cells in the direction of the sum of these forces.

In the case of centrifugation, with head at the center of rotation, otoliths
should not be stimulated, apart from the natural gravity if centrifugation is

operated on Earth.

The accepted mathematical model for the otoliths organs is to consider the
otoconia as seismic masses, with linear spring restoring forces due to the
macula, and inertial drag due to the surrounding endolymph (see Wilson
and Melvill-Jones, 1979, for a complete description of the underlying mathe-

matical model).

2.5.1.2 The Semi-Circular Canals.

The semi-circular canals can be considered as angular accelerometers: they
provide both the magnitude and direction of the rotation(s) they undergo, in
a three dimensional space. They are almost perpendicular to each other: each
semi-circular canal is dedicated to a specific axis of rotation. The canal is ly-
ing in the plane which is orthogonal to the axis considered. A canal is “acti-

vated” when a rotation around its corresponding axis occurs. See Figure 2.10
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for a representation of the axis and the frame of reference (x forward, y to the

left and z up).

The 3 semi-circular canals yd

N

>

Figure 2.10. Orientation of the semi-circular canals.
Ilustration adapted from a drawing from Queen Mary University of London.

The activation of the canals comes from the relative motion between the ca-
nal itself and the viscous liquid (called endolymph) it contains. When the ca-
nal is rotating around its corresponding axis, the endolymph does not move
immediately with respect to the outside frame, because of its inertia. Thus, it
implies a relative movement of the endolymph with respect to the canal, but
in the other sense of rotation, as if the fluid were rotating inside the canal.
Each canal is interrupted by an ampula that contains a thin membrane (the
cupula) which supports the pressure of the moving endolymph, and pre-
vents it from circulating freely inside the canal. The vestibular hair cells in-
side the cupula react to the pressure of the fluid on the cupula and send the
information to the brain. See Figure 2.11 for a representation of the mecha-

nism.

semi-circular canal

cupula

Figure 2.11. Mechanism of detection of self-motion.
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Ilustration adapted from a drawing from Queen Mary University of London.

The deflection of the cupula by the endolymph results in the transmission of
afferent signals successively to the vestibular nuclei, the cerebellum, the ocu-

lar-motor nuclei, and finally the cerebral cortex.

If the rotation lasts more than twenty seconds, the effect of inertia stops, and
the endolymph starts rotating with the canal. The hair cells are not stimu-
lated anymore and their firing rate goes back to normal. If the constant veloc-
ity rotation stops, the same initial phenomenon due to the inertia of the endo-
lymph happens: the hair cells detect an illusory rotation in the reverse direc-

tion.

2.5.2 The Physics of Head Turns in a Rotating Environment.

2.5.2.1 Cross-Coupled (Coriolis) Acceleration.

Let suppose that a human being is on a centrifuge, rotating about an axis A,

with an angular velocity @, . In addition, his/her head is rotating about an-
other axis An, with an angular velocity @,. This situation generates, for the

time of the head rotation (usually about one second), an additional angular
acceleration about an axis A« which is orthogonal to both Ac and An. The cor-

responding angular velocity emerges from the cross-product of @, and @,,:

oM (eq. 0)

7'

z ' T Py
S ’
! y
g
X y

Figure 2.12. Subject lying supine NU on a centrifuge.
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Let's define the two frames of reference (see Figure 2.12):

(S; X, V, 7) is attached to Earth. (S'; X'y, 7') is attached to the centrifuge.
Suppose the centrifuge is rotating clockwise. Therefore, @, is pointing

"down":

Let's use the rotation operator that transforms a vector from one frame of ref-

erence (S) into another frame of reference (S'):

(d./dt), =(d./dt), + By, x. (eq. 1)

Let's apply this to a vector ( position) describing the position in the rotating

frame of reference S'. We obtain:
(d position/dt)S = (d position/dt)s, + c?)s/ x position
S

which is equivalent to:

velocity = velocity,, + @, x position (eq.2)

Now, let's apply the left side of eq. 1 to the left side of eq. 2 and the right side
of eq. 1 to the right side of eq. 2. We obtain:

accelerations = accelerations + &, x velocity,,

- T . - _— (eq 3)
+ [d (a;c X posmon)/ dtL, + @, ¥ (a)c X posmon)
Which is also:
accelerations = accelerations + @, x velocity,,
(eq. 4)

+ @, x velocity, + @, x (c?)c X position)
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Also written:

accelerations = accelerations — 2.a, x velocity,, — @), x (a?c X position)

(eq.5)

Equation 5 is the general expression for the Theorem of Coriolis. It describes

linear acceleration in a rotating environment. The term —2.¢, x velocity,, is

the Coriolis acceleration and the term — @, x (@C X position) is the centrifu-

gal force.

French and Ebison (1986) extended this expression to angular accelerations.

The general expression for angular accelerations in a rotating environment is:

d, =d, —2.0,x &, —d,x(d, xd,) (eq. 6)

!
where @, represents an angular acceleration of the head in S, @, represents

the same angular acceleration of the head in S', @, represents the head veloc-

!

ity inSand @, represents the head velocity in S'.

!
The term — 2.0, X @, is the cross-coupling acceleration term, and is domi-

nant in the expression.

Lyne (2000) summed up the consequences on the canals. In the case of a head
turn from RED (Right-Ear-Down) position to NU (Nose-Up) position, the
pitch canal is being stimulated from rest by the cross-coupled acceleration.
The stimulation can be modeled as a sinusoidal function (because the orien-
tation of the canal changes with regard to the axis of rotation), with a maxi-

mum amplitude of @,.®, . Thus, the acceleration acting on the pitch canal
during a yaw head turn is: @,.@,.5in(e, t) (where @, depends on time #).

With a similar rationale, the roll canal is stimulated by a cross-coupled accel-
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eration modeled as ... COS(a)h .t). The yaw canal stays at rest during a yaw

head turn on the centrifuge.

A hypothesis for the use of the sine and cosine functions is their periodicity.
At the beginning of the head turn (t = 0), the pitch canal gets no stimulation
from the centrifuge rotation, but the roll canal gets a stimulation. At the end
of a 90° head turn, the pitch canal is stimulated by the centrifuge rotation,
whereas the roll canal is not anymore. The sine and cosine functions assure

continuity of the stimuli.
2.5.2.2 Canals In/Out of Plane Effect.

This effect emerges from the loss of inertia of the endolymph. When a rota-
tion is sustained in time, after a period of about 20 seconds, the endolymph
starts rotating with the canals. Therefore, subject to its elastic restoring force,
the cupula returns to its neutral position. If the result of a head movement is
a change in the orientation of the plane of the canal with respect to the initial
rotation, then the endolymph in the canal will undergo an angular accelera-

tion corresponding to the initial angular acceleration (that of the centrifuge).

Whereas in a stable situation, head turns cause the canals to follow the pro-
file of angular velocity (acceleration and then deceleration, characteristics of
a normal head turn), in a rotating environment, the canals do not. The cupula
decay (about 6 seconds) leads to a misrepresentation of @, and thus a percep-

tion of self-motion.

Let's go back to the example of the subject lying supine with head at the cen-
ter of rotation, in the NU position (see Figure 2.12). In this position, the roll
canal is stimulated during the rotation, which gives the normal perception of
rotation (because the subject knows he/she is lying on his/her back: proprio-
ceptive channel). After a certain period of time (around 20 seconds), the roll

canal response declines to zero: the subject feels no motion (which is a false
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perception). If a head turn RED is made, then two canals are involved: the
roll canal goes out of the plane of rotation and the pitch canal goes in the

plane of rotation.

The roll canal experiences the change in angular velocity because of the
"counter-reaction" of the endolymph stopping its rotation in phase with the
canal, and decelerating in the clockwise direction, giving the sensation of a
roll to the right. The sensation perceived is strong because only the decelera-
tion phase is present here, not the acceleration that would occur in a station-

ary environment.

The pitch canal experiences the reverse effect: an acceleration because of the
stimulation of the centrifuge rotation. This leads to the perception of pitching

backwards (forwards in the case of a Left-Ear-Down head turn).

These effects can be modeled with a block diagram. For example, a modified
Young-Oman transfer function model (Young and Oman, 1969) can help
visualize the dynamics of the cupula (and thus of the endolymph) and the in-
fluence of adaptation of the system (refer to Young and Oman, 1969, for more

details).

K.s S

head velocity > cupula deflection

s+ 1/Tc s + 1/Ta

The first block models the dynamics of the canals (e.g. simple gain K =1, time
constant Tc = 6 seconds); the second block models the neural adaptation
(time constant Ta >> Tc, e.g. Ta = 80 seconds). The following graphs were

plotted for these values (Lyne, 2000).

Figure 2.13 shows the velocity profile of the roll canal. Initially in the plane of

rotation, it goes out of it, thus undergoing a velocity change of 23 rpm in one
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second (thin line). The response of the cupula (its deflection) is immediate
(endolymph motion implies cupula deflection), and then goes back to rest at
the neutral position (in about 10 seconds): it does not follow the velocity pro-

file.

Figure 2.14 shows the velocity profile of the pitch canal. Initially out the
plane of rotation, it goes in it, thus undergoing a velocity change of 23 rpm in
one second (thin line), in the other direction compared to the roll canal. The
deflection of the cupula is immediate and then goes back to rest at the neutral

position (in about 20 seconds): it does not follow the velocity profile.

Figure 2.15 shows the velocity profile of the yaw canal. Its velocity profile
(thin line) corresponds to the normal head turn that would occur in a station-
ary environment (acceleration and deceleration in one second). The response
of the cupula follows the velocity profile and then goes back to rest at the

neutral position (in about 6 seconds).
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Figure 2.13. Cupula deflection in the roll canal (for a velocity change of 23rpm in 1 second)
represented by the tick line. The thin line shows the velocity profile.
(note that the saturation is an artefact of simulation)
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Figure 2.14. Cupula deflection in the pitch canal (for a velocity change of 23rpm in 1 sec-
ond) represented by the tick line. The thin line shows the velocity profile.
(note that the saturation is an artefact of simulation)
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Figure 2.15. Cupula deflection in the yaw canal (for a velocity change of 23rpm in 1 sec-
ond) represented by the tick line. The thin line shows the velocity profile.
(note that the saturation is an artefact of simulation)
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The model shown here is open-loop or feed-forward, which means that if the
same input (head velocity) is given, the same output (cupula deflection) will
be observed, whatever the situation is: the behavior of the cupula is deter-
mined only by the behavior of the head. A feedback model would integrate
the current behavior of the cupula to the behavior of the head to modify its
response. This would be coherent with the need for adaptation: the vestibular
response would be capable of self-regulation, thus achieving the goal of re-
ducing discomfort on its own. But the physiology appears to be different: the
integration of the behaviors is located in higher levels. Therefore adaptation

occurs in these higher levels, not in the vestibular organs themselves.

2.5.2.3 Comparison between the Two Effects.

The cross-coupled acceleration affects the subject for about 1 sec (duration of
the head turn) whereas the canals in/out of plane effect lasts for about 6 sec
(time for the cupula to rest: Howard, 1986; and Robinson, 1981). Therefore,
this second phenomenon has much more effect on the subject's perception of

unreal self-motion.

2.5.2.4 Concerns.

Whereas the semi-circular canal model presented here seems pretty simple,
Cheung (2000) showed that this model fails to explain why about 12% of the
population feels illusory tilt in an unpredicted plan, and why up to 60% of
the subjects feel a compensatory illusory tilt in the same, unpredicted plane.
Indeed, several subjects in her experiments felt they were rotating in the op-
posite direction than predicted by the information generated by the canals. In
addition, between 11 and 27% of the subjects (depending on the canal) did
not feel self-motion in roll and pitch when doing a yaw head turn on the cen-
trifuge. It is possible that these particular behaviors come from either struc-
tural canal asymmetries leading to asymmetric afferent firing responses; or

from a mis-understanding of the instructions for verbal to reports. As noticed
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by Young et al. (2001), the semi-circular canal model is robust enough to pre-
dict that, during high speed centrifugation, a majority of subjects experience
motion sickness, compensatory vertical nystagmus and illusory tilt; however,
it is recognized that other perceptions are not fully predictable by the model.
In addition to these variations in direction of sensation, a variation of inten-
sity was found in centrifugation experiments. Head turns to Nose-Up (NU)
position are reported more disturbing than Ear-Down (ED) head turns, in
terms of duration and magnitude. Since this effect seemed not to be corre-
lated with VOR recordings, a dissociation between the psychophysical inter-
pretation and the physical reaction to stimuli might occur. Newby (2002)
showed that the graviceptive information plays a significant role in this case.
Mast et al. (2003) presented results showing that not only are head turns to-
ward NU more provocative in magnitude and duration, but the associated

sensation decays more slowly, in comparison with an ED rotation.
2.6 Step 6: Adaptation.

Several experiments have proven that subjects can adapt to these effects: they

perceive less self-motion and suffer less from motion sickness.
2.6.1 Adaptation to Low Speed Centrifugation.

Stone's evaluation (1973) of the best compromise of radius and velocity for a
rotating spacecraft (15.2 to 16.8 meters for 6 rpm), led to immediate testing of
adaptation to slow rotation (Graybiel, 1973; Letko, 1973). However, earlier
experiments already showed that disorientation and nystagmus due to Cori-
olis accelerations effects decreased significantly (Guedry and Graybiel, 1962:
64 hours at 5.4 rpm); and that the symptoms of motion sickness could de-
crease over the days when subjects made repeated head movements in a
slowly rotating room (several hours at 7.5 rpm: Guedry, Collins and Gray-

biel, 1964; 12 days at 10 rpm: Guedry, 1965).
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2.6.2 Adaptation to High Speed Centrifugation.

Similar experiments were implemented for short-radius centrifugation, at
high-speed of rotation. The same results were obtained: Young et al. (2001)
showed that context specific adaptation is possible at 23 rpm, when subjects
make repeated provocative head movements. Research was also aimed at
testing the maximization of the conflict between perception systems (vision,
vestibular, proprioceptive...) to see if increased adaptation resulted (Brown

et al.,, 2001).

2.6.3 Retention of Adaptation.

It has also been showed that subjects can retain part of this adaptation to
high speed centrifugation for couple of days (Lyne, 2000). After 4 days of 1h
daily exercise at 23 rpm, subjects adapt to centrifugation in a reasonable way:
levels of motion sickness and illusory tilts become tolerable. Furthermore,
this protocol elicits adaptation that can be retained over five days without
further centrifugation. After 12 days, even if compensatory eyes movements
are not entirely eliminated, motion sickness symptoms become totally negli-
gible (Sienko, 2000). Earlier experiments had also concluded that, in order to
be retained, visual-vestibular adaptation should be elicited over sessions
close in time to each other: three drum exposures separated by 4 to 24 days
each did not lead to adaptation whereas three drum exposures separated by
48h each achieved adaptation to motion sickness (Stern et al., 1989). These
constraints have implication on training and scheduling: if it is done before
going to space, then adaptation protocols should occur as close to launch as

possible.

2.6.4 Transfer of Adaptation.

Another phenomenon that may have implications for training and schedul-

ing is the transfer of adaptation from a trained protocol to another.
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Research involving transfer of adaptation led to opposite results. Spending
several hours in a 7.5-rpm-rotating room making specific head turns
achieved adaptation to these particular head movements, but failed to trans-
fer to other directions of rotation and quadrants of motion (Guedry, Collins
and Graybiel, 1964). Similarly, Graybiel (1977) found a short term loss of ad-
aptation when direction of rotation changed, at low rotation rates (6rpm). On
the contrary, during an experiment at 10 rpm that lasted 10 days, if the rota-
tion stopped and restarted in the other direction, then motion sickness reap-
peared, but less intensely that originally, which was interpreted as a form of

transfer of habituation (Guedry, 1965).

Concerning high-speed centrifugation, the adaptation described in Section
2.6.2 was found to carry over to changes in directions of rotation: once a sub-
ject is adapted to head turns in one direction or one quadrant, adaptation to
head turns in the opposite quadrant is easier (Hecht et al., 2002), proving a
form of transfer. Recent research in the Man-Vehicle Lab has investigated the
transfer of adaptation from yaw to pitch head movements, but no conclusive
effect was found, implying that separate training for each movement might
be required (Garrick-Bethell, 2004). Indeed, if no transfer of adaptation or ha-
bituation occurs, a complete adaptation will need repeated protocols in all
quadrants and directions or planes, which would drastically increase the

training time.

All these adaptation, transferring or not, are "context specific" because there

is no aftereffect when back in a non rotating environment.

2.6.5 Other factors of Adaptation.

It is of primary importance to understand the influence of the perturbations
described previously on the rest of the body and other systems. Specifically,
the link between the vestibular system and the motor control system is very

strong. DiZio and Lackner (2003) proved that vestibular and motor adapta-
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tion are both possible at the same time in rotating environments, and that
motor adaptation relies on vestibular cues (among others). In 2003, Brown et
al. explained that subjects can adapt to Coriolis cross-coupled effects by in-
termittent exposure to high speed centrifuge, and, at the same time, maintain

their perceptual-motor coordination in non rotating environments.

It has also been showed that visual inputs presented during adaptation play
a specific role in this adaptation (Brown, 2000). Whereas VOR adaptation re-
quires a visual-vestibular conflict, reduction in levels of motion sickness was
not influenced by this conflict. However, in a slow rotation room experiment,
there was no indication of transfer from the Coriolis vestibular stimulus to
the nystagmus resulting from the angular acceleration. This implies a speci-

ficity of the habituation and adaptation to the exposure conditions.

Interestingly enough, vestibular adaptation can exist even in virtual envi-
ronments: this is called adaptation of vestibule-driven perceptual-motor sys-
tems (Young and Henn, 1974; Stoffregen et al., 1999). Vestibular adaptation
as a result of exposures to visual virtual environments has been demon-

strated (Cobbs, 1999; Draper, 1998).

In addition, the conditioned compensatory reactions and arousal factors
strongly influence habituation. When subjects are maintained in a rather pas-
sive state (reverie states with reduced mental activity), nystagmic and subjec-
tive reactions decline during prolonged constant accelerations, after a period
of increase and stabilization (Guedry et al., 1964). But when subjects are
maintained in an alert state, only the subjective reaction to prolonged accel-
eration declines, whereas the nystagmic reaction does not. An explanation
might be that the subjective reaction is attenuated by a central mechanism

that does not affect the oculomotor centers (Guedry and Lauver, 1961).

Nevertheless, it remains that the vestibular system is used as an input for the

control of eyes movements, and that this relation can change depending on
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the environment. Indeed, for example in space, after 4 to 10 days in orbit,
when velocity storage is recovered, head pitch does not significantly affect

nystagmus, whereas earlier it had a strong influence (Oman, 1996).

Finally, Benson et al. (1997) used the potential influence of otoliths on canals
and demonstrated that the likelihood of motion sickness in centrifugation is
reduced if a radial acceleration stimulates the otoliths organs during the ad-

aptation phases.

2.6.6 Habituation vs. Adaptation.

The term "adaptation” should be used with precaution. Most of the times,
"habituation" should be use instead. Physiologically speaking, "adaptation”
has also been used to refer to a modification in the firing rate of afferents cod-

ing the vestibular information following repeated or sustained stimuli.

In fact, this modification can be described in two distinct phenomena. The
tirst one, named "habituation", is a simple decrease of the response. Motion
sickness, illusory tilts and sensation ratings decrease on their scale of evalua-
tion with time. In this phase, the system is just less prone to respond to the
stimulus, because it is used to it. Thus, Guedry (1964) used the word "ha-
bituation" to designate the phenomenon that consisted in a decrease of dis-

comfort over time.

"Adaptation” is a phenomenon that has an impact on the functional goal of
the system: the response comes from a modified interpretation of the signal,
sometimes called ‘"re-interpretation”. For example, the Otolith Tilt-
Translation Reinterpretation theory states that, in space, due to the absence of
gravity, the otolith signals are interpreted as only describing linear accelera-
tion (Merfeld et al., 2004). This is a true adaptation, not an habituation. Typi-
cally, when an adaptive protocol is repeated over several days, it is easy to
distinguish habituation from adaptation. If data decreases within days, that

is certainly habituation, and maybe adaptation. If the data decreases between
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days, that may be adaptation. If the data at the beginning of day n+1 is lower
(VOR, MS, IS, IT) than at the beginning of day n, then the word adaptation

can be used because something has been retained from one day to another.

This section was aimed at sharpening this vocabulary issue that experiment-
ers usually face in vestibular adaptation research. For more details, see Sec-

tion 2.8 for a comprehensive review.
2.7 Step 7: Incremental Adaptation.

DuBois-Reymond's excitation law (1848) basically states that a stimulating
current is much more effective as a stimulus if it reaches its full strength in-
stantaneously. The conclusion of his experiments showed that it is a common
property for living, excitable tissues to be able to resist a gradually increasing
stimulus, meaning that incremental exposure to a stimulus will produce less
disruption or discomfort than direct exposure. Therefore, it seems very likely
that incremental exposure to centrifugation might reduce motion sickness
and illusory sensation, according to this law. But the question is: will an in-

cremental protocol still achieve adaptation?

Bergstedt (1965) studied the adaptation of subjects living in a room rotating
at 10 rpm. His conclusion was that velocity could be increased gradually us-
ing 2-3rpm steps each day, and still achieve adaptation to disorientation. This
experiment was repeated (10 rpm for 32 days) with smaller increments of 1
rpm (Graybiel et al., 1969). Vestibular adaptation to the rotating environment
was generated by an incremental exposure to the stimulus (head turns), and
adaptation is enhanced because less motion sickness than usual was re-
ported. It is to be noticed that previous attempts in 3 days or 40 hours were

not successful.

Incremental exposure to visual stimuli was also studied. Lackner and Lobo-

vits (1978) investigated adaptation to visual re-arrangement (adaptation to
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the wearing of glasses with prisms that induce a lateral deviation of the vi-
sion). They found that better adaptation was reached (less motion sickness
and less motor coordination deficit) with an incremental profile in the visual
deviation, and it was proved to be the result of a progressive adaptation (a
random order of stimuli did not achieve adaptation). Therefore, a continuous
variation of the stimulus in the same direction is necessary to achieve adapta-
tion. Hu et al. (1991) studied the adaptation to a rotating drum. Three
groups exposed to a rotating drum: one direct exposure to maximum dura-
tion and maximum speed of rotation (control), one to two short duration pre-
exposures at maximum speed before the exposure at maximum duration and
speed (pre-exposed), and one to two short pre-exposures of same short dura-
tion but incremental speed before the exposure at maximum duration and
speed (incremental). The result carried no ambiguity: the incremental group
reported less motion sickness symptoms and had lower physiological reac-
tions (tachyarrhythmia, abnormal gastric myoelectric activity, associated
with nausea) than both the control and pre-exposed groups, proving that in-
cremental exposure to motion stimuli may be a useful method for training

resistance to visually induced motion sickness.

