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Abstract

This study investigates visibility in a smoke laden environment. For many years, researchers
and engineers in fire safety have criticized the inadequacy of existing theory in describing the
effects such as colour, viewing angle, environmental lighting etc. on the visibility of an
emergency sign. In the current study, the author has raised the fundamental question on the
concept of visibility and how it should be measured in fire safety engineering and tried to
address the problem by redefining visibility based on the perceived image of a target sign. New
algorithms have been created during this study to utilise modern hardware and software
technology in the simulation of human perceived image of object in both experiment and
computer modelling. Unlike the traditional threshold of visual distance, visibility in the current
study has been defined as a continuous function changing from clearly discernable to
completely invisible. It allows the comparison of visibility under various conditions, not just
limited to the threshold. Current experiment has revealed that different conditions may results in
the same visual threshold but follow very different path on the way leading to the threshold. The
new definition of visibility has made the quantification of visibility in the pre-threshold
conditions possible. Such quantification can help to improve the performance of fire evacuation
since most evacuees will experience the pre-threshold condition. With current measurement of
visibility, all the influential factors such as colour, viewing angle etc. can be tested in

experiment and simulated in numerical model.

Based on the newly introduced definition of visibility, a set of experiments have been carried
output in a purposed built smoke tunnel. Digital camera images of various illuminated signs
were taken under different illumination, colour and smoke conditions. Using an algorithm
developed by the author in this study, the digital camera images were converted into simulated
human perceived images. The visibility of a target sign is measured against the quality of its
image acquired. Conclusions have been drawn by comparing visibility under different
conditions. One of them is that signs illuminated with red and green lights have the similar
visibility that is far better than that with blue light. It is the first time this seemingly obvious

conclusion has been quantified.

In the simulation of visibility in participating media, the author has introduced an algorithm that
combines irradiance catching in 3D space with Monte Carlo ray tracing. It can calculate the

distribution of scattered radiation with good accuracy without the high cost typically related to



zonal method and the limitations in discrete ordinate method. The algorithm has been combined
with a two pass solution method to produce high resolution images without introducing
excessive number of rays from the light source. The convergence of the iterative solution
procedure implemented has been theoretically proven. The accuracy of the model is
demonstrated by comparing with the analytical solution of a point radiant source in 3D space.
Further validation of the simulation model has been carried out by comparing the model

prediction with the data from the smoke tunnel experiments.

The output of the simulation model has been presented in the form of an innovative floor map of
visibility (FMV). It helps the fire safety designer to identify regions of poor visibility in a glance

and will prove to be a very useful tool in performance based fire safety design.
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Chapter 1. Introduction

Fire is an inseparable part of human existence. However it is also merciless in rage. Fire safety
probably has been an issue before we have learnt how to use it. Our animal instinct tells us to
run away from it. Part of modern fire safety measure facilitates the escape from fire. Most fires
are accompanied by smoke that can cover a much larger space than the flame itself. Helping
people to find the direction and route for speedy evacuation before being bumnt or poisoned is

the first and most important life saving measure.

The current thesis reports the experimental and numerical modelling research by the author

studying the visibility in a smoke laden environment.

1.1 Fire safety and visibility in smoke

In 2004, fire claimed 508 lives and 14,600 injuries in the UK alone. The direct cost on the
economy of England and Wales is over £4.26bn, equivalent to approximately 0.47% of GVA
(Gross Value Added) of the year (Office of the Deputy Preminister, UK, 2004). Similar or
worse statistics can be seen in the United States, Japan (Sekizawa, 1994) and China (Weicheng
& Li, 1994). In the developed world, every year fire causes 15 fatalities per million populations
on average. Considerable research and engineering efforts have been made in fire protection and
prevention. In domestic fire, the population of fire detector among domestic home has
significantly reduced casualties in the United States (Sekizawa, 1994). Fires in public buildings
such as stations, hospitals, shopping malls, dancing halls and road tunnels do not occur as often
as in domestic dwellings but the consequence can be much more devastating. The most recent
incident was the Perm nightclub fire in Russia. 112 people were reported dead and more than
120 others wounded (BBC News, 07/12/2009). In 2000, 155 people were killed in the tragic
Alpine Gletscherbahn 2 tunnel fire in Kaprun, Austria (Beard & Carvel, 2005). In November
1987, the fire in King’s Cross St. Pancras station, London, killed 31 people and injured more
than 60. The causes of the fires are accidental and some of them such as the fire of World Trade
Center on 9/11 of 2001 are unforeseeable, but good safety design can still reduce the number of

casualties.