Both experiments (Hu et al., 1991; and Graybiel, Deane and Colehour, 1969)
are consistent: incremental exposure leads to a better rate of adaptation. This
supports Reason (1978) and Brand's (1975) sensory rearrangement theory
which suggests that the severity of motion sickness is a function of the degree
of sensory mismatch, and that the degree of sensory mismatch is dependent
upon the difference between the present sensory information and the infor-

mation retained from the immediate past.
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2.8 Theory of Adaptation.
2.8.1 Definitions.

In 1969, Brooks sketched “adaptation” as a very basic concept: it is a long,
slow process of physiological modifications. Quickly made adaptation of a
temporary nature should then be referred to as “accommodations”. The am-
biguity is already there: accommodation is a type of adaptation, type being

defined on a time scale.

About ten years later, Welch (1978) proposed a more precise definition: adap-
tations refers to "a semi-permanent change of perception or perceptual-motor
coordination that serves to reduce or eliminate a registered discrepancy be-
tween or within sensory modalities or the errors in behavior induced by this
discrepancy”. This definition states that adaptation is inevitably linked to a

purpose, a goal to achieve (see Section 2.8.2).

More recently, McNab (2002) explained that “adaptations” (note the plural)
should designate "modifications of the malleable physiological features with
respect to the physical and biological characteristics of the environment, that
contribute to the increased reproduction of species". McNab recognizes that,
in general, the impact on reproduction is barely identifiable or imaginable.
But this definition remains interesting in the sense that both a goal and a con-
text or general frame are provided. Adaptation is aimed at achieving a goal
and this operates in the context of the relation between the living material

considered and its environment.

Although this last definition is commonly understood and accepted, several
biologists have argued that this definition is very close to that of “learning”.
Learning is the process through which living beings acquire information and
knowledge in an experience-related manner so as to establish new adaptive

behavioral strategies (Giurfa and Menzel, 2003). The example of the cyano-
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bacteria helps understand the trade-off between learning and adaptation:
these bacteria learn how to respond to the decrease of phosphate supply in
their environment (learning) and transmit the modifications to successive
generations (adaptation) (Giurfa and Menzel, 2003). It seems therefore that
adaptation is deeply linked to the survivability of the living or-

gan/tissue/being.

This last example of transmission of survival techniques can be confounded
with evolution in its broader sense. Brooks (1969) notes that evolution is then
the slowest adaptation process for living organisms; he also considers that
conditioned reflexes and learning can also be referred to as adaptive proc-
esses, while recognizing at the same time that adaptation should be re-
strained to phenomenon with slow time courses! He advises to use the terms
"adjustments" or "evolutionary processes" when the adaptation is to envi-

ronmental circumstances.

In the end, Brooks merely uses the word "adaptation” as an umbrella for sev-
eral phenomena: accommodation, adjustments, evolution, learning, condi-
tioned reflexes... even though there are, within these words, huge differences

in their mode of acquisition or implementation, and time course.

2.8.2 Goals.

It seemed in some definitions that adaptation was inevitably linked to its
purpose. Several authors attempted to define adaptation through its goals

and potential achievements.

Slobodkin (1964) argued that adaptation is aimed at maintaining homeostasis
(that is maintaining a constant internal environment). Basically, all physio-
logical responses to a change in the environment are aimed at maximizing
the ability to respond to further modifications. The first, immediate response
is called behavioral response (McNab, 2002), and if the change is sustained,

then physiological adjustments occur (ex: genetic modification). This would
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satisfy Brooks' (1969) definition of "genetic adaptation": a "process of muta-
tional change (...) with maintenance of biological constancies". He also de-
fined two major goals that adaptation is suppose to reach: 1) to effect con-
tinuing or permanent changes to better meet environmental requirements
and 2) to maintain an essential constancy of body state despite changing en-
vironmental demands. These definitions of adaptive goal may seem to go
against each other: goal 1 states that physiological changes must occur to
match environmental needs, whereas goal 2 advocates for a maintaining of
the body state whatever the environment requires. In fact, there is no para-
dox. The former definition must be understood at the molecular, cellular and

organ levels; whereas the latter target the whole living human body.
To sum up this section on adaptation theory, let us use McNab's (2002) list.

1- Adaptations are modifications in organisms that increase reproduction,

and therefore survivorship, in a particular environment.

2- A hierarchy of physiological responses to variation in the environment
may exist, including responses that are short term, seasonal, and long term

(climatic), all to some extent involving genetic changes.

3- Several potential solutions to an environmental challenge normally are

available.

4- All solutions have side effects.

5- Some adaptations constrain future possibilities, whereas others open new

opportunities.

6- Adaptation can be limited by the interaction of factors involved in the
mechanisms of adaptation, by ecological opportunities, and possible by the

set of responses accumulated through time.
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2.9 Psychophysics.

Sensations that seem to lie in a continuum domain are very interesting in the
psychophysics area, since they allow for being ordered on a scale from "faint"
to "intense" (Stevens, 1975). These perceptual continua can be of two sorts:
metathetic or prothetic. Metathetic continua, such as the pitch of a sound, are
qualitative continua (varies from low to high); whereas prothetic continua,
such as the loudness of a sound, are quantitative continua (they can be de-

scribed with degrees of magnitude).

Indirect scaling of sensation perceptions exposes the observer to different
stimuli, and he/she has to tell when the two stimuli are different. It's a meas-
ure of sensation through measurements of discrimination. Experiments using
direct scaling convert observers' judgments of their sensations directly into

measurements of sensory magnitudes (Gescheider, 1985).

Ratio scaling is a form of direct scaling. Introduced in 1888 by Merkel, it was
really developed in the 50s by Stevens. Stevens asked his subjects to assign
numbers to their sensations (ex: loudness of a sound, brightness of a light,
taste, smell...) as they fit appropriate. This is also called magnitude estima-

tion.

Over the past 50 years, more than 50 perceptual prothetic continua have been
investigated through magnitude estimation. They all led to an empiric rela-
tion between the input (stimulus magnitude = @) and the output (sensation

magnitude = W) of the form:
Y =k.Op

The magnitude of the sensation is proportional to a power function of the
stimulus magnitude. k is basically a scaling factor to adjust for the units of
measurements. (3 is considered as a "signature" of the sensory continuum

considered and the conditions in which it is studied (experimental condi-
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tions, see Table 2.1). This relation is called the psychophysical law (Stevens,
1975).

[ determines the curvature of the power function, that is, basically, its gen-
eral behavior (see Figure 2.17). If $>1 (ex: electrical shock), the representation
is a concave upward line, with increasing slope (to infinity). This means that,
at low stimulus magnitude, sensation does not vary a lot; and that at high
stimulus magnitude, sensation goes to infinity. If f=1 (ex: length), the sensa-
tion varies directly with the stimulus. If B<1 (ex: brightness), the representa-
tion is a concave downward line, with the slope going to 0 (horizontal line).
The sensation is limited in its scale: discrimination in sensation occurs at low
stimulus magnitude. At high stimulus magnitude, sensations are pretty simi-

lar.
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Figure 2.17. Psychological magnitude vs. stimulus magnitude.
[3 = 3.5 (electric shock); 1 (apparent length); 0.33 (brightness).
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Continuum Measured Stimulus condition
exponent

Loudness 0.67 Sound pressure of 3000-hertz tone
Vibration 0.95 Amplitude of 60 hertz on finger
Vibration 0.6 Amplitude of 250 hertz on finger
Brightness 0.33 5 degree Target in the dark
Brightness 0.5 Point source
Brightness 0.5 Brief flash
Brightness 1 Point source briefly flashed
Lightness 1.2 Reflectance of gray papers
Visual Length 1 Projected line
Visual Area 0.7 Projected square
Redness (saturation) 1.7 Red-gray mixture
Taste 1.3 Sucrose
Taste 1.4 Salt
Taste 0.8 Saccharine
Smell 0.6 Heptane
Cold 1 Metal contact on arm
Warmth 1.6 Metal contact on arm
Warmth 1.3 Irradiation of skin, small area
Warmth 0.7 Irradiation of skin, large area
Discomfort, cold 1.7 Whole body irradiation
Discomfort, warm 0.7 Whole body irradiation
Thermal pain 1 Radiant heat on skin
Tactual roughness 1.5 Rubbing emery cloths
Tactual hardness 0.8 Squeezing rubber
Finger span 1.3 Thickness of blocks
Pressure on palm 1.1 Static force on skin
Muscle force 1.7 Static contractions
Heaviness 1.45 Lifted weights
Viscosity 0.42 Stirring silicone fluids
Electric shock 3.5 Current through fingers
Vocal effort 1.1 Vocal sound pressure
Angular acceleration 1.4 5-second rotation
Duration 1.1 White noise stimuli

Table 2.1. Representative exponents of the power functions relating subjective magnitude
to stimulus magnitude (Stevens, 1975).




There are two ways to apply the magnitude estimation principle (Stevens,
1958): the first one is to expose the subject to a fixed, standard, baseline
stimulus and tell him/her that the sensation produced has a pre-determined
numerical value such as 10. This value is called the modulus. On subsequent
exposures, the observer assigns numerical values to sensations relative to the
value of the modulus. Instruction to the observer states that the judgment has
to reflect how many times greater or smaller a sensation is with respect to the
baseline stimulus. In order to combine the judgment of several observers, it is
advised to use the median or the geometrical mean for all data referring to a
specific stimulus. The arithmetic value is to be avoided because it is highly
influenced by a few unrepresentative outliers. The second version is similar
to the first but with the difference that the modulus is not specified by the
experimenter but by the observer him/her-self. This method would not be
applied in vestibular experiments, because the sensation is very uncommon
and it might be difficult for subjects to give appropriate value in a limited pe-
riod of time. In addition, more computation of the data is needed to scale all

judgments altogether.

In magnitude estimation, the average of the number assigned to a particular
stimulus is called the "psychological scale value" for that stimulus (Stevens,
1960). The psychological magnitude function is the average magnitude esti-

mation plotted as a function of some property of the stimulus.

The main limitation in this process is that it is recommended to expose ob-
servers to different orders of stimuli. But this is not possible in experiments
including an incremental protocol, since it is the very goal of it to have some

sort of learning.

The question is to know if magnitude estimation is accurate. Past research
tend to answer this question with a yes. Frankenhaeuser, Sterky and Jarpe
(1962) found a positive relationship between magnitude estimation of stress

and epinephrine secretion following varying levels of gravitational stress
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produced in a human centrifuge. Later on, Frankenhaeuser (1967) found out
very similar and close relationships between magnitude estimations of stress
and physiological responses during "Stroop Color - Word Inference Tests".
Guedry et al. (1971) established that their subjects were able to estimate accu-
rately angular displacements in the y and z axis, with a mean of 89% correla-
tion between actual displacement and estimation, making this result very ac-

curate.

Magnitude estimation is extremely efficient, and permits quick acquisition of
huge amounts of data, ideal for use in experiments requiring the scaling of a

large number of stimuli.

But Gescheider (1985) asked whether ratio scaling methods really measure
sensation magnitude. Two ways to determine the validity of a method were
exposed: 1) the method gives the same results as another method already
considered as valid; or 2) additivity of the measurements obtained through
the method is verified. 1) is barely possible: there is no widely accepted psy-
chophysical scale of sensation magnitude. So 2) is to be tested. It means that
if the observer is presented a stimulus that produces, when presented alone,
a sensation of magnitude A, together with a stimulus that produces, when
presented alone, a sensation of magnitude B, then the observer should assess
a sensation magnitude of A+B. Is this possible to do in intensity of sensation?
The answer is yes because the sensation can be characterized in two dimen-
sions: time of duration (see past theses where duration of sensation was
measured) and amplitude of the perceived tumbling, which satisfy the addi-

tivity criterion.
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Chapter 3

Methods

3.1 Experimental Design.
3.1.1 Experimental Group.

The protocol of this experiment consists of five sessions over five consecutive
days. During each session, subjects lie in the supine head-on-axis position on
the MIT short-radius centrifuge, rotating clockwise when seen from above
(see Figure 3.2). They will perform series of yaw Head Turns (HT), in order
to be exposed to the sensory conflict explained in Chapter 2, which hopefully
will lead to adaptation. The speed of rotation of the centrifuge will increase
over the days. This phase of adaptation will happen in a stable visual field
created by lighting on-board the centrifuge and an opaque canopy. This con-
dition appeared in past experiments to be the most desirable (Brown, 2002).
To achieve this purpose, subjects will be provided with a portable flashlight,
allowing, when turned on, a stable, non-rotating visual reference frame, for
the retinal slip adaptation phase. This phase of adaptation will be, each day,
surrounded by identical phases aimed at collecting physiological data. These
phases will occur in the dark (to be able to measure eye movements) and at

maximum speed (23 rpm) for purpose of comparison between days (Tables

3.1 and 3.2).
Phase 1 Phase 2 Phase 3
pre-adaptation adaptation post-adaptation

Speed =23 rpm

3 sets of 2 head turns
(RED, NU)

In the dark.

Speed = speed[day]
15 sets of 2 head turns
(RED, NU)

In stable light.

Speed =23 rpm

3 sets of 2 head turns
(RED, NU)

In the dark.

Table 3.1.

Summary of the experimental design.
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Day speed[day]
1 3 rpm
2 5 rpm
3 8.5 rpm
4 14 rpm
5 23 rpm

Table 3.2. Velocity profile.

Justification for choosing this velocity profile.

When the subject is lying supine on the centrifuge, the otoliths detect the cen-
trifugal force in the same direction as gravity would operate in a normal,
steady, upright position. The centrifugal force detected is a function of the

square of the speed of rotation:

F=r.o?

This suggests that the physics of the force is geometrical and not linear: if

doubles, the force does not double, but is multiplied by four.

We want to operate the adaptation protocol between the speeds of 3 and 23

rpm: 32=9 and 23%=529. The ratio of g’s to achieve is thus:

529/9 =58.77... = 59.

We are limited in the number of days of availability of subjects: 5 is the
maximum allowed. So we need 5 speeds = 4 steps. But we need to find what

type of incrementation will be defined.

The psychophysical law states that a perceptual prothetic continuum obeys

the following law:

W =Kk.OF [stimulus magnitude = ®, sensation magnitude = V]

We hypothesize here that the perception of sensations elicited by head

movements while spinning is a continuum, because subjects can refer to it on
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a vocabulary scale between "faint" and "intense" (Stevens, 1975). By defini-
tion, these sensations are prothetic, since it refers to a quantitative perception,
described in terms of degrees of magnitude. Therefore, Intensity of Sensation
(IS) follows the psychophysical law. We will not discuss the value of k

(which is just a unit scaling factor), but will investigate (3.

We hypothesize that the {3 for the IS with gravity/SCC behavior as a stimulus
is lower than one. The justification is that the reports at high speed seem not
to be very different within a range of +/- 3 rpm (*10%) around 23rpm. We be-
lieve there is some kind of saturation: when the sensation is maximal, even if
the stimulus is bigger, the observer sticks to this maximal assessment. On the
contrary, at low rotation speed, subjective reports are much more "sepa-

rated". This corresponds to: 3 <1 (Figure 2.17).

An additional factor is that most of the continua, except hard pain, have a

power that is lower than 1, or very close.

Therefore, the most immediate hypothesis for the power in our experiment is
that the sensation of gravity-related stimuli has a logarithmic evolution (3<1),
thus implying a geometrically coded signal. To equally differentiate two
stimuli (perception axis on Figure 3.1), the difference of their magnitude has
to be higher at high magnitudes (stimulus axis on Figure 3.1): Ap (differences
in perception) are constant while corresponding As (differences in stimuli)

are increasing.
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Figure 3.1. Logarithmic evolution of perception to stimulus.
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We consider therefore that the stimulus is geometrically coded. Thus, the

geometrical factor to implement should then be:

ratio(l/number_of_steps) = 591/4 =c=2.8.

The steps should thus be:

919xc=24.9212492xc=68.99 | 68.99 x c= 191.05 | 191.05 x c = 529

which transforms into speeds of:

3rpm | 5rpm | 8.3 rpm | 13.8 rpm | 23 rpm

These speeds are rounded to the nearest achievable precise speed with our

centrifuge (.5 rpm precision):

3rpm | 5rpm | 8.5 rpm | 14 rpm | 23 rpm

Justification of the number of head turns in phase 2.

A preliminary study testes an incremental protocol over a period of one, be-
tween 1 rpm and 23 rpm, in 2 or 4 steps (1 rpm, 5 rpm, 23 rpm; or 1 rpm, 2
rpm, 5 rpm, 11 rpm, 23 rpm), with subjects making only 2 head turns at each
speed level. No adaptation was elicited, and it was concluded that the small
number of head turns was the reason for this lack of adaptation. Therefore
the present protocol features a very large number of head turns at each speed

of rotation.

3.1.2 Control Experiment.

The control experiment basically keeps the same protocol, with a few
changes: phase 2 will be implemented at maximum speed (23 rpm) and
without any head turn. The control experiment will be repeated only on two
consecutive days. The goal of this control experiment is to test the measure-

ment protocol. It is crucial to know if it induces adaptation as we stated be-
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fore (reduction in inappropriate eyes movements, reduction in motion sick-
ness and illusory sensations). This control experiment is done at maximum
speed (23 rpm) because it is hypothesized that, in case the bed has a negative
influence, it will be more salient at higher rotational speeds (proven to be the
most provocative). The control experiment is repeated only over two days,
because past research (Brown, 2002; Newby, 2002; Sienko, 2000; Lyne, 2000;
Cheung 2000) has shown that the effects of adaptation are detectable as soon

as Day 2.
3.2 Equipment.
3.2.1 The Centrifuge.

The short-radius centrifuge operated in this study is shown on Figure 3.2. It
consists of a 2m-long rotating bed, that can bear subjects between 62 and 74
inches (1Im57 to 1m88), and up to 200 lbs (91kg). Subjects lie supine on the
bed, with their head at the center of rotation. The bed is controlled by a 1 Hp
motor, that can provide a maximum speed of rotation of 30 rpm (180°/sec).
The centrifuge is mainly operated at 23rpm, in order to provide 1g at the feet
of the subjects. An adjustable metallic footplate at the rim of the centrifuge
provides support for the subjects” feet: by modifying its radial position on the
centrifuge, it is assured that the head of the subject is at the center of rotation
(Figure 3.3). The footplate has recently been modified: it includes an exercise
device, used in another experiment on cardio-vascular deconditioning. This

device can be blocked so as to be used as a basic support.

A rotating helmet is fixed to the axis of rotation and allows yaw movements
to the right only. This yaw head movement retainer is pictured on Figure 3.4.
It controls the subject's head rotation to and from NU (Nose Up position,
Figure 3.5) and RED (Right Ear Down position, Figure 3.6). It is helpful in

guiding the subjects' head movements.
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A removable opaque canopy (Figures 3.7 and 3.8) is added during the ex-
periments, as a wind-shield to reduce the proprioceptive rotational cues pro-

vided by air flow, and to suppress visual indications of rotation.

For safety purpose, a Sony digital video camera with NightShot capabilities
is fixed to the bed and allows for constant monitoring of the subject, in all
lighting conditions. In addition, a safety belt is buckled during all experi-
ments, an emergency stop button is in the subject's hands, and metal gurney-

style sidebars prevent subjects from falling off the bed.

A tetrapod support has been recently added to stabilize the bed and to pre-

vent it from having an unwanted precession movement (Figure 3.9).

For more technical descriptions of the centrifuge, please see Cheung (2000)

and Diamandis (1988), who built the rotator.

Figure 3.2. General view of the centrifuge.
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Figure 3.4. Close view of the restraining helmet
and its rotating device.
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Figure 3.4. Subject in NU (Nose Up) head position.

Figure 3.6. Subject in RED (Right Ear Down) head position.

66



Figure 3.7. Archive view of the centrifuge equipped with the opaque canopy.

Figure 3.8. Inside view of the centrifuge equipped with the opaque canopy.
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Figure 3.9. View of the new stabilizing tetrapod.

3.2.2 Eye Movements Recording Goggles.

During all experiments, subjects wear a ski mask equipped with binocular

miniature video cameras (Figure 3.10).

2 i :r ..
Figure 3.10. Happy subject wearing the new eye-movements measurement device,
a ski-mask equipped with miniature cameras.
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The cameras are ISCAN (Burlington, MA) Model RK-416PC. The eye tracking
system is based on infrared (IR) illumination of the pupil. The IR sources are
not coaxial with the eye imaging cameras: the pupil captures IR emissions,
but its surrounding areas reflect IR to the cameras, creating "dark pupil” im-
ages. The video signals are transmitted to a computer, and processed with
ISCAN software. The software basically computes the 2D position of the cen-
ter of mass of the dark area, assumed to be the center of the pupil of the sub-
ject. The software options include the possibility of adjusting the threshold of
IR to detect, which allows for modifying the dark area so as to lock the detec-

tion correctly on the pupil.

Prior to the experiment, the signals need to be calibrated, in order to normal-
ize the data for comparison between subjects. An overhead cross with five
dots (center, left, right, up, down positions) is placed at 73 centimeters from

the subjects' eyes, in order to calibrate for a 10° eye movement.

During the phases when eye data was collected, subjects were asked to put a
blindfold on the ski mask, in order to cancel any external light source that

might affect their vision.
3.3 Subjects.

15 subjects, 13 males and 2 females, aged 17 to 27, participated in the experi-
ments. Most of them were MIT undergraduate and graduate students, re-
cruited through posters disposed around campus. The Control group was
composed of 8 subjects, 6 males and 2 females, aged 17 to 24; all of them
completed the experiment. The Experimental group was composed of 7 sub-
jects, exclusively males, aged 21 to 27; 6 of them completed the experiment.
All subjects provided written consent to participate (Appendix A) and were
screened for medical conditions (Appendix B). The Experimental group was
tested before the Control group. Therefore, subjects were not randomly as-

signed to the two groups.
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3.4 Measurements.

3.4.1 Physiological Measurements: Eye Data.

Subjects wore the ski mask with the cameras during the entire experiment.
During phases 1 and 3, eyes movements were recorded through the ISCSAN
goggles. Subjects were instructed to keep their eyes wide open and to avoid
blinking during and after each head movement. During phase 2, eyes move-
ments are not recorded: it is the "adaptation period" in stable surrounding

light.

The eyes movements are characterized by two metrics: the peak amplitude
(A) of the slow phase velocity (SPV) and the time constant of its decay (7). In
our experiments and further analysis, the slow phase velocity is normalized
with respect to the speed of rotation of the centrifuge and the head turn
maximum angle. This is for comparison purpose between different experi-
ments where speed of rotation and angle of head turn change. In our experi-
ments, eyes movements are always recorded at maximum speed of rotation,
and after 90 degrees head turns. The normalized slow phase velocity (NSPV)

is given by the formula:
NSPV =SVP / (speed_of_rotation x sin(angle_of_head_turn))
NSPV =SVP / (138°/sec x sin(90°))
138°/sec = 23rpm

The denominator of the NSPV is the velocity component of the semicircular

canals moving in/out of the plane of rotation.
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3.4.2 Subjective Assessments.
3.4.2.1 Motion Sickness (MS).