There are four kind of risk imposed by fire and may lead to casualty:

e exposure to heat either radiant or/and convective,

e inhalation of toxic gases,

e oxygen depletion,

e exposure to sensory/upper respiratory irritants, and

e visual obscuration due to smoke.

Although the last 2 factors may not directly contribute to injury and fatality, they can
significantly delay evacuation and increase the risk of casualty from heat and toxic gases. The
ultimate goal of fire safety design is to minimize people’s contact with heat and smoke during

evacuation.

There are two different ways to achieve such goal. One is reducing the intensity of heat and the
concentration of smoke via effective ventilation of the building. Large amount of money has
been invested into the emergency ventilation system of modern buildings, passenger carries and
underground structures. The other way is to reduce the duration of egress so that people would

have left the fire affected region before the environment in it becomes untenable.

Starting from 1970’s, fire safety regulation has gradually changed from the traditional
prescriptive regulatory approach towards performance based approach. The prescriptive
approach is based on prescribing unambiguous requirements that are assumed to achieve the
implicit, often unstated, safety objectives. Design engineers have found them clear and simple
to implement but also restrictive and constantly out of date facing the fast advance of
technology and increasing complexity of building design. It often results in excessive

conservatism and limits the application of more innovative fire engineering technology.

The performance based approach requires the demonstration of a proposed design to meet the
defined objectives but does not prescribe the solution therefore it promotes design innovation.
The designer is free to implement the most cost effective, state of the art design technique. A
comprehensive performance based approach necessitates the ability to translate the objectives
into quantifiable parameters, to set limits for these parameters and validate its compliance with

the required performance. It normally comprises three separate components (Beck, 1997):

e Codes, which specify societal goal, functional objectives and performance
requirements to reflect society’s expectations for the level of health and safety
provided in buildings; for example, items such as acceptable access, egress,
ventilation, fire protection, electrical services and so on. Such codes do not specify

how the requirements would be met.






In a large building fire, flashover occurs when fire grows from its ignition point to engulfing the
surrounding parts of the building as shown in Figure 1-1. Figure 1-2 shows the point of
flashover on a typical temperature curve of an apartment fire (Walton & Thomas, 2008).
Flashover represents the rapid increase of temperature, total heat release and mass of smoke. In
fire fighting, flashover is regarded as a point of no return. After this point, the possibility of
finding any survivor, including professional fire fighter who is still trapped in fire, would be
very small (Vincent, 2009). Flashover is a very important factor in determining ASET. In the
case of King’s Cross underground fire in London, a few people who were still in the ticket hall

at the time of flashover survived. Those who did survive were seriously injured (Fennell, 1988).

Generally ASET depends on the fire size, type of fuel (the amount of smoke it can generate as
well as its toxicity), the emergency ventilation system, building structure, local meteorological
condition as well as the location of occupants related to the fire site. A safe design should

ensure
RSET < ASET

with adequate margin for the occupants. In achieving this goal, various smoke management
systems are designed to extend ASET. In the case of King’s Cross underground fire, the time
from the start of the fire to the point of flashover was about 18 minutes. It was not enough for
the people who were perished by the fire in the ticket hall (Fennell, 1988). In other cases shown
later in this section, at some level of smoke intensity, occupants can no longer discern signs and
boundaries becoming unaware of their location relative to doors, walls, windows, etc., even if
they are familiar with the premises. When this occurs, the occupants would be disoriented and
unable to effect their own escape. The time at which this occurs represents the ASET due to

smoke obscuration.
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For the RSET time line, the major contributor is the time required to travel through the escape
route. It is a fact that in fires people remain for too long in the smoke and breathe in excessive
dosages of CO because they cannot find their way out. The most important factors that make
people turn back or give up trying to escape are poor visibility and irritation of the eyes by
smoke. Tests of evacuations in smoke have demonstrated that the visual characteristics of

wayfinding systems can be of decisive importance for their usefulness in smoke (Vincent, 2009).

The reduction of visibility is also a hazard that often first onsets after fire starts in an enclosed
building or underground station. Disorientation may lead to prolonged period of staying in toxic
environment or even fatality. Generally, if the visibility through smoke is good enough for
people to see the emergency exits, toxic products are unlikely to prevent them from escape
(Clark, 1988). Therefore any smoke management design should give visibility serious

consideration.

In the early morning of 7" April 1990, a fire broke out on board of the Scandianvian Star and
left 158 people died. The fire started on deck 3 (the car deck) of the 9 deck ferry. Within 5
minutes, smoke had filled decks 3, 4 and 5. 148 people died from smoke inhalation. Despite of
the fact that the fire occurred at 2:00am in the morning therefore the majority of the 148 people
were dead in their own cabin during sleep, 49 died in corridors. Among them, 13 bodies were
found near the dead end of a non-through corridor. The cause of their death is obviously the
wnability to find the right escape route. If adequate wayfinding system was provided, many lives

could be saved (Robinson & Burgoyne, 1999).

The Daegu subway fire of February 18, 2003 in South Korea killed 198 people and injured at
least 147. Many victims became disoriented in the dark, smoke-filled underground station and
died of asphyxiation looking for exits. The interview and questionnaires to the survivors after
the accident revealed that bad visibility due to smoke and the lack of egress guidance were the
main obstacles of evacuation. Only 12% of the survivors evacuated through appropriate escape
routes and exits (Jeon & Wonhwa, 2009).

Even in modern, well designed tunnel, the visibility of egress sign may not be as good as
expected. During the evacuation of channel tunnel fire in 1996, passengers had difficulty
finding the escape passage due to smoke (Kirkland, 2002).

Although in modern building design, efforts have been made to limit the spread of smoke and
the escape route such as stair case is isolated from smoke whenever possible. In certain type of
building structures such as tunnels, high risers and atria, the reduction in visibility is still a
major hazard as it affects occupants who are not located in the immediate fire area but have to

evacuate through the smoke affected area.



The visibility of egress sign under smoke condition has been a research subject as early as 1951
(Rasbash, 1951). A wide range of acceptable levels of visibility has been suggested in the fire
protection literature. According to the research, being able to see a distance of 3-5m for the
occupants familiar with a building layout may be sufficient to evacuate in fire emergency. For
those less familiar with the building, a distance of up to 25m has been recommended (Lougheed,
2000). The recent NFPA 130 standard requires that the smoke level of egress should be kept
below the point at which a sign internally illuminated at 80lx is discernible at 30m and doors
and walls are discernible at 10m (NFPA 2007).

A key part in performance based safety design is performance verification. Experimentally
verifying fire safety even at modest scale would be very expensive if possible. As building
architecture and lighting becomes increasingly sophisticated, empirical and theoretical

verification becomes very important and some time the only method in building design.

The most cited and also much criticized work in the estimation of visibility was by Jin (1978)
who presented a simplified visibility calculation based on the conventional wayfinding systems
with normal lighting environment. The correlation 4-1 has revealed the very basic relationship
between smoke concentration and the visibility of an illuminated sign according to Lambert-
Beer’s law and used as the base for current design code. Jin has also found that smoke irritation
will significantly impair the capability of human objects to find a target sign as shown in Figure
4-5. Further details of Jin’s work can be found in Chapter 4 of the current thesis.

The simplicity of Jin’s theory and the lack of alternative have made it very popular in the fire
safety community. Critics point to its failure in addressing the variety of illuminating conditions
and viewing directions (HSE, UK, 1998). As the interior of buildings becomes architecturally
more elaborate, such issues have caused concern. In order to compensate the deficit in the
understanding of visibility in smoke, design engineers are taking conservative measures to
ensure the visibility of signage along the egress passage even under the worst design scenario.
Apart from reducing the distance between safety signs and using internally illuminated instead
of simple reflect sign, more proactive measures such as flashing sign and photoluminescent
wayguidance systems are also considered (Proulx, Kyle, & Creak, 2000). Such conservatism
unavoidably results in high construction and operation cost. Certain system such as the handrail
is not suitable for buildings such as departmental store, supermarket, atria and stations. In these
areas, safety signs often have to compete with other commercial or non-commercial signs. Even
under normal condition, finding the exit sign in a multistory departmental store often requires
some effort. Other technology, such as the sprinkler system for fire extinction, may complicate
the visibility issue either during evacuation or for fire service to access the fire site. Such

complication is beyond the capability of existing analysis.






scattering increases with the length of s,. In Figure 1-3, light scattered along line s, also reaches
the eye. As line s, extends to infinite therefore the scattered light from the direction of s,
appears to be constant and brighter than that from the direction of s,. As the screen recedes from
the eye, the difference between the scattered light from the direction of s, and that from s,
decreases and eventually becomes unrecognisable. To the observer, the screen has disappeared.
The threshold value of s,, at which the screen disappears, has been defined as the local visibility

of air.