The MS score is an estimation of how bad the subject feels (Brown, 2002). MS
is rated on a 0 to 20 scale to represent the overall feeling of discomfort. A
score of 0 is for "I am fine" and a score of 20 is for "Il am about to vomit". MS
ratings where asked after each head movement during phases 1 and 3, and

after each head movement of every other set of two during phase 2.
3.4.2.2 Intensity of Sensation (IS).

The IS score is aimed at reflecting how much the subjects feels the sensations
of tumbling. The sensation experienced during the very first head turn (Day
1, Phasel, HT 1) is the modulus, to which an arbitrary baseline value of 10 is
assigned. When asked to report IS, the subject has to give a relative value for
the subjective intensity of the sensation experienced as a result of the head
turn just made. This value is established in reference to the baseline. For in-
stance, a turn twice the intensity of the sensation of the first turn is called a
20, and a turn with half the intensity is called a 5. If the turn feels identical to
a turn made while not spinning on the centrifuge, it has a subjective intensity

of 0.

3.4.2.3 Ilusory Tilt (IT).

The specificity of the required head turns (right ear down and nose-up) gen-
erates an illusory sensation of pitching forward or backward. Subjects are
asked to report this sensation, based on an analogy with a clock dial, assum-
ing no perception of bending. At rest, the body is lying on the 45-15 minutes
axis (feet at 45', head at 15'). If feeling a forward pitch, then the subjects' feet

will move between 30 and 45 minutes. If feeling a backward pitch, then the
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subjects' feet will move between 45 and 60 minutes. The perceived feet posi-

tion is reported as the IT score.

60 0' 60 0’
45 15 45 15
30 .
Position at rest. Pitching forward. Pitching backward.

Figure 3.11. IT report explanation.

3.4.2.4 Applied Psychophysics.

This section rapidly gives some justification for the subjective assessments

encountered in the experiments. Refer to section 2.9 for psychophysics basis.

Motion sickness should be measured on an ordinal because we cannot say
with confidence that a 4 is twice the sensation of a 2, it is more like subjects

ranking their sensations.

IS is by definition and instruction to subjects a ratio scale: if the sensation is
twice as big, then the number has to be twice as big, too (this is the definition

of an interval scale) AND a value of 0 (zero) means that there is no sensation.

IT is an interval scale: the difference between a 35 and a 40 is the same as be-

tween 45 and 50 (but a value of 0 does not mean that there is no sensation).
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3.5 Protocol.

3.5.1 Pre-Experiment.

Pre-experimental procedures started with questions asked of the subject
about their personal motion-sickness history. They were ask to sign a medi-
cal form certifying they did not have medical issues, including, but not lim-
ited to, neurovestibular, vision, or cardio-vascular problems (Appendix A).
Minimum requirements for subjects to participate were checked: regular
moderate exercise activities, weight/height physical limitations for the centri-
fuge, no ingestion of caffeine, alcohol, drug in the past 24h. Subjects who
qualified for the experiment were informed of the risks of the experiment
(mainly being subject to motion sickness while spinning on the bed), and de-
tailed consent forms were provided for information and signature (Appendix
B). Subjects were specifically reminded that they were free to drop out the

experiment anytime.

Subjects were then introduced to the short-radius centrifuge and its safety
equipment; and to the experimental protocol (Appendix C). A quick explana-

tion of motion sickness symptoms and sensations was also provided.

Subjects stepped on the bed and lay down. They were given the ski-mask
with the miniature cameras, and instructed to put their head in the restrain-
ing helmet. They were given the blindfold, the flashlight and the "kill-switch"
(emergency device operated by the subject to stop the centrifuge). They were
allowed to practice head turns, in one second each. Adjustment of the safety
belt and the footplate completed this pre-calibration set-up. Calibration of the
goggles was done using the dotted cross placed above the subject's head.
Once calibration was done and the cross removed, the canopy was added to

the centrifuge and lights were turned off.
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3.5.2 Experiment.

3.5.2.1 Experimental Group.

The following protocol was identically repeated over the five consecutive
days. The only change was in the speed of phase 2 as described in the ex-

perimental design.

Each yaw head turn (RED or NU) was performed in 1 second, and the head
was maintained in position for about 30 seconds before doing the next head

movement.

Phase 1:

- section 1.1: ramp up to 23 rpm, in the dark, 30 seconds.

- section 1.2: 3 sets of 2 commanded head turns (RED and NU), in the dark.
Measures after each head movement: motion sickness (MS), intensity of sen-

sation (IS) and illusory tilt (IT), eye movements. Duration = 3 minutes.

- section 1.3: ramp down to 0 rpm, in the dark, 30 seconds.

- section 1.4: I-minute optional break.

Subject is asked to remove the blindfold and to turn the flashlight on.

Phase 2:

- section 2.1: ramp up to the intermediary speed of the day (Day 1 =3 rpm,
Day 2 =5 rpm, Day 3 = 8.5 rpm, Day 4 = 14 rpm, Day 5 = 23 rpm), in stable
light, 30 seconds.

- section 2.2: 15 sets of 2 commanded head turns (RED and NU), in stable

light. Measures after each head movement of every other set of 2: motion
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sickness (MS), intensity of sensation (IS) and illusory tilt (IT). Duration = 15

minutes.

- section 2.3: ramp down to 0 rpm, in stable light, 30 seconds.

- section 2.4: 1-minute optional break.

Subject is asked to put the blindfold back on and to turn the flashlight off.

Phase 3:

- section 3.1: ramp up to 23 rpm, in the dark, 30 seconds.

- section 3.2: 3 sets of 2 commanded head turns (RED and NU), in the dark.
Measures after each head movement: motion sickness (MS), intensity of sen-

sation (IS) and illusory tilt (IT), eye movements. Duration = 3 minutes.

- section 3.3: ramp down to 0 rpm, in the dark, 30 seconds.

Subjects were then debriefed.

3.5.2.2 Control Group.

The following description was identically repeated over two consecutive

days.

Each yaw head turn (RED or NU) was performed in 1 second, and the head
was maintained in position for about 30 seconds before doing the next head

movement.

Phase 1:

- section 1.1: ramp up to 23 rpm, in the dark, 30 seconds.
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- section 1.2: 3 sets of 2 commanded head turns (RED and NU), in the dark.
Measures after each head movement: motion sickness (MS), intensity of sen-

sation (IS) and illusory tilt (IT), eye movements. Duration = 3 minutes.

- section 1.3: ramp down to 0 rpm, in the dark, 30 seconds.

- section 1.4: 1-minute optional break.

Subject is asked to remove the blindfold and to turn the flashlight on.

Phase 2:

- section 2.1: ramp up to 23 rpm, in stable light, 30 seconds.

- section 2.2: subjects rest motionless in stable light. Duration = 15 minutes.

- section 2.3: ramp down to 0 rpm, in stable light, 30 seconds.

- section 2.4: 1-minute optional break.

Subject is asked to put the blindfold back on and to turn the flashlight off.

Phase 3:

- section 3.1: ramp up to 23 rpm, in the dark, 30 seconds.

- section 3.2: 3 sets of 2 commanded head turns (RED and NU), in the dark.
Measures after each head movement: motion sickness (MS), intensity of sen-

sation (IS) and illusory tilt (IT), eye movements. Duration = 3 minutes.

- section 3.3: ramp down to 0 rpm, in the dark, 30 seconds.

Subjects were then debriefed.
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Chapter 4

Data Analysis

4.1 Eye Data Analysis.
4.1.1 Basic Goal of Eye Data Analysis.

During post-rotatory nystagmus, the behavior of the slow phase velocity of
eyes movements is characterized by two primary parameters: the amplitude
of the Normalized Slow Phase Velocity (noted A) and the time constant of its

decay (noted t). This decay is commonly modeled as an exponential decay:
Aetlt

The goal of the eye data analysis is to find, for every head turn performed on
the centrifuge, in the dark, the couple (A, T) that characterizes the eye re-

sponse.
4.1.2 Data Processing.

Recorded eye movements data from the ISCAN is transferred via an ASCII
file to the Matlab software, for analysis, using a software package regularly
used in the Man Vehicle Lab for this purpose (Sienko, 2000; Garrick-Bethell,
2004). The complete Matlab code used in this analysis is available in Ian Gar-

rick-Bethell’s thesis (2004).

Each ASCII file generates several additional Matlab arrays of data: one for
each run of recording, that is then separated into four files, one for each eye
(left/right) combined with each direction (horizontal/vertical). The operator
has the choice to analyze any of these files. In our experiment, the vertical di-

rection is studied (because yaw head turns are performed in and out of the
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plane of rotation). Both eyes were used during the analysis, depending of the

signal's quality of each run.

The eye data is first filtered out for noise and blinks, with several Butter-
worth and Order Static filters (batch_eye_channel.m). Then, the slow phase ve-
locity of the eyes movements is extracted using an Adaptive Asymmetrically
Trimmed-Mean Order Static filter (see Balkwill, 1992, for more description of

this process).

The original routine featured an automated exponential fit program that se-
quenced the data and determined on its own the different, successive (A, T).
Unfortunately, this program was not very robust to remaining noise, and a

manual routine was created (eye_anal_manual.m).

The operator has to delimit the beginning and the end of the portion of SPV
to fit to the exponential model. He/she is presented with a plot of SPV over
time (Figure 4.1), and clicks on the curve at the locations he/she finds appro-
priate to be the beginning of the decay (maximum absolute amplitude) and
the end (close to zero amplitude), usually delimiting a section of about 10 to

15 seconds (Figure 4.2).
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Figure 4.1. Typical SPV recording, over a period of 4 min 30 seconds.
(Subject 5, Day 2, Phase 1)
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Figure 4.2. Typical SPV decay over a period of 16 seconds. (Subject 5, Day 2, Phase 1, HT
4)

Once the portion of SPV to analyze is selected, the operator can "clean" the
data by eliminating what clearly appears as remaining noise and blinks (Fig-
ure 4.3) that would affect greatly the fitting process. It appeared that the
quantity of noise increased during the experiments, probably a consequence
of the heating of the miniature cameras. Since the human eye is very profi-
cient at determining trends and pattern, the operator could clean the data as
much as desired to obtain the best result in later operations. Data elimination
(data_eliminator.m) allows the operator to delimit polygonal areas on the plot
of the selected section of SPV. All data points included in these areas are
eliminated from further processes (see Garrick-Bethell, 2004, for a complete
description of the algorithm behind the data elimination routine). This pro-

cedure is very efficient (see Figures 4.4 and 4.5).

spv

tims (sec)

Figure 4.3. Typical gaze shift (solid line), residuals of blink activity (doted lines), and
exponential fit (curved) as seen by the human eye. (Subject 3, Day 1, Phase 3, HT 3)
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Figure 4.4. Working plot of data elimination routine. The polygons delimit the areas
where data points should be removed. (Subject 5, Day 2, Phase 1, HT 1)
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Figure 4.5. Working plot of data elimination routine, after data removal (from Figure 4.4).
(Subject 5, Day 2, Phase 1, HT 1)

Finally, with the remaining data points, a regression-based curve fitting pro-
cedure is performed to find the best curve (Figure 4.6). The goodness of fit is
evaluated using an F-test (ratio of the regression mean square error to the re-
sidual mean square error). All regressions have F-values greater than 3 (cor-

responding to a level of significance p < 0.05). It is confirmed here that data

elimination improves the fit of curves (Figures 4.7 and 4.8).

time (sec)

Figure 4.6. Fitted curve: (A, 1) = (76.25, 4.77). F = 3588. (Subject 5, Day 2, Phase 1, HT 4)
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Figures 4.7. Exponential fit on SPV recoding, without data elimination.
(A, T) = (-51.9664, 5.4226). F = 207. (Subject 5, Day 2, Phase 1, HT 1)
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Figure 4.8. Exponential fit on SPV recoding, after data elimination.
(A, 1) = (-72.03, 2.59). F = 2610. (Subject 5, Day 2, Phase 1, HT 1)
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[to compare with (A, 1) = (-51.9664, 5.4226), F = 207, without data elimination]

The outputs of the whole procedure (amplitude A and time constant t) are

recorded in a classical Microsoft Excel spreadsheet.
4.2 Subjective Assessments Analysis.

Subjective ratings of motion sickness, intensity of sensation and illusory tilt
are recorded by the experimenters using Microsoft Excel spreadsheets (see
Appendix D). Data for all subjects, in all sessions of both experiments are
then concatenated in a single spreadsheet, to which all physiological data
(amplitude and time constant of the eyes movements) were added. These Ex-
cel spreadsheets are easily transferable to the statistics software used in the

next chapter.
4.3 Missing values.

In spite of the rigorous protocol and of the care taken, several data points
were lost for eye movements (t and amplitude), due to hardware malfunc-
tion and/or excessive blinking by the subject. In the 31 such cases, T and am-
plitude values could not be determined using the Matlab procedure, because
of an extremely noisy signal coming from the goggle. In order to compensate
for the lack of data, these missing values were replaced by inserts when pos-
sible: we averaged the values of the two other points for the same phase and
direction (since in most cases, only one point was missing within a
phase/direction combination). 7 out of 31 missing data points were treated.
The remaining 24, all for subject INC7 on Days 3 and 4, were irrecoverable

because the entire data set for the two days was missing,.
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Chapter 5

Results

5.1 Overview.

There were significant signs of adaptation in the experimental group: the
time constant of the SPV decay, motion sickness, and the intensity of illusory
sensation decreased over days in Phases 1 and 3. As expected, the motion-
sickness scores and the intensity of illusory sensation ratings increased over
the experimental day in the adaptation phase (Phase 2) as the stimulus in-

creased, day by day, following the experimental design.

In the control experiment, the same measured quantities did not change de-
tectably in the pre- and post- adaptation phases, 1 and 3. Only the motion
sickness reported in phase 2 decreased significantly from day to day, but the

fractional decrease was slight.

Table 5.1 summarizes the statistical methods used in this chapter. Signifi-
cance is at the p < 0.05 level. The SYSTAT software package (v. 10, Systat
Software Inc.) performed the mixed regressions and the General Linear
Model (GLM) univariate repeated measures ANOVA. Page tests were per-

formed using StatXact software (v. 4, Cytel Software Corporation).

Experimental Group Control Experiment
Physiological Mixed Regression and
Measures GLM ANOVA GLM ANOVA
Subjective
Measures Page Test Page Test

Table 5.1. Summary of statistical methods used.
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Section 5.2 will address drop-out issues. Sections 5.3 and 5.4 respectively pre-
sent in details the results obtained for the experimental group and the control

experiment.
5.2 Comments on Drop-Out.

Only one subject (INC6) dropped out the experiment, after the first session
(Day 1). Although reports of intensity of illusory sensation and of illusory tilt
remained in normal ranges, motion sickness assessment were greater than 10
for three head turns in Phase 1, even reaching 12 for the last head turn, just
before the limit of 13 at which the operator has instructions to stop the ex-
periment. During Phase 2, MS reports were among the average with other
subjects. In Phase 3 however, these assessments reached again high values,
including 13 for the last head turn. At this point, the operator asked the sub-
ject if he would come back on Day 2. The subject politely refused, explaining

that he would not be able to undergo such stimuli a second time.

Apart from INCS6, all six other subjects for the experimental group completed
the whole protocol. The proportion of drop-out is therefore 1/7 = 14%, with
no doubt lower than drop-out rates in previous experiments (Sienko, 2000;

Lyne, 2000; Brown, 2002; Newby, 2002).
5.3 Experimental Group.

5.3.1 Eye Data.

5.3.1.1 Peak Amplitude of SPV (A).

We studied the absolute value of the amplitude. Figure 5.1 presents its distri-
bution for each subject, and shows that those distributions are consistent

with the belief that they are normally distributed.
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We performed a mixed regression on the amplitudes against the variables

Day and Replication, with the categories Phase and Head Turn Direction.
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Figure 5.1. Distribution of A (deg/sec), by subject.

Table 5.2 summarizes the results.

Amplitude
Estimate (+/-) Error p-value
Day 0.140 0.129 p=0.278
Phase -2.596 4.874 p = 0.594
Rep -0.093 0.598 p=0.877
Direction 2.646 1.014 p =0.009

Table 5.2. Summary of the results of a mixed regression on Amplitudes.
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The turns to-RED led to bigger peak SPV-amplitudes than those to-NU (p =
0.009, Figure 5.2). This confirms observations in previous experiments
(Sienko, 2000; Brown, 2002), where the peak amplitude of the slow phase ve-

locity was significantly higher for head turns made to Right-Ear-Down than

to Nose-Up.
Mean Amplitude vs. Direction
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Figure 5.2. Amplitude (deg/sec) vs. Direction.

No significant effects were found by the GLM repeated-measures ANOVA.

5.3.1.2 Time Constant of SPV Decay (7).

Figure 5.3 presents the distributions of T by subject. They are consistent with

the assumption of normality.

We performed a GLM ANOVA on the time constants against the categories
Phase and Head Turn Direction, and the variables Day and Replication (Ta-

ble 5.3).

Tau
F p-value
Phase F(1,4) =13.087 p =0.022
Direction*Rep F(2,8) =5.305 p=0.034

Table 5.3. Summary of the results of a GLM ANOVA on .
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The time constant of the decay of SPV decreased over Phases (p = 0.022, Fig-
ure 5.4). This is a prominent sign that subjects adapted within a day, over
phases. Phase 2 had a significant impact on the time constant over time: it
decreased over phases. This suggests that the experimental intervention (the

increasing speeds of rotations in the adaptation phase) is efficient in eliciting

adaptation.

Figure 5.3. Distribution of T (sec) for each subject.

Tau (sec)

Mean Tau over Phases

Phase

Figure 5.4. Decrease of T (sec) over Phases.
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The significant cross-effect Direction*Rep (p = 0.034, Figure 5.5) was found.
Although there was no significant main effect of Direction (of head-turn on
time constant) nor of Replication number, the effect of Replication was sig-

nificantly higher for the to-RED than for the to-NU direction.

Mean Tau over Rep for each Direction
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Figure 5.5. 1 (sec) over Rep for each Direction.

As mentioned in Section 4.3, some data points were missing, which voided
the full data set for a subject under GLM ANOVA. Therefore, we also per-

formed a mixed regression because of its greater robustness in the use of data

(Table 5.4).
Tau
Estimate Error p-value
Day -0.281 0.053 p =0.000
Phase 0.638 0.168 p =0.000
Rep -0.068 0.047 p=0.146
Direction 0.226 0.079 p =0.004
Phase*Day -0.136 0.051 p=0.008

Table 5.4. Summary of the results of a mixed regression on time constants.
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The time constant of the decay of SPV decreased over Days (p = 0.022, Figure
5.6). This suggests that Phase 2 is efficient in creating adaptation that is pre-

served and enhanced from day to day.
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Figure 5.6. Decrease of T (sec) over Days.

The cross-effect of Phase*Day was significant (p = 0.008, Figure 5.7) which
indicates that the effect of phase (on time-constant) was different from day to
day. This was expected, since the adaptation phases were driven at increas-
ing speeds of rotation from day to day. This elicited more conflict, and, as we

had expected, more adaptation.

Mean Tau over Days for each Phase
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Figure 5.7. 1t (sec) over Days for each Phase.
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It also appeared that to-RED head turns led to bigger time constants than to-
NU head turns (p = 0.004, Figure 5.8), the result we found with peak ampli-
tudes, which is in accord with earlier research (Sienko, 2000; Brown, 2002),

and our findings with Amplitudes.

Mean Tau vs. Direction

Tau (sec)

to-RED to-NU

Direction

Figure 5.8. t (sec) vs. Direction.
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5.3.2 Subjective Assessments.

We performed non-parametric Page tests on the subjective measures (motion
sickness, intensity of illusory sensation, and illusory tilt), at the p < 0.05 level
to search for possible trends over the days of the experiment. The Page test
tests for trends of monotonic increase (or decrease) among measures pre-

sented in a fixed order (Table 5.5).

MS IS IT

Phase 1
to-RED p=0.1416 p =0.0000 p =0.1459
over 5 days
Phase 1
to-NU p = 0.0060 p =0.0002 p =0.2949
over 5 days
Phase 2
to-RED p =0.0000 p =0.0000 p =0.0970
over 5 days
Phase 2
to-NU p =0.0001 p =0.0000 p =0.0002
over 5 days
Phase 3
to-RED p=05 p =0.0000 p=0.1384
over 5 days
Phase 3
to-NU p =0.0488 p =0.0000 p=0.1051
over 5 days

Table 5.5. Summary of the results of Page tests on subjective assessments.
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5.3.2.1 Motion Sickness (MS).

Subjective ratings of Motion Sickness decreased significantly over days for
to-NU head turns in Phase 1 (p = 0.006, Figure 5.9) and in Phase 3 (p = 0.0488,
Figure 5.10), suggesting that adaptation occurred and was retained over

days. No significant trend was found in the to-RED direction.
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Figure 5.9. Decrease of MS over days (Phase 1, to-NU).
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Figure 5.10. Decrease of MS over days (Phase 3, to-NU).
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Conversely, and as expected, MS scores significantly increased over days for
Phase 2, in both to-RED (p < 0.00005, Figure 5.11) and to-NU (p = 0.0001, Fig-
ure 5.12) directions. This may be attributed to the increase in speed of rota-
tion and therefore in the cross-coupled stimulus that was administered in

this adaptation phase.
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Figure 5.11. Increase of MS over days (Phase 2, to-RED).
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Figure 5.12. Increase of MS over days (Phase 2, to-NU).
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5.3.2.2 Intensity of Sensation (IS).

Subjective ratings of intensity of illusory sensation decreased significantly
over days in Phase 1 for both to-RED (p < 0.00005, Figure 5.13) and to-NU (p
= 0.0002, Figure 5.14) directions; and in Phase 3 for both to-RED (p < 0.00005,
Figure 5.15) and to-NU (p < 0.00005, Figure 5.16) directions. Again, this is a
sign that adaptation occurred and was retained throughout the weekly pro-

tocol
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Figure 5.13. Decrease of IS over days (Phase 1, to-RED).
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Figure 5.14. Decrease of IS over days (Phase 1, to-NU).
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Mean IS over 5 days (Phase 3, to-RED)
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Figure 5.15. Decrease of IS over days (Phase 3, to-RED).
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Figure 5.16. Decrease of IS over days (Phase 3, to-NU).
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Conversely, and as expected, IS scores increased significantly over days for
Phase 2, in both to-RED (p < 0.00005, Figure 5.17) and to-NU (p < 0.00005,
Figure 5.18) directions. The increasing stimulus in Phase 2 provoked increas-

ing intensity of illusory sensation in both directions.

Mean IS over 5 days (Phase 2, to-RED)
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Figure 5.17. Increase of IS over days (Phase 2, to-RED).
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Figure 5.18. Increase of IS over days (Phase 2, to-NU).
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5.3.2.3 Illusory Tilt (IT).

Reports of perceived body tilt decreased over days in Phase 2, for to-NU
head-turns (p = 0.0002, Figure 5.19). This result was expected: to-NU direc-
tions elicit a sensation of pitching forward, which corresponds to values
lower than 45 in IT. As the stimulus increases over days in Phase 2, the re-
ported IT falls farther below 45. There was no sign of a complementary in-

crease of IT for the to-RED direction.