Let i; and i be the apparent brightness (in cd/m’, candela per square meter) of the sky and screen
respectively', then as the screen recedes i; will remain constant and i will increase; the contrast

between them is defined as

h:ﬁ;l 1-1

It is a physiological law that the eye ceases to recognise this contrast when it falls below a small
value ¢, called the threshold of contrast. At this point the screen becomes indistinguishable from
the sky and the visibility range is reached. Koschmieder assumed that the value of ¢ is a

constant of 0.02. Substituting ¢ in the place of the ratio for light intensity in Lambert-Beer law

g:_ze—ax 1'2

Then the visibility, in terms of visible distance, can be defined as

3.91
X =—— 1'3
o
where o is the extinction coefficient of air in the atmosphere. This formula is widely adopted

in meteorology till today (Werner, Jurgen, Leike, & Munkel, 2005).

In fire safety, Jin (1978) has proposed a formula for visibility in smoke as

o \ém

! Here the apparent brightness of the surface is not due to the reflectance of the surface but the scattering

of air including aerosol.



where / is the luminance of the sign being tested and j, is the average luminance of the

environment, p is the albedo of smoke and ¢ is the contrast threshold. Expression 1-4 is based on
1-2. Isotropic and homogeneous environmental lighting has been added into 1-4. When £=0.02,
replacing smoke with air and the tested sign with a black screen, equation 1-4 becomes equation
1-3,

1.3 The issues of visibility in fire emergency

In fire emergency, the current design code such as NFPA 130 (NFPA, 2007) sets the ASET
visibility criteria according to Jin’s threshold. Such criteria ensure reasonable visual distance in
the egress path during evacuation. What Jin’s theory and any of the existing design guidance
can’t provide is the way to improve the visibility of emergency sign before the smoke reaches
its visual threshold. It is a condition that most evacuee experience and therefore determines the
real evacuation time. The current study proposes an image based approach that is different from
Jin’s theory. It measures visibility not in terms visual threshold but a continuous function from
clearly visible to completely disappeared from the observer. It can be used to compare the
visibility of two different egress conditions even both are equal and non-critical according to

Jin’s theory.

The above NFPA code requires that during evacuation smoke obscuration levels should be
continuously maintained below the point at which a sign internally illuminated at 80Ix is
discernible at 30m and doors and walls are discernible at 10m. There is no clear explanation on
what can be regarded as discernible. In experiments, two visibility criteria have been referred to:
detectability and readability (legibility). It was found that greater smoke density is required for
detectability threshold than the readability threshold (Rea, Clark, & Ouellette, 1985). Such
uncertainty prompted the current research on quantifying how discernible an object is under

smoke condition.

As building interior comes in different forms and layout, fires may be due to different kind of
fuel and smoke may move as the result of ventilation, weather, movement of equipment and
people, computer simulation has been proven to be a powerful tool in the verification of modern
safety. Widely used CAD tool can provide most architectural details. CFD simulation has been
proven to be very useful in simulating smoke movement and heat transfer in fire. Computer
simulation of visibility in fire is an area that requires more research. The prevailing models are
based on Jin’s theory that is a simple and effective approach for fire engineers in the past when
they have to manually estimate visibility for relatively simple situation. The theory can’t take

complex environmental conditions into account. Unfortunately, some of the conditions such as



smoke variation in time and space as well as environmental lighting can have dominant cffects
on the visibility of emergency sign. In order to utilise the more detailed field data from CFD
simulation, there are models based on local optical density (OD) (e.g. Gandhi, 1994; Hultquist,
2000). As a local scalar, OD is effectively a different way of expressing the field of smoke
concentration. The model failed to address visibility as an integral and directional issue that
depends on the viewing dircction, the context of the objective as well as the integral of the
optical property of thc media between the observer and the target object. The current study
provides a more sophisticated model that assesses local visibility by taking the spatial/time
distribution of media as well as the characteristics of the viewer and the objective into account

in order to satisfy the requirements of modern performance based design.

1.4 Contribution of the current study

The current study is the first attempt to quantitatively predict visibility in a smoke laden
environment based on comprehensive 3-D numerical model of radiation and digital image. Both
theoretical and experimental researches have been carried out by the author in order to create
and verify the numerical model. During the process, the author has made a number of

contributions to the scientific development of this research area.