Mean IT over 5 days (Phase 2, to-NU)
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Figure 5.19. Decrease of IT over days (Phase 1, to-RED).
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5.4 Control Experiment.
5.4.1 Eye Data.
5.4.1.1 Peak Amplitude of SPV (A).

Phase (p = 0.048, Figure 5.20) and Direction (p = 0.021, Figure 5.21) had sig-
nificant main effects on amplitude; Day*Phase*Rep (p = 0.01, Figures 5.22 and
5.23) and Phase*Dir*Rep (p = 0.044, Figures 5.24 and 5.25) cross-effects on
amplitude were found to be significant, also, by GLM univariate repeated
measures ANOVA. The significance levels shown were Huynh-Feldt cor-

rected. Table 5.6 summarizes the results.

Amplitude
F p-value

Day F(1,7)=0.245 0.636
Phase F(1,7)=5.739 0.048
Rep F(2,14)=0.367 0.699
Direction F(1,7)=8.840 0.021
Day*Phase*Rep F(2,14)=6.744 0.010
Phase*Dir*Rep F(2,14)=4.792 0.044

Table 5.6. Summary of the results of a GLM ANOVA on amplitudes.
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Figure 5.20. Decrease of Amplitude (deg/sec) over Phases.
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Figure 5.21. Amplitude (deg/sec) vs. Direction.
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Figure 5.22. Amplitude (deg/sec) over Replication for each Phase (Day 1).
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Figure 5.23. Amplitude (deg/sec) over Replication for each Phase (Day 2).
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Mean Amplitude over Rep for each Direction in Phase 1

90

80

70
o
§ 60
o>
3 50
= - = —e—1t0-RED
o - _
S 40 — N —m— to-NU
g 30
<

20

10

0

1 2 3
Rep

Figure 5.24. Amplitude (deg/sec) over Replication for each Direction (Phase 1).
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Figure 5.25. Amplitude (deg/sec) over Replication for each Direction (Phase 3).

5.4.1.2 Time Constant of SPV Decay (7).

No significant effect was found for any variable on the time constant, under
GLM repeated measures ANOVA, and none was expected. The protocol was
designed to elicit as little adaptation as possible, so the protocol would not be

distorted by the measurements.
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5.4.2 Subjective Assessments.

As expected, motion-sickness ratings in Phase 2 (when subjects lie motionless
on the centrifuge) decreased over the two days of this control experiment (p =
0.0313, Figure 5.26), but no other trend in MS values was found (Table 5.7).
This decrease was expected: subjects become habituated to the experimental

environment and feel more comfortable on Day 2 than on Day 1.

Mean MS over days

MS
w

Day

Figure 5.26. Decrease of MS over Days.

No significant effects on intensity of sensation or on illusory-tilt were found,
in any of the three phases (Table 5.7). This was expected in Phase 2 because
no head turn is made at all, therefore IS and IT should remain constant. It

was also expected in Phases 1 and 3, as a result of the absence of adaptation.
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MS

IS

IT

Phase 1
to-RED
over 2 days

p =0.3438

p =0.2266

p = 0.5000

Phase 1
to-NU
over 2 days

p = 0.5000

p =0.2266

p =0.2266

Phase 2
no HT
over 2 days

p=0.0313

p=0.1875

p=0.1875

Phase 3
to-RED
over 2 days

p =0.1875

p =0.1445

p = 0.5000

Phase 3
to-NU
over 2 days

p =0.1094

p =0.1445

p = 0.5000

Table 5.7. Summary of the results of Page tests on subjective assessments.
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Chapter 6

Discussion

6.1 Main Findings.

Four key findings are to be emphasized, following the results described in
the previous chapter. Each of them will be explained in details in the follow-

ing sections.
1) The Experimental protocol tested achieved adaptation (Section 6.2).

2) The Experimental protocol tested provoked less motion sickness than past

experiments, leading to a smaller drop-out rate (Section 6.3).

3) A strong asymmetry in the head turn directions was characterized in both

protocols (Section 6.4).

4) The Control Experiment did not elicit adaptation, confirming the need for

head turns and the non-intrusiveness of our measurement protocol (Section

6.5).
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6.2 Incremental Adaptation.

One way to validate an "adaptive protocol” to centrifugation is to character-
ize the fractional decrease between the pre- and post- adaptation phases (1
and 3) of the amplitude of the slow phase velocity and of the time constant of
its decay during inappropriate nystagmus, as well as the decrease in motion
sickness, in the intensity of illusory sensation and in the illusory tilt. Among
these five measures (A, 1, MS, IS and IT), four led to the unambiguous con-
clusion that adaptation occurred. Even better, both habituation and adapta-

tion were found.

Indeed, t decreased significantly over Phases: T was significantly larger in
Phase 1 than in Phase 3. This corresponds at least to a phenomenon of ha-
bituation, as described in several previous studies: following repeated stimu-
lus, a reduction in the physiological and psychological responses occurs, an-
other way of saying that the responding system is less prone to react to the
stimulus. In addition, T, MS, IS and IT decreased over Days, that is between

sessions. This shows that subjects did build up adaptation to the stimuli.

The habituation of a session was rolled-over to subsequent experiences. Ha-
bituation is retained from Day 1 to Day 2, and the adaptation between Day 1
and Day 2 adds to the habituation of Day 2 to carry over the next sessions.
The state of adaptation is reached when the response to a specific stimulus is
different than what it was in the first instance (first head turns in Phase 1 of

Day 1).

Quantitatively, T decreased of about 30% between Day 1 and Day 5 (by suc-
cessive daily evolutions of -18%, +1%, -5% and -11%) both phases con-
founded. Independently, t in Phase 1 decreased twice more (40% total, with
daily steps of -18%, -2%, -2% and -22%) than T in Phase 3 (20% total, with
daily steps of -10%, +6%, -9%, +2%). These figures show that the different ad-
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aptation phases did not have the same, consistent effect, but that the overall

trend is a significant decrease.

The fractional decrease of t (-30%, about 1.60 sec) was slightly bigger than for
previous research by Garrick-Bethell (2004, -25%, about 1.40 sec), and slightly
lower than for earlier research by Sienko (2000, -33%). This suggests that the
quality of the adaptive state reached with our protocol is similar to that of

other protocols.

No similar results were found on Amplitudes. An explanation may come
from operational issues. The calibration device for the eye-movements sig-
nals (the overhead cross mentioned in Chapter 3) was modified in the middle
of the experiment, during the reconstruction of the centrifuge. Specifically,
the mark that defines the height at which the cross should be placed was
changed without notice, and then replaced at a position that may not have
been its original position. Thus, the height of the cross may have changed be-
tween subjects. Such a modification would only affect the amplitude, and not
the time constant of the SPV decay: it is a scaling factor. Therefore, it is not
surprising that the effects found in t and usually confirmed in amplitudes

are not detected here.

The decrease in intensity of illusory sensation reached higher values: 62% be-
tween Phase 1 of Day 1 (average of 11.285) and Phase 3 of Day 5 (average of
4.28). Over the five Days, the fractional decrease specifically in Phase 1 was
54%, while that of Phase 3 was 61%. These results are similar to earlier ex-

periments (Brown, 2002; Garrick-Bethell, 2004).
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6.3 Motion Sickness.

The fractional decrease of motion sickness between the beginning of the pro-
tocol (Phase 1, Day 1) and its end (Phase 3, Day 5) was about 46%. Over the
five days, MS decreased of about 41% in Phase 1 and 40% in Phase 3. These
decreases are smaller than those in previous experiments (-67.5%, Brown,

2002).

More important, average MS ratings in the adaptation phase never exceeded
3 on any day of the experiment: 0.89 on Day 1, 0.93 on Day 2, 1.12 on Day 3,
1.77 on Day 4 and 2.62 on Day 5. In previous studies, motion sickness reports
reached higher values (for example: 4, 6, 6.5 according to the protocol, for
Brown, 2002, on Day 1, to be compared with our Day 5, first day at maximum

speed).

These previous experiments, although achieving adaptation, suffered from
huge drop-out rates. Among our seven subjects in the experimental protocol,
only one dropped-out. And it is very likely that the experiment was not at
the origin of this drop-out since this volunteer appeared to be overly suscep-
tible to motion sickness: in spite of the medical screening, we failed to detect

beforehand a personal history of sea/plane/car-sickness.

Therefore, we can conclude that our protocol elicited less motion sickness

than previous protocols.
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6.4 Direction Asymmetry.

In both experiments, it appeared that the physiological and subjective meas-
urement differed based on the Direction to which head turns were per-
formed. Direction was significant for the SPV measures (t and Amplitude) in
the experimental group, and Direction had significantly different effects in
the Amplitude over Phases in the control experiment. Responses to to-RED
head turns were larger in t and in Amplitude than for to-NU responses.
Conversely, physiological measures showed the reverse trend: head turns
performed toward Nose-Up elicited more motion sickness, more intensity of
illusory sensation of tumbling and more illusory tilt, than toward Right-Ear-

Down.

The direction asymmetry was found in previous studies and tentatively ex-
plained by Newby (2002), as the result of otolith-canal interactions. The oto-
lith organs, through velocity storage, can influence the nystagmic response
depending on the position of the head relative to the gravity vector. The ori-
entation of the gravity vector with respect to the canals is different in the

RED and NU positions.

The difference in trend of direction asymmetry results from the dissociation
between the adaptation of physiological parameters and subjective experi-
ence as explained by Brown (2002). Adaptation is very stimulus-specific and
affects the two categories of measures in two different ways: this allows po-
tentially different responses. Physiological adaptation (decrease in t and
Amplitude) is the result of the VOR being turned down to prevent retinal
slip; while subjective perceptions are the result of the update of an internal
model (motion sickness and subjective perceptions are triggered by the con-

flict between expected and experienced sensations).
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6.5 Control Experiment.

As stated previously, adaptation is characterized by a reduction in the Am-
plitude (A) of the SPV and the time constant of its decay (t), as well as by a
decrease of discomfort (MS), and of illusory subjective sensations (IS and IT).
Statistical tools were used to search for these characteristics in the control ex-
periment's data, but failed to find any significant proof of such modifications
in 1, MS, IS and IT, suggesting that we failed to find signs of adaptation in
this experiment. With the knowledge of earlier research (by Guedry, Gray-
biel, Young, Brown, Sienko, Hecht, Cheung etc...), it is reasonable to con-
clude that, indeed, no adaptation was achieved in this experiment, because of

the lack of stimulus to provoke it.

However, caution should be addressed: a significant decrease of the peak
Amplitude of the SPV has been found over Phases, indicating that the inap-
propriate nystagmus diminished between the pre- and post- adaptation
phases. Since no sign of such a decrease over the Days was detected, we can
state that this phenomenon is just habituation and not adaptation. In addi-
tion, no similar result was found for the time constant t, whereas the two
measurements usually evolve in the same trends. As stated in Section 6.2, the
data set of Amplitude is subject to caution. Therefore, this sole result is not

strong enough to endanger our conclusion of an absence of adaptation.

A second sign of habituation was detected: MS significantly decreased over
Days in Phase 2. Although this phenomenon was found across Days, we do
not consider it as adaptation, because adaptation is triggered by a stimulus.
In Phase 2, no head turn was performed; therefore no stimulus could elicit
cross-coupled effects and lead to adaptation. We believe that this habituation
is just the result of subjects feeling more comfortable and less stressed on Day
2 than on Day 1, as they already know the experimental environment and the

protocol.
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The fact that no adaptation emerged from this control experiment enables
two important consequences. First, it means that the measurement protocol
(6 head turns in pre- and post- adaptation phases) with the current hardware
configuration can be validated for use, since it does not influence motionless
subjects. Secondly, it also proves that the repeated provocation via head turns

is the acting factor that drives adaptation in our experiment.

6.6 Limitations.

The major limitation of this work is the number of subjects. While it was easy
to recruit subjects for the Control Experiment (2 sessions of one hour), find-
ing volunteers for the Experimental Group revealed to be far harder. Even
with financial retribution, very few students have a schedule that allows
them to volunteer for experiments over five days. Also, due to MIT restric-
tions and COUHES policy, it is not permitted to spin subjects for more than
one hour. That is why the experiment had to be spread over a week, allowing
for enough time to make enough head turns. But several past studies investi-
gating incremental adaptation also had few subjects: 7 for Guedry and Gray-
biel's (1962) first incremental protocol (64 hours at 5.4 rpm), 4 for Graybiel et
al. (1969) and their adaptation to slow centrifugation (32 days at 10 rpm). In
addition, although we screened the subjects for medical history, we failed to
detect in advance potential problems. For example, a volunteer appeared to
suffer from claustrophobia: before anything began, when the opaque canopy
was put in place, he started to be panic-stricken. Therefore he could not even

start one session.

Concerning the hardware used in this experiment: the stable inside light was
provided by a portable flashlight, instead of the deficient on-board lighting
system, that was removed. This did not appear to affect the subjects, because

they are in control, which may make them more confident and in a better
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state during the experiment. But for further experiments, it would be better

to have a stable lighting system that is really stable.

The eye movements measuring device also had a few drawbacks. While in-
corporating the old goggles-system into a large ski-mask enhanced the stabil-
ity of the system, its need to be worn at a very low position on the face pre-
vented some subjects from breathing correctly. Most of them indicated that it
bothered them in the first minutes, but that they could bear with it for the
rest of the experiment. Nevertheless, future devices should solve this prob-
lem, so as to be sure it does not add to the motion sickness of the experiment.
Also, it was noticed that in the course of a session, the quality of the eye
movements’ signal tended to worsen. This was probably due to the heating

of the camera, interfering with the electrical signal that was recorded.

Finally, the question of the accuracy of the subjective assessments is to be
addressed. We have seen that past research have accredited these methods
(Frankenhaeuser et al., 1962; Frankenhaeuser, 1967; Guedry et al., 1971), but
our experiment presents particular situations. First, the stimulus that is as-
sessed in subjective metrics is not the rotation of the centrifuge, but what this
rotation provokes "inside" the subject. Then, the stimulus cannot be shut
down (because gravity is still there) which implies that there is no real ex-
perience of "no sensation", for scaling purposes. This might introduce a bias
in the sensation description. In addition, the vestibular system integrates
several components that are not all fully understood, like the personal his-
tory of motion sickness, the fear / apprehension of the experiment, and other
daily factors that cannot be taken into account by the experimenter since, in
most cases, even the subject him/herself is not aware of them. Also, there is a
hysteresis problem in all these subjective assessments: when a stimulus is
approached from a direction or another, the judgment might not be the same.
This is a problem of short-term history of behavior that is not easily solved.

Finally, our experimental protocol stated that subjective assessments were
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made during and after the physiological response. This overlap might create
some interference: Guedry and Lauver (1961) have shown that, in their ex-
periment, subjective reactions end short before the physiological reaction
goes back to normal. This could mean that subjective assessments may not

always really match their corresponding physiological metrics.

6.7 Recommendations for Future Work.

1) One of the most affecting drawbacks of this experiment was the need to
have the subjects come on five consecutive days, preferably at similar times
in the day. Whereas it is likely that such a protocol could be easily imple-
mented in astronauts training either on the ground or up in space, this par-
ticularity in the protocol makes it very time consuming, therefore limiting the
number of subjects available. In this view, it would be reasonable to try to
condense the experiment over a single day: for example, two sessions could
be implemented in the morning and three in the afternoon. If such a protocol
still satisfies the criteria (adaptation occurs with a reasonable drop-out rate),
it will allow for more testings and a more rapid analysis of the data (quicker

response to needs for protocol modifications).

2) This experiment satisfactorily achieved adaptation, because the fractional
decreases of 1, MS, IS are comparable to those in earlier experiments, because
MS was contained in an acceptable range, and finally because the proportion
of subjects completing the whole experiment has significantly increased.
However, other criteria to define a “better” adaptation may be considered, as
the duration of exposure (time cost), linked to the number of head turns per-

formed in the adaptation phase.

3) Several velocity increase profiles should be tested. Head turns at 3 rpm
and even 5 rpm, for several subjects, did not elicit apparent motion sickness.
But it is possible that some adaptation indeed occurred in these phases. We

believe that exposing subjects to an initial speed higher than 10 rpm for the
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adaptation phase (Phase 2) is to be avoided because it would elicit too much
uncommon sensations to the subject. It is better to start with a phase that
does nothing and then increase the sensations than start right away with
highly provocative stimuli. In addition, doing so would create a confidence
and safety climate around the subject, who would be reassured about the ex-
periment, his/her performances and the possible sensations he/she might en-
counter. Subjects would then be more likely to finish the experiment. An-
other factor that could be worth investigating is the duration of the adapta-
tion phase: our protocol suggests 30 head turns are enough to achieve adap-
tation. But can we achieve the same adaptation with fewer head turns? Can
we achieve better adaptation, in terms of fractional decrease of the measures,
with more head turns? Also, the frequency of both head turns (every 30 sec-

onds) and sessions (every day) should be investigated.

4) Finally, other experiments in the Man Vehicle Laboratory showed that the
use of pitch movements was more provocative, but yielded better adaptation
and better eye-movement data. So far, no experiment has been implemented
to adapt subjects directly to pitch movements (Garrick-Bethell, 2004). An in-
cremental protocol using pitch movements might be worth investigation: this
would first determine if the protocol is efficient in reducing motion sickness
without compromising adaptation, and, second, with a comparison of both
experiments, if yaw stimulation and pitch stimulation can be, in general, ad-
dressed in the same manner. It might be that movement-specific adaptation
protocols are required (different intensity, duration, frequency, incremental

profile...).

112



Chapter 7

Conclusions

The goal of this research was double: firstly, we tried to verify that an incre-
mental exposure to centrifugation could achieve adaptation to the discomfort
and inappropriate physiological responses elicited by head movements while
spinning; secondly, we tried to test the measurement protocol (Phases 1 and
3: pre- and post- adaptation phase) to see if its operation does not distort the
process of adaptation. Two experiments have been implemented in the Man
Vehicle Laboratory at MIT to answer these questions, and the goals have

been achieved.

The experimental protocol was found to be an efficient way for adaptation
purposes: the drop-out rate was reduced to 14% instead of 30 to 50%, subjects
felt more comfortable running the experiment, and adaptation occurred simi-

larly to previous experiments.

The control experiment did not elicit adaptation, which is what we were
looking for: 1) lying on a rotating bed without active implication of the vesti-
bular apparatus does not modify the physiological and subjective metrics
studied in adaptation experiments, and 2) our measurement protocol is not

invasive.
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Appendix A

MASSACHUSETTS INSTITUTE OF TECHNOLOGY
MAN-VEHICLE LABORATORY

ARTIFICIAL GRAVITY: NEUROVESTIBULAR ADAPTION TO INCRE-
MENTAL EXPOSURE TO CENTRIFUGATION

SUBJECT MEDICAL FORM

The subject confirms not to have one of the following problems or diseases:

- Frequent or severe headache - Cylindrical eye lenses

- Dizziness or fainting spells - Reduced eye movements

- Paralysis - Astigmatisms

- Epilepsy - Ear, nose or throat trouble
- Disturbances in consciousness - Hearing loss

- Loss of control of nervous sys- - Chronic or frequent cold
tem functions - Head injury

- Neuritis - Asthma

- Loss of memory or amnesia - Shortness of breath

- Lazy eye - Pain or pressure in the chest
- Cross looking of the eyes - Thyroid trouble

- High or low blood pressure - Inability to perform certain
- Recent loss or gain of weight motions

- Moderate car, train, sea or air - Inability to assume certain
sickness positions

- Medication (check for sedatives, anti-dizziness, anti-depressants; birth pre-
vention medication is allowed)

- Substance dependence or abuse (includes alcohol, and drugs like sedatives,
anxiolytics,, cocaine, marijuana, opioides, amphetamines, hallucinogens or
other psychoactive drugs or chemicals)

- Diagnosis of psychosis, bipolar disorder or severe personality disorders

- Hear problems (check for angina pectoris, coronary heart disease, congenital
heart disease, myocardial infarction in the past, cardiac valve replacement,
pacemaker)

uestions:

- Handedness:
- Sleep quality recent weeks before experiment:
- Vision (glasses, lenses, non):

Date:
Experimenter:
Subject :
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Appendix B

MASSACHUSETTS INSTITUTE OF TECHNOLOGY
MAN-VEHICLE LABORATORY

CONTEXT-SPECIFIC ADAPTATION OF OCULOMOTOR RESPONSE TO
CENTRIFUGATION

CONSENT FORM

I have been asked to participate in a study on adaptation to move-
ment in a rotating environment. I understand that participation is voluntary
and that I may end my participation at any time for any reason. I understand
that I should not participate in this study if I have any medical heart condi-
tions, respiratory conditions, if I have any medical conditions which could be
triggered if I develop motion sickness, if I am under the influence of alcohol,
caffeine, anti-depressants, or sedatives, if I have suffered in the past from a
serious head injury (concussion), or if there is any possibility that I may be
pregnant. My participation as a subject on the MIT Artificial Gravity Simula-
tor (AGS) involves either the testing of equipment or actual experimental tri-
als.

Prior to rotation on the AGS, I will be oriented to the rotator and data
acquisition instrumentation. I understand that my height, weight, heart rate,
blood pressure, and general medical history may be measured and recorded.
During the experiment I will lie in either the supine, the prone position, or on
the side on the rotator bed. If I am in the prone or side position my head will
be supported by a pivoting, cushioned headrest. The headrest will allow me
to make a free range of head movements to the left and the right, and I will
be in full control of my head movement at all time. If I experience any dis-
comfort from head movement while in either the prone or the supine posi-
tion, I am free to discontinue the movements at any times. During the ex-
periment, I will also wear eye imaging goggles. How these devices will feel
has been described to me. I agree to participate in possible stationary moni-
toring periods before and/or after rotation.

My rotation on the AGS will not exceed the following parameters:
-acceleration no greater than 1rpm/s
-G level at my feet no greater than 1.5G
-time of rotation not exceeding 1 hour

I understand that these parameters are well within the safe limits for
short-radius rotation. I can terminate rotation at any time by pressing the
emergency stop button, the use of which has been demonstrated to me.

I understand that during rotation I may develop a headache or feel
pressure in my legs caused by a fluid shift due to centrifugation. I may also
experience nausea or motion sickness, especially as a result of the required
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head movements. The experimenter may terminate the experiment if I report
a pre-determined degree of motion sickness symptoms. In addition, I under-
stand that my heart rate may increase due to the rotation speed; this is no
greater than that sustained during aerobic exercise, and will be measured be-
fore and after the experiment.

I understand that serious injury could result from the falling off the
AGS while it is rotating. I will be closely restrained at by a safety belt, which
is to be worn around the waist/chest at all times while the AGS is rotating.
The restraint must be fastened in order for the AGS to rotate. If the restraint
is unlatched, the AGS will stop automatically. In addition, the AGS is
equipped with strong side railings similar to those on a hospital bed, and it is
covered by a steel framed canopy. I will be continuously monitored by at
least one experimenter in the same room. The investigators can also see me
through a video camera mounted on the AGS, and in this way determine the
nature of any problem that arise.