1.4.1 Introduction of image based measurement of visibility

In order to compare visibility under conditions other than the visual threshold, the measurement
of visibility is redefined in the current study. In principle, the new measurement is based on
human perceived image and closely linked to acuity. With this measurement the visibility of a
target object becomes a continuous function from clearly discernable till completely obscured
by the media (the threshold). Such measurement has made it possible to compare the visibility
under pre-threshold condition as well as to simulate visibility based on computer generated

virtual images.

1.4.2 Development of image based simulation medel for visibility

The image based measurement of vistbility has naturally leads to the creation of a computer
model on the same principle and serving the same purpose. Based on the transport theory of
radiation, a new hybrid zonal and Monte Carlo ray tracing model has been introduced in the
current study to simulate the visibility in a smoke laden enclosure with arbitrary 3D geometry.
The new method has removed the costly computation of view factors in traditional zonal
method and the unstructured cache of the Monte Carlo (photon-mapping) method. The
distribution of smoke concentration can be read in as the result of CFD simulation and the
simulation domain is divided into cubic cells that can be dynamically adapted to smoke
concentration, cache of scattered radiance or any other field variables. Adaptive surface mesh

10



has been applied in order to catch the details of surface geometry as well as the shadows of
illumination. The results from the model simulation have been validated against experimental

data and also verified with theoretical solution.

1.4.3 Novel structured irradiance caching for light scattering

A great difficulty in applying Monte Carlo ray tracing to radiation transfer in participating
media is to organise the distribution of rays in space so that rapid changes of light scattering can
be calculated accurately. Traditionally, all rays are issued from surfaces and their paths are
impossible to be pre arranged due to multiple reflections on complex geometry surfaces as well
as the random nature of the method itself. In many cases, it has unnecessarily increased the cost
of simulation. The author has extended the traditional surface irradiance caching algorithm into
3D space and new expression for irradiance cache has been proposed. Unlike the expression
used in photon-mapping method (Jensen H. , 1996), the new expression addresses the issue of
light scattering in continuous heterogeneous media. Similar to the zonal method, the volume
irradiance is cached in the structured mesh. Combined with the dynamic mesh adaptation, the
algorithm is capable of catching severe 3D heterogeneous scattering pattern through caching the

scattered light and reissuing rays at the point of scattering.

1.4.4 Smoke tunnel experiments in determining the visibility of illuminated signs
Experiments have been carried out in a purpose built smoke tunnel. The visibility of illuminated
signs in different legend formats was measured under various smoke, illuminating intensity and

ambient light conditions. The result has been reported in the current thesis.

1.4.5 Estimation of visibility based on digital camera images

Although commercial digital cameras can produce high resolution and very realistic images, but
are not very easy to be applied in scientific measurement. 1t is mainly due to the rapid
development of the photo sensor technology and the commercial secrecy behind it. The result is
the significant differences in sensor characteristics and data processing algorithm between
manufactures. In the current study, an innovative numerical procedure has been created that
post processes the image data from a camera and produces an approximation of the human
perceived image. Such images are used in measuring the visibility of the target signs as well as

in comparing the measurement with model prediction.

1.4.6  First quantitative conclusion that red and green signs are similar in visibility

The current experimental study has revealed that under the same conditions, the signs
illuminated with red and green monochromatic light showed very similar visibility. Comparing
with them, the visibility of the blue light is much poorer. It is the first time that such common

and intuitive knowledge has been put in quantitative form. It has shown that the performance of
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the red emergency signs used in North America is, not only conventionally but also

quantitatively, equivalent to the green ones used in Europe.

1.4.7 Introduction of visibility map

A floor map that shows the contours of visibility at a given height from the floor has been
introduced. The map can be used to judge the visibility of a specific object, or the best visibility
of multiple objects, from any point on the map. It can provide a safety overview for a given

floor area of a building complementary to the smoke concentration contours.

1.4.8 Model for the extinction coefficient of combustion soot
Due to the change of laboratory condition, combustion smoke was replaced by non-combustion
smoke in the experiment. By the time of the change, the study for the optical property of smoke

soot was already carried out and important results have been obtained.