During and after the experiment I will be asked to report my subjec-
tive experience (how I feel, how I think I perceive my head movements,
etc...). In addition, I will be asked to report a motion sickness rating both
during the experiment. This data will be recorder anonymously.

If I am a participant in experimental trials, I tentatively agree to re-
turn for additional trials (at most 10) requested by the experimenter. I under-
stand that a possible protocol for an actual trial will consist of a short period
of supine rest in the dark, followed by a period of head movements (ranging
from 90 degrees to the left, to vertical, to 90 degrees to the right) in the dark,
followed by a period of similar head movements in the light, and that this
trial could be repeated many times. During these head movements, my head
will move at approximately a speed of 0.25 meter per second.

In the unlikely event of physical injury resulting from participation in
this research, I understand that medical treatment will be available from the
MIT Medical Department, including first aid emergency treatment and fol-
low-up care as needed, and that my insurance carrier may be billed for the
cost of such a treatment. However, no compensation can be provided for
medical care apart from the foregoing. I further understand that making such
medical treatment available, or providing it, does not imply that such injury
is the investigator's fault. I also understand that by my participation in this
study I am not waiving any of my legal rights (further information may be
obtained by calling the Institute's Insurance and Legal Affairs Office at 253-
2822).

Monetary compensation for those who are not members of the Man-
Vehicle Laboratory will be $10 per hour. Subjects from the Man-Vehicle Lab
will be taken on a voluntary basis and will not be paid.

I understand that I may also contact the Chairman of the Committee
on the Use of Humans as Experimental Subjects, Leigh Firn, M.D. (MIT E23-
389, 253-6787), if I feel I have been treated unfairly as a subject.
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I have been informed as to the nature of and the purpose of this ex-
periment and the risks involved, and agree to participate in the experiment.
In case I experience any discomfort, I am free to discontinue the head-
movements any time I wish to do so. I understand that I will receive a copy
of this consent form.

Subject Date Experimenter
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Appendix C

Pre-Experiment Subject Briefing.

General Instructions.

During this experiment, while spinning on the centrifuge, you will be asked
to make head movements. These head movements will consist in yaw turns
to the right (RED, or right ear down head turn) and to the left (NU, or nose
up head turn). These head movements will be demonstrated to you prior to
the experiment, and you will be allowed a period of practice before the cen-
trifuge starts spinning. Head turns should be 90° amplitude and about 1 sec-
ond duration.

Protocol.

The experiment will consist of 5 sessions on 5 consecutive days. Each session
will be divided into 3 phases.

Phase 1

Phase 2

Phase 3

Speed =23 rpm
3 sets of 2 head turns

Speed = speed[day]
15 sets of 2 head turns

Speed =23 rpm
3 sets of 2 head turns

(RED, NU) (RED, NU) (RED, NU)
In the dark. In stable light. In the dark.
Day speed[day]

1 3rpm

2 5 rpm

3 8.5 rpm

4 14 rpm

5 23 rpm

Phase 1 and 3 are identical. During these phases, your eyes movements will
be recorded through the ISCSAN goggles you will wear. During phase 2, you
will turn on the flashlight, in order to have a stable light surrounding you.
Eyes movements won't be recorded during this phase. Phase 2 will change
over the days: the speed will progressively increase so as to reach maximum
speed on Day 5.

Eyes Recordings.

During the whole experiment, you will wear a ski-mask equipped with two
infrared cameras that will record your eyes movement. You will also wear
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a blindfold during phases 1 and 3, to prevent any light from reaching your
eyes. It is VERY important that you keep your eyes wide open and
avoid blinking during and after each movement.

Subjective Assessments.

While spinning and making head movements, you will experience an illu-
sory sensation of your body rotating or tumbling. This might cause motion
sickness and a general feeling of discomfort. You will be asked after each
head movement during phases 1 and 3, and after them every other set of
head turns during phase 2, to report your subjective sensations. There are of
three types:

MS: Report of Motion Sickness Score

Symptoms of motion sickness are similar to those experienced
during sea-sickness (cold, heat, sweat...). This is an estimation
of how bad you feel. MS is rated on a 0 to 20 scale to represent
the overall feeling of discomfort. A score of 0 is for "I am fine"
and a score of 20 is for "I am about to vomit". The operator will
ask: "What is your motion sickness now?". You will have to an-
swer by the number that you think best assesses your motion
sickness.

IS: Report of Subjective Intensity of Sensations

Head turns made while the bed is rotating often elicit novel
sensations one would not expect to experience if the bed were
still. It is of primary concern to know how different the sensa-
tion is compared to making a head turn while stationary. The
feelings you experiences during the first head turn you make
while the bed is spinning in phase 1 will be assigned an arbi-
trary baseline value of 10. Every time the operator will ask
"What is your sensation?”, you will have to respond with a
number from 0 to infinity, that is a relative value for the subjec-
tive intensity of the sensation experienced as a result of head
turns, compared to the very first head turn (Day 1, Phase 1). For
instance, a turn twice the intensity of the sensation of the first
turn will be called a 20, and a turn with half the intensity will
be called a 5. If the turn feels identical to a turn made while not
spinning on the centrifuge, it will have a subjective intensity of
0.

IT: Report of Illusory Tilt

The specificity of the required head turns (right ear down and
nose up) generates an illusory sensation of pitching forward or
backward. You will be asked to report this sensation, based on
an analogy with a clock dial. At rest, the body is lying on the
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45-15 minutes axis (feet at 45', head at 15'). If you feel that you
are pitching forward, then your feet will move between 30 and
45 minutes. If you feel that you are pitching backward, then
your feet will move between 45 and 60 minutes. You will have
to report your perceived feet position, when the operator asks
"What is your feet/body position?".

30
Position at rest.
60 O
45" 15
30
Pitching forward.
60 O
45" 15
30
Pitching backward.

Final Question.

Do you have any question? You also have the possibility to ask anytime!
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Appendix D

Raw Experimental Data.

Subjects for the control experiment are CS1 to CS8 (contex=0).

Subjects for the experimental group are INC1 to INC7 (contex=1).

Values in bold italic are inserts (see Section 4.3).
Question marks signal missing data.

SUBJECT | CONTEX | DAY | PHASE | DIR|REP | MS| 1S | IT TAU AMP
CS1 0 1 1 0 1 2] 10| 40] 6.3338] 36.3681
Cs1 0] 1 1 1 1 2| 10| 45] 5.1137| 42.9557
Cs1 0] 1 1 0 2 1 7] 40] 7.5055| 40.3352
CSs1 0 1 1 1 2 1 9] 45] 5.9455| 51.4471
Cs1 0 1 1 0 3 2 8] 40| 6.4409| 34.0109
Cs1 0] 1 1 1 3 4] 11| 40| 6.3678| 42.3416
Cs1 0] 1 2 1 5| 47
Cs1 0 1 2 3 41 40
CSs1 0 1 2 1 7] 40
Cs1 0] 1 2 5 7] 45
Cs1 0] 1 2 4 6] 45
Cs1 0 1 2 3 5] 45
Cs1 0 1 2 3 5] 45
Cs1 0] 1 2 4 7] 40
Cs1 0] 1 3 0 1 2 8] 40| 6.4122| 30.9652
CS1 0 1 3 1 1 4] 11| 35| 6.6620|] 20.8382
Cs1 0 1 3 0 2 6] 11| 40] 7.4269| 31.7594
Cs1 0] 1 3 1 2 6] 10| 40 7.7411] 15.9049
Cs1 0 1 3 0 3 6] 11| 40] 8.9540| 29.2800
Cs1 0 1 3 1 3 7] 12| 40| 7.3657| 19.0976
CS1 0 2 1 0 1 1 5] 40] 5.2289| 28.5229
Cs1 0 2 1 1 1 1 5] 35] 6.0511| 27.3144
Cs1 0] 2 1 0] 2 1 5] 40| 8.4463| 40.2524
CS1 0 2 1 1 2 1 6] 40] 4.7940| 28.6560
Cs1 0 2 1 0 3 2 7] 35] 5.7059| 50.3106
Cs1 0] 2 1 1 3 1 5] 35| 5.5645| 25.2448
Cs1 0] 2 2 1 5] 35
Cs1 0 2 2 2 7] 45
CS1 0 2 2 1 6] 35
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CS1 0 2 2 2 7] 35
Cs1 0 2 2 1 6] 45
Cs1 0] 2 2 2 5] 40
CS1 0 2 2 1 41 45
Cs1 0 2 2 2 6] 45
CS1 0] 2 3 0 1 1] 10| 35| 7.4337| 46.1051
Cs1 0] 2 3 1 1 2] 10| 35] 7.5580| 21.8928
Cs1 0 2 3 0 2 2 7] 35] 8.4873| 29.2851
CSs1 0 2 3 1 2 2 6] 30] 4.3768|] 34.6058
Cs1 0 2 3 0 3 3 7] 35] 8.9860| 36.4922
Cs1 0] 2 3 1 3 2 7] 35| 5.7342| 10.9927
CS2 0 1 1 0 1 0| 10| 44| 7.0891| 38.1265
CS2 0 1 1 1 1 0 9] 43] 3.5138] 39.3850
CS2 0] 1 1 0 2 0| 10| 45| 5.8909| 15.1382
CS2 0 1 1 1 2 0] 5| 45| 4.7304| 29.9450
CS2 0 1 1 0 3 3| 10| 45| 5.5586| 26.9450
CS2 0 1 1 1 3 0| 10| 45] 3.2688 7.5570
CS2 0 1 2 0] 0] 45
CS2 0] 1 2 0] 0] 44
CS2 0 1 2 1 1] 42
CS2 0 1 2 0 0] 44
CS2 0] 1 2 0] 0] 45
CS2 0 1 2 0] 0] 45
CS2 0 1 2 0] 0] 43
CS2 0 1 2 0] 0] 45
CS2 0] 1 3 0 1 0| 10| 45| 3.0644 6.3250
CS2 0 1 3 1 1 0| 10| 43] 1.8282 9.4895
CS2 0 1 3 0 2 O| 10| 45| 1.1387| 27.4367
CS2 0 1 3 1 2 Ol 12] 45| 1.0765| 26.6870
CS2 0] 1 3 0 3 O] 11} 45| 1.3899| 20.2995
CS2 0] 1 3 1 3 0| 10| 45] 3.3893 2.7354
CS2 0 2 1 0 1 O] 15] 45| 5.8180| 65.8505
CS2 0 2 1 1 1 0| 20| 45| 3.6193| 85.8581
CS2 0] 2 1 0 2 0| 15] 45| 4.5663| 45.9493
CS2 0] 2 1 1 2 Ol 19| 43| 1.9542| 37.1409
CS2 0 2 1 0 3 0| 15] 44| 2.6718| 32.1701
CS2 0 2 1 1 3 O] 20| 45| 1.6642| 36.7509
CS2 0 2 2 0] 0] 45
CS2 0] 2 2 0 0] 45
CS2 0 2 2 0] 0] 45
CS2 0 2 2 0] 0] 45
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CS2 0 2 2 0] 0] 45
CS2 0 2 2 0] 0] 45
CS2 0] 2 2 0] 0] 45
CS2 0 2 2 0] 0] 45
CS2 0 2 3 0 1 0| 17| 45| 4.8477| 33.1358
CS2 0] 2 3 1 1 Ol 20| 45| 0.9476| 48.4840
CS2 0] 2 3 0 2 0| 16] 45| 3.5997| 53.1933
CS2 0 2 3 1 2 0] 20] 45] 2.0221] 11.7020
CS2 0 2 3 0 3 0| 16] 45| 2.1339| 62.5695
CS2 0 2 3 1 3 0| 20| 43] 2.6203| 30.3399
CS3 0] 1 1 0 1 1] 10| 40] 5.8079| 33.2946
CS3 0 1 1 1 1 5| 14] 30| 5.4405| 68.3648
CS3 0 1 1 0 2 1] 10] 45] 8.4128| 46.8750
CS3 0] 1 1 1 2 3| 12] 40| 5.3635| 53.1204
CS3 0 1 1 0 3 1] 10| 45] 5.8689| 68.9131
CS3 0 1 1 1 3 1] 11| 10| 4.1777] 91.7671
CS3 0 1 2 0] 6] 45
CS3 0 1 2 0] 3] 45
CS3 0] 1 2 0] 4] 45
CS3 0 1 2 0] 0] 45
CS3 0 1 2 0 2] 40
CS3 0] 1 2 0] 1] 45
CS3 0 1 2 0] 0] 45
CS3 0 1 2 0] 0] 45
CS3 0 1 3 0 1 3| 10| 40| 4.3344| 56.5488
CS3 0] 1 3 1 1 3| 14] 30| 4.2889| 45.0116
CS3 0 1 3 0 2 1 9] 35] 5.7457| 56.5524
CS3 0 1 3 1 2 2] 11| 40| 3.2816| 32.3306
CS3 0 1 3 0 3 0 2] 45] 5.6354| 43.3615
CS3 0] 1 3 1 3 3 5] 35| 4.4969| 77.9644
CS3 0] 2 1 0 1 2] 10| 45] 5.1134] 68.8221
CS3 0 2 1 1 1 5| 11| 40| 4.4330| 66.3054
CS3 0 2 1 0 2 2| 10| 40] 6.7204| 52.5926
CS3 0] 2 1 1 2 3 8] 45] 3.1806| 54.4664
CS3 0] 2 1 0 3 1 6] 45| 6.7204| 19.0699
CS3 0 2 1 1 3 7] 10| 40] 2.3470| 50.1472
CS3 0 2 2 0] 0] 45
CS3 0 2 2 0] 0] 45
CS3 0] 2 2 0 0] 45
CS3 0 2 2 0] 0] 45
CS3 0 2 2 0] 0] 45
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CS3 0 2 2 0] 0] 45
CS3 0 2 2 0] 0] 45
CS3 0] 2 2 0] 0] 45
CS3 0 2 3 0 1 2 4] 40| 3.6630| 75.1485
CS3 0 2 3 1 1 6 8| 45| 1.6772| 72.8419
CS3 0] 2 3 0 2 1 1] 45| 4.9631| 51.6779
CS3 0] 2 3 1 2 4 6] 40] 5.0449| 45.5132
CS3 0 2 3 0 3 1 2] 45] 5.5855| 48.8004
CS3 0 2 3 1 3 3 3] 45] 2.6409| 46.7250
CS4 0 1 1 0 1 O]l 10| 45| 5.8299| 67.4328
CS4 0] 1 1 1 1 0| 20| 35| 8.7070| 47.8585
CS4 0 1 1 0 2 Ol 10| 50| 7.1513| 47.0250
CS4 0 1 1 1 2 O] 30] 25| 7.0580| 77.5169
CS4 0] 1 1 0 3 0| 15] 55| 6.3034| 51.6111
CS4 0 1 1 1 3 Ol 20] 25| 5.5372| 63.6718
CS4 0 1 2 0 0] 45
CS4 0 1 2 0] 0] 43
CS4 0 1 2 0] 2] 43
CS4 0] 1 2 0] 0] 43
CS4 0 1 2 0] 0] 43
CS4 0 1 2 0 0] 44
CS4 0] 1 2 0] 0] 44
CS4 0 1 2 0] 0] 45
CS4 0 1 3 0 1 0 8] 50] 6.2801|] 50.6559
CS4 0 1 3 1 1 0| 25] 20| 5.5813| 70.1659
CS4 0] 1 3 0 2 O| 10| 48] 5.7484| 59.9266
CS4 0 1 3 1 2 0| 30| 15| 4.4061| 52.7092
CS4 0 1 3 0 3 0| 10| 48] 5.2533| 52.0778
CS4 0 1 3 1 3 Ol 30] 20| 5.0042| 46.4504
CS4 0] 2 1 0 1 0 3] 48] 6.2861] 49.3315
CS4 0] 2 1 1 1 Ol 10| 30| 6.5280| 65.0334
CS4 0 2 1 0 2 0 3] 48] 6.6057| 68.2234
CS4 0 2 1 1 2 0| 15] 30| 7.1818| 37.6082
CS4 0] 2 1 0 3 0] 4] 50| 5.8014| 57.6197
CS4 0] 2 1 1 3 0| 20| 23] 6.3597| 38.5938
CS4 0 2 2 0] 0] 43
CS4 0 2 2 0] 0] 43
CS4 0 2 2 0] 0] 44
CS4 0] 2 2 0 0] 44
CS4 0 2 2 0] 0] 45
CS4 0 2 2 0] 0] 45
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CS4 0 2 2 0] 0] 45
CS4 0 2 2 0] 0] 45
CS4 0] 2 3 0 1 0 4] 48] 6.7743| 54.6050
CS4 0 2 3 1 1 Ol 15] 20| 4.2453| 25.7230
CS4 0 2 3 0 2 0 6] 50] 5.0648| 56.9257
CS4 0] 2 3 1 2 0| 20] 20| 7.0371| 35.1199
CS4 0] 2 3 0 3 0] 6] 46] 6.4361| 57.8829
CS4 0 2 3 1 3 Ol 25] 30| 5.4510| 53.1694
CS5 0 1 1 0 1 0| 10| 45| 6.4081| 37.8702
CS5 0 1 1 1 1 0] 7] 45| 5.3118| 24.4373
CS5 0] 1 1 0 2 1 5] 45| 7.8691| 36.2808
CS5 0 1 1 1 2 1 9] 45| 6.2172| 23.2808
CS5 0 1 1 0 3 2 9] 45] 7.8630| 34.6420
CS5 0] 1 1 1 3 2| 10| 45| 6.6819| 37.7186
CS5 0 1 2 1 41 43
CS5 0 1 2 2 3] 42
CS5 0 1 2 2 41 42
CS5 0 1 2 3 5] 42
CS5 0] 1 2 5 6] 42
CS5 0 1 2 5 6] 42
CS5 0 1 2 5 7] 42
CS5 0] 1 2 6 7] 42
CS5 0 1 3 0 1 5] 10| 42| 3.8565| 50.2980
CS5 0 1 3 1 1 5| 12| 42| 4.8458| 42.3164
CS5 0 1 3 0 2 5] 10| 42| 10.0825| 46.9819
CS5 0] 1 3 1 2 5| 14] 42| 4.2030| 39.1488
CS5 0 1 3 0 3 5| 10| 42| 9.2580| 35.9500
CS5 0 1 3 1 3 5| 14] 42| 4.5170| 43.5321
CS5 0 2 1 0 1 0 5] 44] 8.1243| 39.0279
CS5 0] 2 1 1 1 0| 10| 44| 5.8059| 52.1833
CS5 0] 2 1 0 2 0] 6] 44| 7.6224| 67.3820
CS5 0 2 1 1 2 1] 10| 44] 4.7404| 58.7278
CS5 0 2 1 0 3 1] 10| 44| 7.7793| 37.8841
CS5 0] 2 1 1 3 1] 10| 44] 9.6656| 17.8670
CS5 0] 2 2 1 2| 44
CS5 0 2 2 1 2| 44
CS5 0 2 2 0 2| 44
CS5 0 2 2 2 2| 44
CS5 0] 2 2 2 2| 44
CS5 0 2 2 2 3] 44
CS5 0 2 2 2 3| 44
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CS5 0 2 2 2 3| 44
CS5 0 2 3 0 1 2 6] 44] 7.8621| 49.1309
CS5 0] 2 3 1 1 2| 10| 44| 5.4468| 17.9146
CS5 0 2 3 0 2 3 5] 44] 6.2330| 69.3481
CS5 0 2 3 1 2 3| 10| 44| 5.7565| 38.0454
CS5 0] 2 3 0 3 3| 10| 44| 9.5478| 46.4397
CS5 0] 2 3 1 3 41 12| 44| 4.7486| 40.5537
CS6 0 1 1 0 1 O] 10| 42| 5.7784| 36.4757
CS6 0 1 1 1 1 2| 10| 41] 7.9207| 40.4100
CS6 0 1 1 0 2 1] 10| 44| 4.8120| 54.2926
CS6 0] 1 1 1 2 1] 10| 44| 8.0024| 46.3282
CS6 0 1 1 0 3 1 9] 44] 5.2285| 63.0896
CS6 0 1 1 1 3 2| 10| 44| 5.7692| 46.8258
CS6 0] 1 2 0] 8] 45
CS6 0 1 2 0] 7] 44
CS6 0 1 2 2| 10| 45
CS6 0 1 2 2] 10} 45
CS6 0 1 2 1 9] 45
CS6 0] 1 2 1 9] 45
CS6 0 1 2 1 9] 45
CS6 0 1 2 1 9] 45
CS6 0] 1 3 0 1 1] 11| 44] 5.3621| 58.2228
CS6 0 1 3 1 1 2] 11| 44] 8.0182| 46.8258
CS6 0 1 3 0 2 1] 10} 46] 5.0129| 42.6317
CS6 0 1 3 1 2 2| 12| 43] 8.4232| 41.7845
CS6 0] 1 3 0 3 1] 12| 46] 4.8931| 44.5638
CS6 0 1 3 1 3 2| 11| 44| 5.5588| 32.0685
CS6 0 2 1 0 1 0 8] 45| 5.5156| 63.9567
CS6 0 2 1 1 1 4| 10| 43| 5.7805|] 49.3643
CS6 0] 2 1 0 2 2| 10| 46] 5.1944| 67.5613
CS6 0] 2 1 1 2 3 9] 45] 6.7544| 39.2126
CS6 0 2 1 0 3 2 9] 46] 6.4081| 64.7388
CS6 0 2 1 1 3 4] 10| 43] 7.9685| 31.5080
CS6 0] 2 2 1 8] 45
CS6 0] 2 2 0] 8] 45
CS6 0 2 2 0] 8] 45
CS6 0 2 2 0] 8] 45
CS6 0 2 2 1 8] 45
CS6 0] 2 2 0 8] 45
CS6 0 2 2 0] 8] 45
CS6 0 2 2 1 8] 45
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CS6 0 2 3 0 1 0| 10| 45| 5.9838| 67.0016
CS6 0 2 3 1 1 1] 11| 44] 3.8759| 36.5843
CS6 0] 2 3 0 2 1] 10| 46] 5.5152| 58.5949
CS6 0 2 3 1 2 2| 10| 43] 7.9577| 31.1444
CS6 0 2 3 0 3 Ol 10| 46| 5.4682| 39.3544
CS6 0] 2 3 1 3 1 9] 44] 5.7102| 41.8180
CS7 0] 1 1 0 1 2] 10| 40] 3.7046| 50.6303
CS7 0 1 1 1 1 6] 15| 50| 3.7273| 74.6955
CS7 0 1 1 0 2 5] 12] 20| 2.8845| 88.6255
CS7 0 1 1 1 2 7] 20| 60] 3.8261| 56.6110
CS7 0] 1 1 0 3 7] 18] 20] 4.1103| 116.7538
CS7 0 1 1 1 3 | 13] 20| 50| 3.3940| 75.1829
CS7 0 1 2 3| 15] 45
CS7 0] 1 2 4] 15] 50
CS7 0 1 2 4] 18] 50
CS7 0 1 2 71 17| 50
CS7 0 1 2 8| 17| 50
CS7 0 1 2 9] 15] 52
CS7 0] 1 2 7] 15] 50
CS7 0 1 2 5] 15] 50
CS7 0 1 3 0 1 5] 30] 55| 5.2569| 62.8527
CS7 0] 1 3 1 1 | 10] 35] 30| 4.5063] 64.4330
CS7 0 1 3 0 2 7] 25| 30] 6.2385] 55.7133
CS7 0 1 3 1 2 | 13| 30] 40] 4.6105| 75.2064
CS7 0 1 3 0 3 5] 20| 50| 5.7894| 62.9842
CS7 0] 1 3 1 3 | 121 30| 40| 3.5596| 55.7798
CS7 0 2 1 0 1 0| 10| 45| 3.7026| 64.1149
CS7 0 2 1 1 1 3| 15] 20| 3.6136| 54.1361
CS7 0 2 1 0 2 2| 15| 48] 5.3494| 85.1632
CS7 0] 2 1 1 2 3| 15] 30| 4.1558| 80.3057
CS7 0] 2 1 0 3 2] 15| 50} 6.7769| 70.8971
CS7 0 2 1 1 3 5| 20] 30| 3.1217| 50.9658
CS7 0 2 2 2] 15] 51
CS7 0] 2 2 3| 15] 50
CS7 0] 2 2 3| 15] 50
CS7 0 2 2 3| 15] 50
CS7 0 2 2 3| 15] 50
CS7 0 2 2 5] 15] 50
CS7 0] 2 2 5] 15] 50
CS7 0 2 2 5] 15] 50
CS7 0 2 3 0 1 5] 35] 52| 4.0263| 97.2587
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CS7 0 2 3 1 1 7] 40| 35] 2.5073] 56.2721
CS7 0 2 3 0 2 7] 45| 30] 5.4791] 95.5416
CS7 0] 2 3 1 2 8| 45| 30| 4.6587| 70.1073
CS7 0 2 3 0 3 8| 40] 15| 5.4692| 100.6996
CS7 0 2 3 1 3 | 10| 45| 35| 4.9385| 71.3844
CS8 0] 1 1 0 1 2] 10| 50| 6.7749| 61.1198
CS8 0] 1 1 1 1 5] 10] 30| 5.6665| 63.1239
CS8 0 1 1 0 2 5| 15] 50| 7.5061| 71.9983
CS8 0 1 1 1 2 8| 15] 30| 2.3018| 44.4565
CS8 0 1 1 0 3 | 10 15] 30] 7.5061| 99.6695
CS8 0] 1 1 1 3 | 10| 15| 50| 2.4251| 32.2732
CS8 0 1 2 8 2] 50
CS8 0 1 2 8 5] 45
CS8 0] 1 2 6 5] 40
CS8 0 1 2 6 5] 40
CS8 0 1 2 8 5] 35
CS8 0 1 2 10 8] 50
CS8 0 1 2 8 8] 50
CS8 0] 1 2 6] 10] 55
CS8 0 1 3 0 1 | 12| 15] 20| 5.3319] 47.7878
CS8 0 1 3 1 1 | 12| 16| 30| 6.9774] 26.7532
CS8 0] 1 3 0 2 | 10| 14| 20| 4.9508| 63.2080
CS8 0 1 3 1 2 | 121 15] 30] 3.8281| 31.0587
CS8 0 1 3 0 3 | 121 10| 20| 5.8581| 58.4786
CS8 0 1 3 1 3 | 10] 10| 30| 6.0934| 25.8910
CS8 0] 2 1 0 1 3 5] 25| 4.9408| 52.6548
CS8 0 2 1 1 1 3 8] 40| 7.8453| 44.1280
CS8 0 2 1 0 2 3| 10] 35| 5.5800| 57.0043
CS8 0 2 1 1 2 5| 10| 25| 7.3529| 20.8840
CS8 0] 2 1 0 3 3 5] 50] 5.8758| 60.1124
CS8 0] 2 1 1 3 5 8] 20| 6.6158| 32.4082
CS8 0 2 2 3 4] 35
CS8 0 2 2 5 3] 52
CS8 0] 2 2 5 3] 30
CS8 0] 2 2 5 4] 55
CS8 0 2 2 3 41 50
CS8 0 2 2 4 4] 50
CS8 0 2 2 4 3] 50
CS8 0] 2 2 4 3] 50
CS8 0 2 3 0 1 5| 10| 37] 4.5060| 44.7175
CS8 0 2 3 1 1 5] 10| 40| 7.2380| 33.3335
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CS8 0 2 3 0 2 5 8] 25| 4.9400| 23.6984
CS8 0 2 3 1 2 5 6] 60] 4.8440| 26.6984
CS8 0] 2 3 0 3 5 6] 25| 4.3139|] 32.3033
CS8 0 2 3 1 3 5 8] 50| 4.2988| 40.6068
INC1 1 1 1 0 1 2| 10] 46] 5.3097| 28.3070
INC1 1 1 1 1 1 2| 14| 40] 7.6906| 52.8044
INC1 1 1 1 0 2 2| 12| 46] 6.1344] 25.1139
INC1 1 1 1 1 2 2| 14| 41| 4.9831] 56.9117
INC1 1 1 1 0 3 2| 11| 46] 4.6767| 35.6513
INC1 1 1 1 1 3 2] 15| 40] 6.0858| 37.9054
INC1 1 1 2 0 1 0] 6] 45

INC1 1 1 2 1 1 1 8] 45

INC1 1 1 2 0 2

INC1 1 1 2 1 2

INC1 1 1 2 0 3 0 6] 45

INC1 1 1 2 1 3 1 8] 45

INC1 1 1 2 0 1

INC1 1 1 2 1 1

INC1 1 1 2 0 2 1 7] 45

INC1 1 1 2 1 2 2 8] 45

INC1 1 1 2 0 3

INC1 1 1 2 1 3

INC1 1 1 2 0 1 0 5] 45

INC1 1 1 2 1 1 1 6] 45

INC1 1 1 2 0 2

INC1 1 1 2 1 2

INC1 1 1 2 0 3 0] 5] 45

INC1 1 1 2 1 3 0 6] 45

INC1 1 1 2 0 1

INC1 1 1 2 1 1

INC1 1 1 2 0 2 1 6] 45

INC1 1 1 2 1 2 1 7] 45

INC1 1 1 2 0 3

INC1 1 1 2 1 3

INC1 1 1 2 0 1 0] 5] 45

INC1 1 1 2 1 1 1 6] 45

INC1 1 1 2 0 2

INC1 1 1 2 1 2

INC1 1 1 2 0 3 1 6] 45

INC1 1 1 2 1 3 2 7] 45

INC1 1 1 3 0 1 2| 11| 46] 3.6340| 22.0757
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INC1 1 1 3 1 1 2] 16| 39] 5.5073| 53.6257
INC1 1 1 3 0 2 2| 13| 46] 5.5769| 33.8092
INC1 1 1 3 1 2 2| 17| 40] 5.2202| 49.4954
INC1 1 1 3 0 3 2| 12| 46] 5.8981| 34.1713
INC1 1 1 3 1 3 2] 17] 39] 5.3365| 43.8682
INC1 1 2 1 0 1 2 9] 46] 5.2635| 30.1078
INC1 1 2 1 1 1 2| 16| 41] 7.9458| 45.2934
INC1 1 2 1 0 2 2 9] 46] 4.4482| 35.3586
INC1 1 2 1 1 2 2] 17] 39] 5.9947| 41.9751
INC1 1 2 1 0 3 2 9] 46] 3.1189| 38.0592
INC1 1 2 1 1 3 2] 17| 39] 7.1830| 24.7752
INC1 1 2 2 0 1 0] 7] 45

INC1 1 2 2 1 1 1 9] 44

INC1 1 2 2 0 2

INC1 1 2 2 1 2

INC1 1 2 2 0 3 0 71 45

INC1 1 2 2 1 3 1 8| 44

INC1 1 2 2 0 1

INC1 1 2 2 1 1

INC1 1 2 2 0 2 0] 6] 45

INC1 1 2 2 1 2 1 8] 44

INC1 1 2 2 0 3

INC1 1 2 2 1 3

INC1 1 2 2 0 1 0 6] 45

INC1 1 2 2 1 1 1 7] 44

INC1 1 2 2 0 2

INC1 1 2 2 1 2

INC1 1 2 2 0 3 0 6] 45

INC1 1 2 2 1 3 1 7] 44

INC1 1 2 2 0 1

INC1 1 2 2 1 1

INC1 1 2 2 0 2 0 6] 45

INC1 1 2 2 1 2 2 8] 43

INC1 1 2 2 0 3

INC1 1 2 2 1 3

INC1 1 2 2 0 1 1 6] 45

INC1 1 2 2 1 1 1 8] 44

INC1 1 2 2 0 2

INC1 1 2 2 1 2

INC1 1 2 2 0 3 1 6] 45

INC1 1 2 2 1 3 1 8] 44
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INC1 1 2 3 0 1 2| 12| 46] 5.4205| 27.5228
INC1 1 2 3 1 1 2| 18] 39| 5.4374] 31.2443
INC1 1 2 3 0 2 2| 13| 46] 5.8323| 24.0696
INC1 1 2 3 1 2 2| 17| 46] 5.4262| 37.3788
INC1 1 2 3 0 3 2| 13| 46| 3.8497| 30.0728
INC1 1 2 3 1 3 2| 17| 40] 3.6310| 14.1394
INC1 1 3 1 0 1 2| 10| 46] 3.9800| 34.9500
INC1 1 3 1 1 1 2| 16| 39| 5.4935| 47.6408
INC1 1 3 1 0 2 2| 10| 46] 4.2461| 32.9694
INC1 1 3 1 1 2 2] 17] 39] 5.1468| 31.1355
INC1 1 3 1 0 3 2| 10| 46] 3.7304| 36.9241
INC1 1 3 1 1 3 2| 16| 40] 6.7963| 52.3169
INC1 1 3 2 0 1 1 6] 45

INC1 1 3 2 1 1 1 8] 44

INC1 1 3 2 0 2

INC1 1 3 2 1 2

INC1 1 3 2 0 3 1 6] 45

INC1 1 3 2 1 3 2 7] 44

INC1 1 3 2 0 1

INC1 1 3 2 1 1

INC1 1 3 2 0 2 1 6] 45

INC1 1 3 2 1 2 1 7] 44

INC1 1 3 2 0 3

INC1 1 3 2 1 3

INC1 1 3 2 0 1 1 6] 45

INC1 1 3 2 1 1 1 7] 44

INC1 1 3 2 0 2

INC1 1 3 2 1 2

INC1 1 3 2 0 3 1 6] 45

INC1 1 3 2 1 3 1 7] 44

INC1 1 3 2 0 1

INC1 1 3 2 1 1

INC1 1 3 2 0 2 1 6] 45

INC1 1 3 2 1 2 1 7] 44

INC1 1 3 2 0 3

INC1 1 3 2 1 3

INC1 1 3 2 0 1 1 6] 45

INC1 1 3 2 1 1 1 7] 44

INC1 1 3 2 0 2

INC1 1 3 2 1 2

INC1 1 3 2 0 3 1 6] 45
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INC1 1 3 2 1 3 1 7] 45

INC1 1 3 3 0 1 2| 11| 46] 3.8282| 45.6749
INC1 1 3 3 1 1 2| 17| 40| 5.3447| 48.8579
INC1 1 3 3 0 2 2] 12| 45] 6.0044| 22.7126
INC1 1 3 3 1 2 2| 16] 41] 9.5416| 26.1490
INC1 1 3 3 0 3 2| 12| 46] 7.0232| 27.0174
INC1 1 3 3 1 3 2] 17| 40] 5.2246| 40.2221
INC1 1 4 1 0 1 2| 10| 46| 3.4241| 37.2518
INC1 1 4 1 1 1 2| 16| 42] 7.0294| 49.0469
INC1 1 4 1 0 2 2| 10| 45] 3.1797| 26.1888
INC1 1 4 1 1 2 2| 14| 43] 6.6903| 27.9230
INC1 1 4 1 0 3 2] 11] 45] 4.9909| 23.9508
INC1 1 4 1 1 3 2| 16| 42| 5.2539| 43.6107
INC1 1 4 2 0 1 2 8] 46

INC1 1 4 2 1 1 2 9] 44

INC1 1 4 2 0 2

INC1 1 4 2 1 2

INC1 1 4 2 0 3 2 8] 45

INC1 1 4 2 1 3 2| 11] 44

INC1 1 4 2 0 1

INC1 1 4 2 1 1

INC1 1 4 2 0 2 2 9] 45

INC1 1 4 2 1 2 2] 11} 45

INC1 1 4 2 0 3

INC1 1 4 2 1 3

INC1 1 4 2 0 1 2 8] 46

INC1 1 4 2 1 1 2| 11] 44

INC1 1 4 2 0 2

INC1 1 4 2 1 2

INC1 1 4 2 0 3 2 8] 46

INC1 1 4 2 1 3 2| 12| 44

INC1 1 4 2 0 1

INC1 1 4 2 1 1

INC1 1 4 2 0 2 2 8] 45

INC1 1 4 2 1 2 2| 11] 44

INC1 1 4 2 0 3

INC1 1 4 2 1 3

INC1 1 4 2 0 1 2 8] 45

INC1 1 4 2 1 1 2] 12] 43

INC1 1 4 2 0 2

INC1 1 4 2 1 2
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INC1 1 4 2 0 3 2 7] 45

INC1 1 4 2 1 3 2| 11} 44

INC1 1 4 3 0 1 2| 12| 46] 3.1130| 37.9093
INC1 1 4 3 1 1 2] 17| 40] 4.2049| 40.9073
INC1 1 4 3 0 2 2| 10| 45| 3.6633| 29.0748
INC1 1 4 3 1 2 2| 18| 40| 5.5878| 48.2406
INC1 1 4 3 0 3 2| 12| 46] 5.9922] 34.0833
INC1 1 4 3 1 3 2| 17] 40] 5.2031| 55.2880
INC1 1 5 1 0 1 2| 10| 45] 5.4579| 38.7669
INC1 1 5 1 1 1 2| 17| 42] 4.5081| 26.8227
INC1 1 5 1 0 2 2| 10| 46] 4.3839| 28.6508
INC1 1 5 1 1 2 2] 18] 39] 2.1957| 27.4971
INC1 1 5 1 0 3 2] 10| 45] 3.5198] 31.3536
INC1 1 5 1 1 3 2| 18| 40| 4.0268| 23.7997
INC1 1 5 2 0 1 2 9] 45

INC1 1 5 2 1 1 2| 15| 43

INC1 1 5 2 0 2

INC1 1 5 2 1 2

INC1 1 5 2 0 3 2] 11} 45

INC1 1 5 2 1 3 2| 15] 45

INC1 1 5 2 0 1

INC1 1 5 2 1 1

INC1 1 5 2 0 2 2] 11} 45

INC1 1 5 2 1 2 2| 14| 44

INC1 1 5 2 0 3

INC1 1 5 2 1 3

INC1 1 5 2 0 1 2] 10| 45

INC1 1 5 2 1 1 2| 16| 44

INC1 1 5 2 0 2

INC1 1 5 2 1 2

INC1 1 5 2 0 3 2] 11} 45

INC1 1 5 2 1 3 2| 16| 44

INC1 1 5 2 0 1

INC1 1 5 2 1 1

INC1 1 5 2 0 2 2] 12] 45

INC1 1 5 2 1 2 2| 16| 44

INC1 1 5 2 0 3

INC1 1 5 2 1 3

INC1 1 5 2 0 1 2] 11} 45

INC1 1 5 2 1 1 2| 16| 45

INC1 1 5 2 0 2
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INC1

1 5 2 1 2
INC1 1 5 2 0 3 2] 11} 45
INC1 1 5 2 1 3 2| 16| 44
INC1 1 5 3 0 1 2| 10| 47] 4.0736| 42.8440
INC1 1 5 3 1 1 2| 16| 41| 1.7903| 26.0933
INC1 1 5 3 0 2 2| 11| 47| 3.2752| 27.6077
INC1 1 5 3 1 2 2] 17] 39] 5.8943| 34.3184
INC1 1 5 3 0 3 2| 11| 46| 4.7990| 33.6621
INC1 1 5 3 1 3 2| 18| 40| 6.3861| 40.4597
INC2 1 1 1 0 1 3| 10| 45| 5.2649| 50.5417
INC2 1 1 1 1 1 5| 11| 44| 4.2802| 29.1908
INC2 1 1 1 0 2 3| 10| 44| 5.7966| 27.1945
INC2 1 1 1 1 2 6| 12| 44| 2.9129| 22.2295
INC2 1 1 1 0 3 5| 11| 45| 7.2741| 36.7767
INC2 1 1 1 1 3 7] 12| 45 2.3303| 34.7447
INC2 1 1 2 0 1 0 1] 45
INC2 1 1 2 1 1 2 2] 45
INC2 1 1 2 0 2
INC2 1 1 2 1 2
INC2 1 1 2 0 3 3 2] 45
INC2 1 1 2 1 3 3 3] 45
INC2 1 1 2 0 1
INC2 1 1 2 1 1
INC2 1 1 2 0 2 2 3| 45
INC2 1 1 2 1 2 4 3] 45
INC2 1 1 2 0 3
INC2 1 1 2 1 3
INC2 1 1 2 0 1 2 2] 45
INC2 1 1 2 1 1 3 2] 45
INC2 1 1 2 0 2
INC2 1 1 2 1 2
INC2 1 1 2 0 3 2 1] 45
INC2 1 1 2 1 3 3 2] 45
INC2 1 1 2 0 1
INC2 1 1 2 1 1
INC2 1 1 2 0 2 1 1] 45
INC2 1 1 2 1 2 2 2] 45
INC2 1 1 2 0 3
INC2 1 1 2 1 3
INC2 1 1 2 0 1 1 1] 45
INC2 1 1 2 1 1 2 2] 45
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INC2

1 1 2 0 2
INC2 1 1 2 1 2
INC2 1 1 2 0 3 1 1] 45
INC2 1 1 2 1 3 2 2] 45
INC2 1 1 3 0 1 3| 10| 44| 4.5523| 36.6876
INC2 1 1 3 1 1 8| 12| 44| 3.5420| 30.2145
INC2 1 1 3 0 2 5| 10| 44| 7.5666| 31.5933
INC2 1 1 3 1 2 7] 10| 44| 2.6112] 20.3341
INC2 1 1 3 0 3 4 9] 44] 5.3901| 46.6718
INC2 1 1 3 1 3 6 9] 44] 2.0262| 24.4657
INC2 1 2 1 0 1 5| 10| 44| 5.1652| 30.6821
INC2 1 2 1 1 1 8| 13| 45| 2.4333| 35.7792
INC2 1 2 1 0 2 4 9] 45] 5.2933| 25.1708
INC2 1 2 1 1 2 6] 11| 45] 3.5639| 23.1176
INC2 1 2 1 0 3 3 9] 45] 6.1863| 32.6017
INC2 1 2 1 1 3 41 10] 45] 3.2140| 28.6350
INC2 1 2 2 0 1 1 2] 45
INC2 1 2 2 1 1 2 3] 45
INC2 1 2 2 0 2
INC2 1 2 2 1 2
INC2 1 2 2 0 3 1 2] 45
INC2 1 2 2 1 3 3 3] 45
INC2 1 2 2 0 1
INC2 1 2 2 1 1
INC2 1 2 2 0 2 1 2] 45
INC2 1 2 2 1 2 2 2] 45
INC2 1 2 2 0 3
INC2 1 2 2 1 3
INC2 1 2 2 0 1 1 2] 45
INC2 1 2 2 1 1 2 3] 45
INC2 1 2 2 0 2
INC2 1 2 2 1 2
INC2 1 2 2 0 3 1 2] 45
INC2 1 2 2 1 3 1 3] 45
INC2 1 2 2 0 1
INC2 1 2 2 1 1
INC2 1 2 2 0 2 1 2] 45
INC2 1 2 2 1 2 2 3] 45
INC2 1 2 2 0 3
INC2 1 2 2 1 3
INC2 1 2 2 0 1 1 1] 45
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INC2 1 2 2 1 1 2 2] 45

INC2 1 2 2 0 2

INC2 1 2 2 1 2

INC2 1 2 2 0 3 1 1] 45

INC2 1 2 2 1 3 1 2] 45

INC2 1 2 3 0 1 4 7] 44] 4.8393| 23.4699
INC2 1 2 3 1 1 7] 10| 44] 4.7249] 26.0266
INC2 1 2 3 0 2 5 7] 44] 5.5981| 24.9380
INC2 1 2 3 1 2 5| 10| 45| 4.7200| 26.0000
INC2 1 2 3 0 3 4 6] 44| 3.7245| 25.1380
INC2 1 2 3 1 3 4 8] 45| 4.7200| 26.0000
INC2 1 3 1 0 1 5 8] 44| 5.4985| 25.0427
INC2 1 3 1 1 1 7| 11] 44] 4.3602| 35.3874
INC2 1 3 1 0 2 5 8] 44| 3.8662| 21.3016
INC2 1 3 1 1 2 6 9] 44| 4.5200| 24.5400
INC2 1 3 1 0 3 4 7] 44] 4.9219| 23.8669
INC2 1 3 1 1 3 6 8] 44] 4.6878|] 13.6888
INC2 1 3 2 0 1 3 41 45

INC2 1 3 2 1 1 4 5] 45

INC2 1 3 2 0 2

INC2 1 3 2 1 2

INC2 1 3 2 0 3 3 3] 45

INC2 1 3 2 1 3 4 41 45

INC2 1 3 2 0 1

INC2 1 3 2 1 1

INC2 1 3 2 0 2 3 3] 45

INC2 1 3 2 1 2 3 4] 45

INC2 1 3 2 0 3

INC2 1 3 2 1 3

INC2 1 3 2 0 1 2 3] 45

INC2 1 3 2 1 1 3 4] 45

INC2 1 3 2 0 2

INC2 1 3 2 1 2

INC2 1 3 2 0 3 2 3] 45

INC2 1 3 2 1 3 3 3] 45

INC2 1 3 2 0 1

INC2 1 3 2 1 1

INC2 1 3 2 0 2 2 3] 45

INC2 1 3 2 1 2 3 3] 45

INC2 1 3 2 0 3

INC2 1 3 2 1 3
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INC2 1 3 2 0 1 2 2] 45