A comprehensive review of the past experimental work has put the non-comparable data
scattered in reports from different research groups and over two decades of the last century (it
seems to be the most important period in the experimental research on this subject) in a single,
normalised graph. The graph clearly shows the common and important trend of light extinction
verses particle size parameter, the different regimes of scattering as well as the validity range of
existing models. Further theoretical research into multiple scattering by soot aggregates has lead
the current author proposing an improved model for light extinction by soot aggregates. The
model compares favourably with experimental data particularly within the particle size
parameter range of 0.2-0.4 where multiple values of extinction efficiency exist for each particle

size parameter but only a single value can be predicted with any of the existing models.

1.49 New practical zoom camera model

In order to generate photo realistic images from the current numerical model, a virtual zoom
lens camera model has been created. It can simulate most of the important features of modern
optical camera including zoom, focus, finite aperture, depth of field, lens efficiency as well as

cos*0 effect without the knowledge of detailed camera structure.

Unlike most camera models used in computer graphic that post process images to fake camera
effect, the current model is completely based on optics principles. All the synthetic images in

this study are directly generated with the camera model.

1.5 Organisation of the thesis

The main body of the current thesis is divided into 3 parts. Part I introduces the basics of light

transportation, perception as well as the optical properties of participating media. Part II
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describes how visibility has been measured in the current study and the experimental results.
Numerical modelling of visibility in smoke and the comparison between the model prediction

and the experimental data are presented in Part I11.

Following this introduction, the relevant radiometry concepts, definitions and expressions will
be briefly presented at the beginning of Chapter 2. Afterward the theory and previous research
work on light transport in participating media are reviewed. The radiation transport equation
(RTE) and its boundary conditions are presented forming the base of the subsequent numerical
simulation on visibility. In the light of the deficiencies of the extinction models reviewed
previously in this chapter, a new model of light extinction by fire smoke is proposed by the
current author. It takes into account the effect of multiple scattering by the aggregate of soot
particles. Chapter 3 introduces the basics of photometry and visibility. There the author points
out the drawbacks of existing visibility definition and opens the discussion of how visibility

should be defined in fire safety engineering.

Chapter 4 is a review on the previous research work of visibility in smoke. A summary of the
influential factors for visibility in smoke, based on the reviewed researches, is given by the end

of the chapter.

Chapter 5 introduces the current experimental study. Its objective, scope, limits as well as the
basic components (except the camera) are presented in this chapter. The camera, its calibration
and the creation of perceived image from the photographs taken with the camera are the subjects
of Chapter 6.

The question of how to define visibility in fire smoke environment is revisited in Chapter 7. The
image based definition of visibility and the way that it is measured in the current experiment are

described there.

The results and findings from the current experiments are presented in Chapter 8. The
experiments have been carried under different smoke, illumination, colour conditions with

various different signs.

Chapter 9 starts Part III of the thesis with a review of existing literature on the solution of
radiation transfer. Each solution technique is described in its own section and the relative merits
and drawbacks are compared. From the understanding of the existing models and the special
requirements of visibility simulation, the current author has proposed a new hybrid simulation
algorithm based on irradiance caching in space and Monte Carlo ray tracing. The details of the
model as well as other aspects of numerical simulation such as grid adaptation and two pass

computing procedure employed in the model are presented in Chapter 10. Chapter 11 presents
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the verification of the numerical model against a simple theoretical case for radiation transfer.

The predicted results are also compared with the measured visibility data given in Chapter 8.

Finally Chapter 12 concludes the current thesis. It summarises the major outcome of the current

work and point out the needs of future research in this area.

This chapter is an introduction to the thesis. It has described the social implication of fire safety
through real fire examples. The importance of improving visibility in smoke environment as a
safety measure has been presented together with the basic concept and current status of research
and engineering application. Then the contribution of the current author toward this topic has
been summarised. By the end of the current chapter, a brief description of the structure of the

thesis has also been given.
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Partl The Fundamentals

In the first part of the thesis, the physical and physiological concepts relevant to the
transportation and human perception of light are introduced. These concepts are used in the
experiment (Part II) and numerical simulation (Part III). Chapter 2 concerns the nature of light,
its measurement and its interaction with surface as well as media. Chapter 3 describes the way
light is perceived by human as brain stimuli. The combination of the physical and the
physiology processes form the base of human visibility. Its concept and measurement are

introduced in the later parts of this thesis.
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Chapter 2. Light transport in participating

media

Light, or electromagnetic radiation in general, is a form of energy that exist in the forms of both
particle and travelling wave. As particle, it holds energy in the multiple of basic unit travels
alone a straight line in vacuum and interacts with specula surface elastically. As wave, light
refracts when travels through media and shows different colour when its frequency changes.
This chapter introduces the basic physics concerning the nature of light, its propagation in
vacuum as well as its interaction with surface and media. As light is a kind of electromagnetic
radiation and the current thesis only concerns with waves within the visible range, the words

light and radiation are used interchangeably in this thesis.