INC2 1 3 2 1 1 3 3] 45

INC2 1 3 2 0 2

INC2 1 3 2 1 2

INC2 1 3 2 0 3 2 2] 45

INC2 1 3 2 1 3 3 3] 45

INC2 1 3 3 0 1 4 6] 44| 4.5843| 18.3120
INC2 1 3 3 1 1 6 6] 44| 2.2431| 20.9844
INC2 1 3 3 0 2 5 5] 44| 4.3540| 18.9609
INC2 1 3 3 1 2 4 4] 44] 0.6505| 17.3410
INC2 1 3 3 0 3 4 4] 441 4.4700| 18.6400
INC2 1 3 3 1 3 4 4] 44] 1.4500| 19.1600
INC2 1 4 1 0 1 5 8] 44| 5.5146| 39.3532
INC2 1 4 1 1 1 5 8] 44| 4.8334| 32.1715
INC2 1 4 1 0 2 4 7] 44 3.3796| 27.9749
INC2 1 4 1 1 2 4 7] 44] 4.0966| 32.0862
INC2 1 4 1 0 3 5 7] 44] 6.4509| 31.9178
INC2 1 4 1 1 3 4 6] 44| 3.1512| 27.8852
INC2 1 4 2 0 1 4 7] 45

INC2 1 4 2 1 1 4 7] 45

INC2 1 4 2 0 2

INC2 1 4 2 1 2

INC2 1 4 2 0 3 4 6] 45

INC2 1 4 2 1 3 4 6] 45

INC2 1 4 2 0 1

INC2 1 4 2 1 1

INC2 1 4 2 0 2 3 5] 45

INC2 1 4 2 1 2 4 5] 45

INC2 1 4 2 0 3

INC2 1 4 2 1 3

INC2 1 4 2 0 1 4 5] 45

INC2 1 4 2 1 1 4 5] 45

INC2 1 4 2 0 2

INC2 1 4 2 1 2

INC2 1 4 2 0 3 3 4] 45

INC2 1 4 2 1 3 4 5] 45

INC2 1 4 2 0 1

INC2 1 4 2 1 1

INC2 1 4 2 0 2 3 4] 45

INC2 1 4 2 1 2 4 41 45

INC2 1 4 2 0 3
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INC2

1 4 2 1 3
INC2 1 4 2 0 1 3 41 45
INC2 1 4 2 1 1 5 5] 45
INC2 1 4 2 0 2
INC2 1 4 2 1 2
INC2 1 4 2 0 3 3 41 45
INC2 1 4 2 1 3 4 41 45
INC2 1 4 3 0 1 6 7] 44] 3.7112| 17.3935
INC2 1 4 3 1 1 6 7] 44] 3.3287| 21.5793
INC2 1 4 3 0 2 5 6] 44] 4.3570| 35.8297
INC2 1 4 3 1 2 5 5] 44] 4.2170| 33.0109
INC2 1 4 3 0 3 4 5] 44| 4.7864| 30.0862
INC2 1 4 3 1 3 4 5] 44] 4.8793| 23.3149
INC2 1 5 1 0 1 6 8] 44| 3.7413| 43.1424
INC2 1 5 1 1 1 7 9] 44] 3.3161| 38.5231
INC2 1 5 1 0 2 6 7] 44] 4.7552| 27.3511
INC2 1 5 1 1 2 6 7] 44] 6.2456| 43.9587
INC2 1 5 1 0 3 5 6| 44| 4.7237| 31.2289
INC2 1 5 1 1 3 5 6] 44] 4.6661| 24.6114
INC2 1 5 2 0 1 7 8| 44
INC2 1 5 2 1 1 6 8] 44
INC2 1 5 2 0 2
INC2 1 5 2 1 2
INC2 1 5 2 0 3 6 8] 44
INC2 1 5 2 1 3 6 8| 44
INC2 1 5 2 0 1
INC2 1 5 2 1 1
INC2 1 5 2 0 2 5 7] 44
INC2 1 5 2 1 2 5 8| 44
INC2 1 5 2 0 3
INC2 1 5 2 1 3
INC2 1 5 2 0 1 4 6] 44
INC2 1 5 2 1 1 5 7] 44
INC2 1 5 2 0 2
INC2 1 5 2 1 2
INC2 1 5 2 0 3 4 6] 44
INC2 1 5 2 1 3 5 6] 44
INC2 1 5 2 0 1
INC2 1 5 2 1 1
INC2 1 5 2 0 2 5 6] 44
INC2 1 5 2 1 2 5 6] 44
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INC2

1 5 2 0 3
INC2 1 5 2 1 3
INC2 1 5 2 0 1 5 6] 44
INC2 1 5 2 1 1 5 7] 44
INC2 1 5 2 0 2
INC2 1 5 2 1 2
INC2 1 5 2 0 3 4 5| 44
INC2 1 5 2 1 3 6 7] 44
INC2 1 5 3 0 1 5 6] 44] 3.1798| 25.8691
INC2 1 5 3 1 1 5 6] 44| 3.7862| 39.7404
INC2 1 5 3 0 2 5 5| 44| 4.2247| 52.0998
INC2 1 5 3 1 2 5 6] 44| 2.4124| 24.5508
INC2 1 5 3 0 3 4 5] 44] 4.0654| 60.8783
INC2 1 5 3 1 3 4 5] 44| 4.4870| 25.3741
INC3 1 1 1 0 1 3| 10| 44| 4.4865| 82.7318
INC3 1 1 1 1 1 2| 11| 44| 7.6993| 32.8325
INC3 1 1 1 0 2 2 7] 46] 5.7765| 64.1407
INC3 1 1 1 1 2 2| 11| 44] 4.3868| 33.2997
INC3 1 1 1 0 3 1 7] 44] 6.6087| 43.3939
INC3 1 1 1 1 3 2| 11| 44] 4.8527| 51.2934
INC3 1 1 2 0 1 0 1] 45
INC3 1 1 2 1 1 1 2] 45
INC3 1 1 2 0 2
INC3 1 1 2 1 2
INC3 1 1 2 0 3 0] 1] 45
INC3 1 1 2 1 3 1 1] 45
INC3 1 1 2 0 1
INC3 1 1 2 1 1
INC3 1 1 2 0 2 0 1] 45
INC3 1 1 2 1 2 1 2] 45
INC3 1 1 2 0 3
INC3 1 1 2 1 3
INC3 1 1 2 0 1 0] 1] 45
INC3 1 1 2 1 1 1 2] 45
INC3 1 1 2 0 2
INC3 1 1 2 1 2
INC3 1 1 2 0 3 0 1] 45
INC3 1 1 2 1 3 2 2] 45
INC3 1 1 2 0 1
INC3 1 1 2 1 1
INC3 1 1 2 0 2 1 1] 45
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INC3 1 1 2 1 2 1 1] 45

INC3 1 1 2 0 3

INC3 1 1 2 1 3

INC3 1 1 2 0 1 0] 0] 45

INC3 1 1 2 1 1 1 1] 45

INC3 1 1 2 0 2

INC3 1 1 2 1 2

INC3 1 1 2 0 3 1 0] 45

INC3 1 1 2 1 3 1 1] 45

INC3 1 1 3 0 1 2 6] 44] 4.9078| 46.1104
INC3 1 1 3 1 1 2] 11| 43] 4.0304| 52.4148
INC3 1 1 3 0 2 1 5] 46] 6.2902| 94.4221
INC3 1 1 3 1 2 2| 11] 44] 3.4817| 63.8944
INC3 1 1 3 0 3 1 5] 46] 6.1857| 77.3619
INC3 1 1 3 1 3 2] 11| 44] 3.6928] 41.3708
INC3 1 2 1 0 1 2 7] 45] 3.4454| 64.7826
INC3 1 2 1 1 1 2| 11| 44] 3.5236| 44.5125
INC3 1 2 1 0 2 1 6] 44] 5.2815| 51.3137
INC3 1 2 1 1 2 2| 11| 44| 3.6748] 29.7555
INC3 1 2 1 0 3 1 6] 46] 3.9249| 74.1346
INC3 1 2 1 1 3 2| 12| 44| 3.5134| 33.5107
INC3 1 2 2 0 1 0] 0] 45

INC3 1 2 2 1 1 1 2] 45

INC3 1 2 2 0 2

INC3 1 2 2 1 2

INC3 1 2 2 0 3 0] 1] 45

INC3 1 2 2 1 3 2 2] 45

INC3 1 2 2 0 1

INC3 1 2 2 1 1

INC3 1 2 2 0 2 1 2] 45

INC3 1 2 2 1 2 2 2] 45

INC3 1 2 2 0 3

INC3 1 2 2 1 3

INC3 1 2 2 0 1 1 1] 45

INC3 1 2 2 1 1 2 2] 45

INC3 1 2 2 0 2

INC3 1 2 2 1 2

INC3 1 2 2 0 3 2 1] 45

INC3 1 2 2 1 3 1 2] 45

INC3 1 2 2 0 1

INC3 1 2 2 1 1
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INC3 1 2 2 0 2 1 2] 45

INC3 1 2 2 1 2 1 2] 45

INC3 1 2 2 0 3

INC3 1 2 2 1 3

INC3 1 2 2 0 1 1 1] 45

INC3 1 2 2 1 1 1 2] 45

INC3 1 2 2 0 2

INC3 1 2 2 1 2

INC3 1 2 2 0 3 1 1] 45

INC3 1 2 2 1 3 2 2] 45

INC3 1 2 3 0 1 1 5] 44] 2.6171| 83.9573
INC3 1 2 3 1 1 2] 11] 45] 1.1634| 20.3838
INC3 1 2 3 0 2 1 6] 44] 0.3881| 49.2666
INC3 1 2 3 1 2 2| 12| 46] 0.8694| 17.3295
INC3 1 2 3 0 3 2 5] 45] 0.6648| 78.4300
INC3 1 2 3 1 3 3| 11| 44| 2.7002| 29.7195
INC3 1 3 1 0 1 1 7] 44] 5.4839| 43.6351
INC3 1 3 1 1 1 1] 10| 44| 2.7282] 35.0488
INC3 1 3 1 0 2 1 4] 45| 5.5443| 39.7001
INC3 1 3 1 1 2 1 9] 44] 4.0443| 51.1873
INC3 1 3 1 0 3 1 4] 45] 5.8562| 80.8955
INC3 1 3 1 1 3 1 7] 44] 3.9684| 58.2708
INC3 1 3 2 0 1 1 2] 45

INC3 1 3 2 1 1 2 5] 45

INC3 1 3 2 0 2

INC3 1 3 2 1 2

INC3 1 3 2 0 3 2 3] 45

INC3 1 3 2 1 3 2 6] 45

INC3 1 3 2 0 1

INC3 1 3 2 1 1

INC3 1 3 2 0 2 2 5] 45

INC3 1 3 2 1 2 1 5] 45

INC3 1 3 2 0 3

INC3 1 3 2 1 3

INC3 1 3 2 0 1 1 5] 45

INC3 1 3 2 1 1 2 5] 45

INC3 1 3 2 0 2

INC3 1 3 2 1 2

INC3 1 3 2 0 3 1 4] 45

INC3 1 3 2 1 3 1 5] 45

INC3 1 3 2 0 1

153




INC3

1 3 2 1 1
INC3 1 3 2 0 2 1 3] 45
INC3 1 3 2 1 2 2 5] 45
INC3 1 3 2 0 3
INC3 1 3 2 1 3
INC3 1 3 2 0 1 1 4] 45
INC3 1 3 2 1 1 1 5] 45
INC3 1 3 2 0 2
INC3 1 3 2 1 2
INC3 1 3 2 0 3 1 3] 45
INC3 1 3 2 1 3 1 2] 45
INC3 1 3 3 0 1 0] 4] 45| 4.1946| 52.7851
INC3 1 3 3 1 1 1 9] 44] 3.9302| 62.7766
INC3 1 3 3 0 2 1 4] 45| 3.0117| 46.9789
INC3 1 3 3 1 2 1 8] 45] 4.0880| 67.8370
INC3 1 3 3 0 3 2 5] 45] 4.7405| 74.6130
INC3 1 3 3 1 3 1 6] 44| 3.7111| 36.4767
INC3 1 4 1 0 1 1 3] 44] 3.0752] 109.0116
INC3 1 4 1 1 1 1 7] 46] 3.1574| 62.6481
INC3 1 4 1 0 2 1 4] 45] 4.1048| 69.5878
INC3 1 4 1 1 2 2 7] 44] 2.0640| 39.3086
INC3 1 4 1 0 3 1 4] 45| 3.4086| 74.5088
INC3 1 4 1 1 3 2 7] 44] 2.7698| 61.9829
INC3 1 4 2 0 1 2 5] 45
INC3 1 4 2 1 1 2 7] 45
INC3 1 4 2 0 2
INC3 1 4 2 1 2
INC3 1 4 2 0 3 1 3] 45
INC3 1 4 2 1 3 2 5] 44
INC3 1 4 2 0 1
INC3 1 4 2 1 1
INC3 1 4 2 0 2 1 41 45
INC3 1 4 2 1 2 2 41 45
INC3 1 4 2 0 3
INC3 1 4 2 1 3
INC3 1 4 2 0 1 1 3] 45
INC3 1 4 2 1 1 2 4] 44
INC3 1 4 2 0 2
INC3 1 4 2 1 2
INC3 1 4 2 0 3 1 2] 45
INC3 1 4 2 1 3 1 41 44
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INC3

1 4 2 0 1
INC3 1 4 2 1 1
INC3 1 4 2 0 2 1 2] 45
INC3 1 4 2 1 2 1 41 45
INC3 1 4 2 0 3
INC3 1 4 2 1 3
INC3 1 4 2 0 1 1 4] 44
INC3 1 4 2 1 1 1 5] 46
INC3 1 4 2 0 2
INC3 1 4 2 1 2
INC3 1 4 2 0 3 1 3] 45
INC3 1 4 2 1 3 2 5] 44
INC3 1 4 3 0 1 1 41 44| 6.2837| 29.5720
INC3 1 4 3 1 1 1 5] 45| 2.3922| 42.0262
INC3 1 4 3 0 2 1 3] 44] 0.8627| 84.8599
INC3 1 4 3 1 2 1 4] 45] 2.5359| 10.0938
INC3 1 4 3 0 3 1 2] 44] 0.4103| 56.1160
INC3 1 4 3 1 3 1 4] 44] 0.2858| 20.0902
INC3 1 5 1 0 1 1 3] 44] 1.6129| 40.4281
INC3 1 5 1 1 1 1 5] 44] 1.6926| 18.9597
INC3 1 5 1 0 2 1 3] 45] 2.5026| 65.8666
INC3 1 5 1 1 2 1 4] 44| 0.7781] 20.1667
INC3 1 5 1 0 3 1 3] 45| 3.3213| 18.4127
INC3 1 5 1 1 3 1 4| 44| 0.9301] 18.9991
INC3 1 5 2 0 1 1 5] 44
INC3 1 5 2 1 1 1 5| 44
INC3 1 5 2 0 2
INC3 1 5 2 1 2
INC3 1 5 2 0 3 1 3] 45
INC3 1 5 2 1 3 1 4] 45
INC3 1 5 2 0 1
INC3 1 5 2 1 1
INC3 1 5 2 0 2 1 3| 44
INC3 1 5 2 1 2 1 2] 45
INC3 1 5 2 0 3
INC3 1 5 2 1 3
INC3 1 5 2 0 1 1 3| 45
INC3 1 5 2 1 1 2 3| 44
INC3 1 5 2 0 2
INC3 1 5 2 1 2
INC3 1 5 2 0 3 2 2| 44
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INC3 1 5 2 1 3 1 3| 44

INC3 1 5 2 0 1

INC3 1 5 2 1 1

INC3 1 5 2 0 2 2 3| 44

INC3 1 5 2 1 2 1 3| 44

INC3 1 5 2 0 3

INC3 1 5 2 1 3

INC3 1 5 2 0 1 1 3| 45

INC3 1 5 2 1 1 2 3| 44

INC3 1 5 2 0 2

INC3 1 5 2 1 2

INC3 1 5 2 0 3 1 2] 45

INC3 1 5 2 1 3 1 2] 44

INC3 1 5 3 0 1 0] O] 45| 4.8588| 67.6883
INC3 1 5 3 1 1 0 O] 45] 4.3504| 51.4211
INC3 1 5 3 0 2 0 O] 45] 1.0956| 69.2281
INC3 1 5 3 1 2 0] 1] 45] 1.3374| 15.9423
INC3 1 5 3 0 3 0 O] 45] 1.1618| 64.6649
INC3 1 5 3 1 3 0] O] 45] 1.5300| 64.5504
INC4 1 1 1 0 1 Ol 10| 40| 11.1934| 23.4114
INC4 1 1 1 1 1 11 12) 35] 8.2372| 44.7838
INC4 1 1 1 0 2 1] 12| 35| 6.8210| 48.0519
INC4 1 1 1 1 2 O] 15] 35| 4.0910| 59.1375
INC4 1 1 1 0 3 O] 13] 35| 5.4979| 67.6565
INC4 1 1 1 1 3 O| 13| 34| 3.8824| 44.2783
INC4 1 1 2 0 1 0] 1] 45

INC4 1 1 2 1 1 0] 1] 45

INC4 1 1 2 0 2

INC4 1 1 2 1 2

INC4 1 1 2 0 3 0] 1] 45

INC4 1 1 2 1 3 0] 1] 45

INC4 1 1 2 0 1

INC4 1 1 2 1 1

INC4 1 1 2 0 2 0] 1] 45

INC4 1 1 2 1 2 0] 1] 45

INC4 1 1 2 0 3

INC4 1 1 2 1 3

INC4 1 1 2 0 1 0] 1] 45

INC4 1 1 2 1 1 0] 1] 45

INC4 1 1 2 0 2

INC4 1 1 2 1 2
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INC4 1 1 2 0 3 0] 1] 44

INC4 1 1 2 1 3 0 1] 44

INC4 1 1 2 0 1

INC4 1 1 2 1 1

INC4 1 1 2 0 2 0 1] 44

INC4 1 1 2 1 2 0] 1] 45

INC4 1 1 2 0 3

INC4 1 1 2 1 3

INC4 1 1 2 0 1 0] 1] 45

INC4 1 1 2 1 1 0 1] 45

INC4 1 1 2 0 2

INC4 1 1 2 1 2

INC4 1 1 2 0 3 0 1] 45

INC4 1 1 2 1 3 0] 1] 45

INC4 1 1 3 0 1 O]l 11} 40| 5.2261| 65.7493
INC4 1 1 3 1 1 O] 12| 35| 3.8551| 45.1582
INC4 1 1 3 0 2 Ol 13] 35| 5.1362| 83.1860
INC4 1 1 3 1 2 O] 13] 35| 3.1856| 36.8067
INC4 1 1 3 0 3 Ol 11] 37| 6.0690| 71.9950
INC4 1 1 3 1 3 O| 13| 35| 4.4452| 76.9312
INC4 1 2 1 0 1 0 7] 38] 6.9772| 85.5249
INC4 1 2 1 1 1 O] 12] 38| 5.2455| 96.9286
INC4 1 2 1 0 2 0 7] 46] 6.1124| 119.4765
INC4 1 2 1 1 2 O] 12| 36] 5.1098| 64.7364
INC4 1 2 1 0 3 0] 6] 36] 6.0428| 120.0672
INC4 1 2 1 1 3 Ol 11} 36| 4.1277| 85.2398
INC4 1 2 2 0 1 0] 1] 45

INC4 1 2 2 1 1 0| 1.5] 44

INC4 1 2 2 0 2

INC4 1 2 2 1 2

INC4 1 2 2 0 3 0] 1] 44

INC4 1 2 2 1 3 0 1] 44

INC4 1 2 2 0 1

INC4 1 2 2 1 1

INC4 1 2 2 0 2 0] 1| 44

INC4 1 2 2 1 2 0] 1] 44

INC4 1 2 2 0 3

INC4 1 2 2 1 3

INC4 1 2 2 0 1 0] 1] 44

INC4 1 2 2 1 1 0 1] 44

INC4 1 2 2 0 2
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INC4

1 2 2 1 2
INC4 1 2 2 0 3 0 1] 44
INC4 1 2 2 1 3 0| 1.5] 44
INC4 1 2 2 0 1
INC4 1 2 2 1 1
INC4 1 2 2 0 2 0] 1| 44
INC4 1 2 2 1 2 0 1] 45
INC4 1 2 2 0 3
INC4 1 2 2 1 3
INC4 1 2 2 0 1 0 1] 44
INC4 1 2 2 1 1 0] 1| 44
INC4 1 2 2 0 2
INC4 1 2 2 1 2
INC4 1 2 2 0 3 0] 1| 44
INC4 1 2 2 1 3 0 1] 44
INC4 1 2 3 0 1 0 7] 36] 6.2289| 72.4014
INC4 1 2 3 1 1 0] 13] 35| 3.5612| 63.0501
INC4 1 2 3 0 2 0 6] 35] 6.0178| 107.0068
INC4 1 2 3 1 2 0| 12] 34| 6.0041| 100.1697
INC4 1 2 3 0 3 0] 5] 34| 6.9744| 95.6532
INC4 1 2 3 1 3 O] 12| 34| 4.1818| 56.7317
INC4 1 3 1 0 1 0] 5] 40] 4.8909| 78.7413
INC4 1 3 1 1 1 1] 12] 40] 3.9716] 60.9230
INC4 1 3 1 0 2 0 4| 40| 5.4424| 91.0064
INC4 1 3 1 1 2 Ol 10] 39| 3.8219| 57.1868
INC4 1 3 1 0 3 0] 3] 39| 5.2542] 106.4132
INC4 1 3 1 1 3 0| 10| 39| 4.1082| 77.0057
INC4 1 3 2 0 1 0 1] 43
INC4 1 3 2 1 1 0 2] 43
INC4 1 3 2 0 2
INC4 1 3 2 1 2
INC4 1 3 2 0 3 0 1] 43
INC4 1 3 2 1 3 0] 2] 43
INC4 1 3 2 0 1
INC4 1 3 2 1 1
INC4 1 3 2 0 2 0] 1.5] 43
INC4 1 3 2 1 2 0 2] 43
INC4 1 3 2 0 3
INC4 1 3 2 1 3
INC4 1 3 2 0 1 0 1] 43
INC4 1 3 2 1 1 0 2] 43
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INC4

1 3 2 0 2
INC4 1 3 2 1 2
INC4 1 3 2 0 3 0] 1] 43
INC4 1 3 2 1 3 0] 1.5] 43
INC4 1 3 2 0 1
INC4 1 3 2 1 1
INC4 1 3 2 0 2 0] 1.5] 43
INC4 1 3 2 1 2 0] 1.5] 43
INC4 1 3 2 0 3
INC4 1 3 2 1 3
INC4 1 3 2 0 1 0] 1] 43
INC4 1 3 2 1 1 0] 2] 43
INC4 1 3 2 0 2
INC4 1 3 2 1 2
INC4 1 3 2 0 3 0 1] 43
INC4 1 3 2 1 3 0 2] 43
INC4 1 3 3 0 1 0] 3] 35] 3.5646| 79.2071
INC4 1 3 3 1 1 1] 13| 35] 5.3383| 73.6833
INC4 1 3 3 0 2 1 4] 35| 4.8862| 77.6229
INC4 1 3 3 1 2 0] 9] 35| 5.2426| 47.3047
INC4 1 3 3 0 3 0 4] 35| 5.5016| 95.7167
INC4 1 3 3 1 3 Ol 11 34| 3.7259| 51.7499
INC4 1 4 1 0 1 0 2] 38] 5.1824| 85.2352
INC4 1 4 1 1 1 0 8] 38] 4.3852| 125.4906
INC4 1 4 1 0 2 0] 2] 38] 6.9795| 92.0399
INC4 1 4 1 1 2 0] 8] 38| 4.5534| 103.4974
INC4 1 4 1 0 3 0] 3] 38] 6.6709] 95.8378
INC4 1 4 1 1 3 0 7] 38] 4.6079| 125.9711
INC4 1 4 2 0 1 0 2] 39
INC4 1 4 2 1 1 0] 4] 39
INC4 1 4 2 0 2
INC4 1 4 2 1 2
INC4 1 4 2 0 3 1 2] 39
INC4 1 4 2 1 3 1] 1.5] 39
INC4 1 4 2 0 1
INC4 1 4 2 1 1
INC4 1 4 2 0 2 0 1] 39
INC4 1 4 2 1 2 0] 2] 39
INC4 1 4 2 0 3
INC4 1 4 2 1 3
INC4 1 4 2 0 1 0 1] 39
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INC4 1 4 2 1 1 1 3] 39

INC4 1 4 2 0 2

INC4 1 4 2 1 2

INC4 1 4 2 0 3 1 3] 39

INC4 1 4 2 1 3 0 5] 39

INC4 1 4 2 0 1

INC4 1 4 2 1 1

INC4 1 4 2 0 2 1 2] 39

INC4 1 4 2 1 2 0] 41 39

INC4 1 4 2 0 3

INC4 1 4 2 1 3

INC4 1 4 2 0 1 2 2] 39

INC4 1 4 2 1 1 1 3] 39

INC4 1 4 2 0 2

INC4 1 4 2 1 2

INC4 1 4 2 0 3 2 2] 39

INC4 1 4 2 1 3 2 41 39

INC4 1 4 3 0 1 0 2] 36] 5.1871| 59.7860
INC4 1 4 3 1 1 0] 3] 36| 4.8874| 77.2283
INC4 1 4 3 0 2 0] 2] 36] 4.5588| 99.1159
INC4 1 4 3 1 2 0 4] 36] 5.0910| 57.7897
INC4 1 4 3 0 3 0] 2] 36] 4.0399| 80.1905
INC4 1 4 3 1 3 0 2] 36] 1.5247| 83.6229
INC4 1 5 1 0 1 0 1] 39] 3.7607| 99.4865
INC4 1 5 1 1 1 0] 3] 39| 3.7270] 108.4522
INC4 1 5 1 0 2 0] 1] 39] 4.6237| 97.8032
INC4 1 5 1 1 2 0] 2] 39] 3.9992| 58.7501
INC4 1 5 1 0 3 0 1] 39] 4.1913| 112.3212
INC4 1 5 1 1 3 0 3] 38| 4.6420|] 99.0723
INC4 1 5 2 0 1 0] 3] 38

INC4 1 5 2 1 1 0] 7] 38

INC4 1 5 2 0 2

INC4 1 5 2 1 2

INC4 1 5 2 0 3 4 5] 38

INC4 1 5 2 1 3 4 5] 38

INC4 1 5 2 0 1

INC4 1 5 2 1 1

INC4 1 5 2 0 2 3 3] 38

INC4 1 5 2 1 2 2 2] 39

INC4 1 5 2 0 3

INC4 1 5 2 1 3
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INC4 1 5 2 0 1 2 1] 38

INC4 1 5 2 1 1 4 2] 38

INC4 1 5 2 0 2

INC4 1 5 2 1 2

INC4 1 5 2 0 3 3 2] 38

INC4 1 5 2 1 3 2 3] 38

INC4 1 5 2 0 1

INC4 1 5 2 1 1

INC4 1 5 2 0 2 5 2] 38

INC4 1 5 2 1 2 5 2] 38

INC4 1 5 2 0 3

INC4 1 5 2 1 3

INC4 1 5 2 0 1 6 1] 38

INC4 1 5 2 1 1 6 1] 38

INC4 1 5 2 0 2

INC4 1 5 2 1 2

INC4 1 5 2 0 3 8 2] 38

INC4 1 5 2 1 3 7 2] 38

INC4 1 5 3 0 1 1 1] 38] 3.5371| 100.2357
INC4 1 5 3 1 1 2 2] 38] 5.8329| 57.1725
INC4 1 5 3 0 2 3 3| 38] 4.1510| 87.1337
INC4 1 5 3 1 2 3 2] 38] 5.8970| 42.4434
INC4 1 5 3 0 3 2 1] 38] 4.8059| 67.4668
INC4 1 5 3 1 3 3 1] 37] 2.9497| 33.5624
INC5 1 1 1 0 1 5] 10| 50| 3.9366| 83.0279
INC5 1 1 1 1 1 5] 12] 40| 4.8159| 52.6901
INC5 1 1 1 0 2 4 8] 48| 4.1747| 62.6541
INC5 1 1 1 1 2 4 8] 40| 5.1374| 61.6973
INC5 1 1 1 0 3 3 8] 48] 2.8954| 49.7519
INC5 1 1 1 1 3 4 9] 40| 4.8227| 77.1224
INC5 1 1 2 0 1 1 1] 45

INC5 1 1 2 1 1 0 0] 45

INC5 1 1 2 0 2

INC5 1 1 2 1 2

INC5 1 1 2 0 3 0] 0] 45

INC5 1 1 2 1 3 0] 1] 45

INC5 1 1 2 0 1

INC5 1 1 2 1 1

INC5 1 1 2 0 2 0] 0] 45

INC5 1 1 2 1 2 0 1] 45

INC5 1 1 2 0 3
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INC5

1 1 2 1 3
INC5 1 1 2 0 1 0 0] 45
INC5 1 1 2 1 1 0] 1] 45
INC5 1 1 2 0 2
INC5 1 1 2 1 2
INC5 1 1 2 0 3 0] 0] 45
INC5 1 1 2 1 3 0 1] 45
INC5 1 1 2 0 1
INC5 1 1 2 1 1
INC5 1 1 2 0 2 0 0] 45
INC5 1 1 2 1 2 0] 1] 45
INC5 1 1 2 0 3
INC5 1 1 2 1 3
INC5 1 1 2 0 1 0] 0] 45
INC5 1 1 2 1 1 0 0] 45
INC5 1 1 2 0 2
INC5 1 1 2 1 2
INC5 1 1 2 0 3 0 0] 45
INC5 1 1 2 1 3 0] 1] 45
INC5 1 1 3 0 1 3 8] 48] 3.1326| 66.2927
INC5 1 1 3 1 1 4] 10| 40] 4.5584| 54.1689
INC5 1 1 3 0 2 3 7] 47| 3.8745| 35.7065
INC5 1 1 3 1 2 4| 10| 40| 3.2505| 50.0210
INC5 1 1 3 0 3 3 6] 46] 3.5877| 32.3858
INC5 1 1 3 1 3 5] 10| 40| 2.9273| 55.3751
INC5 1 2 1 0 1 4 8] 48] 2.5966| 71.1424
INC5 1 2 1 1 1 5| 10] 41| 5.9768| 62.0246
INC5 1 2 1 0 2 4 7] 471 4.5778| 45.4990
INC5 1 2 1 1 2 5| 11] 40] 4.9984| 75.1410
INC5 1 2 1 0 3 3 6] 47| 7.3497| 45.6432
INC5 1 2 1 1 3 4| 10| 41] 4.1682] 66.8363
INC5 1 2 2 0 1 1 3| 46
INC5 1 2 2 1 1 1 3| 44
INC5 1 2 2 0 2
INC5 1 2 2 1 2
INC5 1 2 2 0 3 1 2] 45
INC5 1 2 2 1 3 1 3| 42
INC5 1 2 2 0 1
INC5 1 2 2 1 1
INC5 1 2 2 0 2 0 1] 45
INC5 1 2 2 1 2 1 3] 43
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INC5

1 2 2 0 3
INC5 1 2 2 1 3
INC5 1 2 2 0 1 1 1] 45
INC5 1 2 2 1 1 1 3] 43
INC5 1 2 2 0 2
INC5 1 2 2 1 2
INC5 1 2 2 0 3 1 1] 46
INC5 1 2 2 1 3 0 2] 44
INC5 1 2 2 0 1
INC5 1 2 2 1 1
INC5 1 2 2 0 2 0] 1] 45
INC5 1 2 2 1 2 3 41 43
INC5 1 2 2 0 3
INC5 1 2 2 1 3
INC5 1 2 2 0 1 0 1] 45
INC5 1 2 2 1 1 1 3| 43
INC5 1 2 2 0 2
INC5 1 2 2 1 2
INC5 1 2 2 0 3 0] 1] 45
INC5 1 2 2 1 3 1 3| 44
INC5 1 2 3 0 1 4 8] 48] 3.4973| 74.7007
INC5 1 2 3 1 1 5| 10| 40| 5.4270| 96.6542
INC5 1 2 3 0 2 4 7] 47] 4.3603|] 90.6597
INC5 1 2 3 1 2 5| 11] 40] 3.8131| 55.7195
INC5 1 2 3 0 3 4 8] 49| 4.1642| 79.8693
INC5 1 2 3 1 3 4] 11| 40] 2.9796] 70.5288
INC5 1 3 1 0 1 3 7] 49] 4.0921| 52.6254
INC5 1 3 1 1 1 4 9] 44| 4.4542| 84.3180
INC5 1 3 1 0 2 3 7] 49] 4.1167| 29.4018
INC5 1 3 1 1 2 4 9] 46] 4.1541| 65.7489
INC5 1 3 1 0 3 2 6] 49] 4.7439| 29.0211
INC5 1 3 1 1 3 3 9] 44] 2.9070| 47.5845
INC5 1 3 2 0 1 1 3] 46
INC5 1 3 2 1 1 2 5] 43
INC5 1 3 2 0 2
INC5 1 3 2 1 2
INC5 1 3 2 0 3 1 2] 45
INC5 1 3 2 1 3 2 4] 44
INC5 1 3 2 0 1
INC5 1 3 2 1 1
INC5 1 3 2 0 2 0 3] 45
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INC5 1 3 2 1 2 1 41 44

INC5 1 3 2 0 3

INC5 1 3 2 1 3

INC5 1 3 2 0 1 0] 2] 46

INC5 1 3 2 1 1 1 4] 44

INC5 1 3 2 0 2

INC5 1 3 2 1 2

INC5 1 3 2 0 3 0 2] 45

INC5 1 3 2 1 3 1 3] 45

INC5 1 3 2 0 1

INC5 1 3 2 1 1

INC5 1 3 2 0 2 0] 1] 45

INC5 1 3 2 1 2 0 2] 43

INC5 1 3 2 0 3

INC5 1 3 2 1 3

INC5 1 3 2 0 1 0 1] 45

INC5 1 3 2 1 1 0] 2| 44

INC5 1 3 2 0 2

INC5 1 3 2 1 2

INC5 1 3 2 0 3 0] 1] 45

INC5 1 3 2 1 3 1 2] 44

INC5 1 3 3 0 1 3 6] 46] 4.0341| 26.0942
INC5 1 3 3 1 1 3 8] 43| 3.4140| 60.6044
INC5 1 3 3 0 2 2 3| 46] 2.1806| 41.8485
INC5 1 3 3 1 2 2 5] 43] 2.3083|] 39.8066
INC5 1 3 3 0 3 2 3] 46] 2.8871] 63.9197
INC5 1 3 3 1 3 2 6] 42| 0.8186| 44.7550
INC5 1 4 1 0 1 2 5] 47| 4.4938| 46.9071
INC5 1 4 1 1 1 3 7] 42] 3.3258| 67.6563
INC5 1 4 1 0 2 2 5| 47| 7.7378| 29.5485
INC5 1 4 1 1 2 3 6] 40] 3.3150| 53.9892
INC5 1 4 1 0 3 2 41 47| 3.8312] 20.0129
INC5 1 4 1 1 3 3 7] 421 2.5759| 54.4838
INC5 1 4 2 0 1 1 3] 46

INC5 1 4 2 1 1 2 5] 42

INC5 1 4 2 0 2

INC5 1 4 2 1 2

INC5 1 4 2 0 3 2 3] 46

INC5 1 4 2 1 3 3 5] 42

INC5 1 4 2 0 1

INC5 1 4 2 1 1
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INC5 1 4 2 0 2 2 3] 46

INC5 1 4 2 1 2 3 6] 40

INC5 1 4 2 0 3

INC5 1 4 2 1 3

INC5 1 4 2 0 1 1 3| 46

INC5 1 4 2 1 1 2 5] 43

INC5 1 4 2 0 2

INC5 1 4 2 1 2

INC5 1 4 2 0 3 1 3| 47

INC5 1 4 2 1 3 2 5] 43

INC5 1 4 2 0 1

INC5 1 4 2 1 1

INC5 1 4 2 0 2 1 3| 46

INC5 1 4 2 1 2 2 4] 43

INC5 1 4 2 0 3

INC5 1 4 2 1 3

INC5 1 4 2 0 1 1 3] 46

INC5 1 4 2 1 1 2 5] 43

INC5 1 4 2 0 2

INC5 1 4 2 1 2

INC5 1 4 2 0 3 1 3| 46

INC5 1 4 2 1 3 2 4] 43

INC5 1 4 3 0 1 2 4] 46] 4.3956| 33.1711
INC5 1 4 3 1 1 3 6] 42] 1.7083| 41.4796
INC5 1 4 3 0 2 2 3] 46] 5.2219 3.8171
INC5 1 4 3 1 2 3 5] 43] 3.6815| 11.9142
INC5 1 4 3 0 3 2 4] 47| 4.0415| 32.3127
INC5 1 4 3 1 3 2 5] 43| 3.2585| 12.3422
INC5 1 5 1 0 1 3 4| 46| 4.7916| 56.4259
INC5 1 5 1 1 1 4 7] 42] 1.3086| 42.8383
INC5 1 5 1 0 2 2 3] 45| 4.4989| 67.5729
INC5 1 5 1 1 2 3 5] 43] 1.2768| 68.3556
INC5 1 5 1 0 3 2 3] 46] 1.4290| 37.6671
INC5 1 5 1 1 3 3 5] 43] 3.2500| 36.8353
INC5 1 5 2 0 1 2 3] 46

INC5 1 5 2 1 1 3 5] 43

INC5 1 5 2 0 2

INC5 1 5 2 1 2

INC5 1 5 2 0 3 2 2] 46

INC5 1 5 2 1 3 3 5| 46

INC5 1 5 2 0 1
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INC5

1 5 2 1 1
INC5 1 5 2 0 2 3 3] 46
INC5 1 5 2 1 2 4 6] 42
INC5 1 5 2 0 3
INC5 1 5 2 1 3
INC5 1 5 2 0 1 2 3] 45
INC5 1 5 2 1 1 4 6] 46
INC5 1 5 2 0 2
INC5 1 5 2 1 2
INC5 1 5 2 0 3 2 3] 45
INC5 1 5 2 1 3 3 5] 43
INC5 1 5 2 0 1
INC5 1 5 2 1 1
INC5 1 5 2 0 2 2 2] 45
INC5 1 5 2 1 2 3 4] 42
INC5 1 5 2 0 3
INC5 1 5 2 1 3
INC5 1 5 2 0 1 3 3] 46
INC5 1 5 2 1 1 4 5] 46
INC5 1 5 2 0 2
INC5 1 5 2 1 2
INC5 1 5 2 0 3 2 3] 46
INC5 1 5 2 1 3 3 6] 43
INC5 1 5 3 0 1 1 2] 46] 3.3799| 65.0678
INC5 1 5 3 1 1 2 5] 43] 4.0187| 47.0883
INC5 1 5 3 0 2 2 3] 46] 6.0347| 22.2246
INC5 1 5 3 1 2 2 5] 43] 4.0768| 45.0630
INC5 1 5 3 0 3 2 3] 46] 3.9728| 57.3270
INC5 1 5 3 1 3 2 5] 43] 4.6620| 66.1023
INC6 1 1 1 0 1 5| 10| 50| 6.7823| 33.8818
INC6 1 1 1 1 1 8| 15] 40| 10.4841| 65.5211
INC6 1 1 1 0 2 8| 17| 48] 7.3410| 42.9186
INC6 1 1 1 1 2 | 10| 15| 42| 8.3935| 72.7656
INC6 1 1 1 0 3 | 10| 15] 40| 5.9403| 40.3145
INC6 1 1 1 1 3 | 12| 15| 40| 9.3306| 65.7244
INC6 1 1 2 0 1 0] 0] 45
INC6 1 1 2 1 1 0 0] 45
INC6 1 1 2 0 2
INC6 1 1 2 1 2
INC6 1 1 2 0 3 1 0] 45
INC6 1 1 2 1 3 0 0] 45
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INC6

1 1 2 0 1
INC6 1 1 2 1 1
INC6 1 1 2 0 2 1 1] 45
INC6 1 1 2 1 2 2 1] 44
INC6 1 1 2 0 3
INC6 1 1 2 1 3
INC6 1 1 2 0 1 1 1] 45
INC6 1 1 2 1 1 2 2] 45
INC6 1 1 2 0 2
INC6 1 1 2 1 2
INC6 1 1 2 0 3 0] 1] 46
INC6 1 1 2 1 3 2 1] 45
INC6 1 1 2 0 1
INC6 1 1 2 1 1
INC6 1 1 2 0 2 1 0] 45
INC6 1 1 2 1 2 1 1] 45
INC6 1 1 2 0 3
INC6 1 1 2 1 3
INC6 1 1 2 0 1 1 2] 45
INC6 1 1 2 1 1 2 2| 44
INC6 1 1 2 0 2
INC6 1 1 2 1 2
INC6 1 1 2 0 3 1 0] 45
INC6 1 1 2 1 3 2 1] 45
INC6 1 1 3 0 1 5 7] 50] 5.9910| 56.3347
INC6 1 1 3 1 1 7] 13| 41 8.7819| 87.2862
INC6 1 1 3 0 2 9] 15| 50| 5.1964| 46.8786
INC6 1 1 3 1 2 7] 15| 40| 8.6494| 84.3707
INC6 1 1 3 0 3 10] 15| 50| 5.7708] 37.2285
INC6 1 1 3 1 3 13| 16| 38] 7.4023| 66.3415
INC7 1 1 1 0 1 2| 10| 45] 10.3360| 37.7585
INC7 1 1 1 1 1 1] 10] 50] 3.8081| 24.5452
INC7 1 1 1 0 2 1] 10| 45] 4.3888| 63.1038
INC7 1 1 1 1 2 1 8] 50] 1.8798| 18.0251
INC7 1 1 1 0 3 1] 10| 49| 4.2739| 49.0367
INC7 1 1 1 1 3 1] 10] 50| 2.8400] 21.2900
INC7 1 1 2 0 1 0 0] 45
INC7 1 1 2 1 1 0] 0] 45
INC7 1 1 2 0 2
INC7 1 1 2 1 2
INC7 1 1 2 0 3 0 0] 45
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INC7 1 1 2 1 3 0] 0] 45

INC7 1 1 2 0 1

INC7 1 1 2 1 1

INC7 1 1 2 0 2 0] 0] 45

INC7 1 1 2 1 2 0 0] 45

INC7 1 1 2 0 3

INC7 1 1 2 1 3

INC7 1 1 2 0 1 1 0] 45

INC7 1 1 2 1 1 0] 0] 45

INC7 1 1 2 0 2

INC7 1 1 2 1 2

INC7 1 1 2 0 3 0] 0] 45

INC7 1 1 2 1 3 0 0] 45

INC7 1 1 2 0 1

INC7 1 1 2 1 1

INC7 1 1 2 0 2 0 0] 45

INC7 1 1 2 1 2 0] 0] 45

INC7 1 1 2 0 3

INC7 1 1 2 1 3

INC7 1 1 2 0 1 0] 0] 45

INC7 1 1 2 1 1 0 0] 45

INC7 1 1 2 0 2

INC7 1 1 2 1 2

INC7 1 1 2 0 3 0 0] 45

INC7 1 1 2 1 3 0] 0] 45

INC7 1 1 3 0 1 Ol 10] 51| 5.1849| 55.1360
INC7 1 1 3 1 1 Ol 10| 57| 2.8567| 12.6947
INC7 1 1 3 0 2 0| 10| 55| 4.6817| 63.5063
INC7 1 1 3 1 2 O] 10| 57| 4.6332| 18.7475
INC7 1 1 3 0 3 0| 10| 55| 4.5270| 63.5169
INC7 1 1 3 1 3 Ol 13] 60| 3.6921| 20.9210
INC7 1 2 1 0 1 0 2] 47] 2.7946| 38.7419
INC7 1 2 1 1 1 0] 4] 47] 5.8185| 28.3920
INC7 1 2 1 0 2 0] 3] 48] 3.2903] 38.3039
INC7 1 2 1 1 2 0] 5] 50] 4.3057| 26.4020
INC7 1 2 1 0 3 0] 2| 48] 3.7468| 51.7437
INC7 1 2 1 1 3 0 41 49| 2.4425] 38.8605
INC7 1 2 2 0 1 0] 1] 46

INC7 1 2 2 1 1 0] 0] 45

INC7 1 2 2 0 2

INC7 1 2 2 1 2
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INC7 1 5 2 1 1 0] 0] 45

INC7 1 5 2 0 2

INC7 1 5 2 1 2

INC7 1 5 2 0 3 0] 0] 45

INC7 1 5 2 1 3 0 2] 45

INC7 1 5 2 0 1

INC7 1 5 2 1 1

INC7 1 5 2 0 2 0 0] 45

INC7 1 5 2 1 2 0] 41 45

INC7 1 5 2 0 3

INC7 1 5 2 1 3

INC7 1 5 2 0 1 0] 0] 45

INC7 1 5 2 1 1 0 0] 45

INC7 1 5 2 0 2

INC7 1 5 2 1 2

INC7 1 5 2 0 3 0 0] 45

INC7 1 5 2 1 3 0] 5] 45

INC7 1 5 2 0 1

INC7 1 5 2 1 1

INC7 1 5 2 0 2 0] 0] 45

INC7 1 5 2 1 2 0 3| 45

INC7 1 5 2 0 3

INC7 1 5 2 1 3

INC7 1 5 2 0 1 0 2] 47

INC7 1 5 2 1 1 0] 2| 47

INC7 1 5 2 0 2

INC7 1 5 2 1 2

INC7 1 5 2 0 3 0 0] 45

INC7 1 5 2 1 3 0 0] 45

INC7 1 5 3 0 1 0] O] 45| 6.3178| 52.2010
INC7 1 5 3 1 1 0] O] 45] 1.1986| 42.2676
INC7 1 5 3 0 2 0 0| 45| 4.4146| 63.4482
INC7 1 5 3 1 2 0] 0] 45] 3.0365| 92.8646
INC7 1 5 3 0 3 0] 2| 48] 6.3574| 48.7407
INC7 1 5 3 1 3 0] 2] 48] 2.0198| 39.7082
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