2.1 The nature of light

As energy carrying particles, light travels across vacuum space in straight line and shows elastic
bounce on specula surfaces. Its speed of travelling in vacuum is a constant of 299,792,458m/s.
When light beam hits the interface of a vacuum and a medium or between two different media
in a direction other than the normal of the interface, it changes its direction and speed. This
phenomenon is called refraction. The travelling direction and speed of the light after the

refraction depends on the refractive index of the medium # (# 2 1). In vacuum, n=1.

As wave, the speed(c), frequency(v) and wavelength()) of light satisfy the following relation

V= 2-1

£
A
When light is travelling within a medium other than the vacuum, its speed is determined by

c:_a 2_2

where ¢, is the speed of light in vacuum. According to quantum mechanics, each light particle

called photon carries with it an amount of energy

e=hv 2.3
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where 4 = 6.626 x107>*J is Planck’s constant. It can be seen that the higher the frequency of
light, the higher the energy a photon possesses.

2.2 Basic radiometry concepts

Radiometry is the science of measuring electromagnetic radiation. In practice, the term is
usually limited to the measurement of infrared, visible, and ultraviolet light (10®m < A < 10”°m)

using optical instruments. Like any other form of energy, radiant energy Q is measured in joules

).

2.2.1 Spectral radiant energy
As has been said above, light is energy kept in the form of electromagnetic wave. Most natural
light sources emit electromagnetic radiation over a spectrum instead of a single wavelength.
Spectral radiant energy is the amount of radiant energy per unit wavelength interval at
wavelength A. It is defined as:

Q,=dQ/dA 24

In the current study, the unit would be kept as J/m. In practice, J/nanometer would be more

common.

2.2.2 Radiant flux
Radiant flux is the time rate of radiant energy flow from a source of radiation. It has dimension

of power and measured in watts (#) as

®=dQ/dt 2.5
where ¢ is time.
2.2.3 Radiant flux density
The radiant flux density is defined at a point on a surface (real or imaginative) as
E=d®/dA >

When surface 4 is illuminated by incident light, the radiant flux density is referred to as
irradiance. If surface 4 is emitting/reflecting light, the total radiant flux density is referred to as

radiant exitance or radiosity (Figure 2-1).
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Figure 2-1 Irradiance and radiosity

In the current study, a sign is assigned to @ so that energy flux density has the opposite sign as
the surface normal. Therefore radiosity is a negative flux density and irradiance is a positive
flux density. More about the sign convention used in the current study can be seen in the next

section.

Although the word radiosity is in fact obsolete, as it is linked to an important approximation

method in radiative transfer therefore we retain it here for the time being.

2.2.4 Radiant intensity and radiosity
The amount of radiant flux emitted in a given direction can be represented by a ray of light
contained in an infinitesimal solid angle dw. The radiant intensity within the solid angle can be

defined as

_do

===
dw 2-7

The relation between irradiance and radiant intensity is

E=S080d0 1 os0--LGi-a)
rdo r 2-8
1
< An
o
r
dA
Figure 2-2
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It is the inverse square law of a point source. @ is a unit vector in the direction of the incident

light and 7 is the surface normal. The introduction of vector notation is to identify the direction
of energy flux (incident or exitance). The negative sign in equation 2-8 sets the energy flow of
the incident light on a surface as positive. This convention is inherited from radiative heat

transfer (a positive radiant flux heats up the surface) and will be used throughout this thesis.

2.2.5 Radiance
Radiance is concerned with the radiant power within an infinitesimal solid angle arriving
(leaving) a point on a surface (real or imaginative). It is defined as

d’® dl

- = - 2-9
dao-dA @-dA

L=

dw and dA are defined in Figure 2-3. d@ = @dw. For illumination, radiance is the radiant
power arriving (leaving) the unit projected area through unit solid angle. Again, the negative

sign sets the incident radiance as positive.

() n D n
A 1\
o o
dw dw
dA dA
Arriving leaving

Figure 2-3 Surface radiance

In section 2.6 it can be seen that radiance is invariant along a fixed direction in vacuum (Modest,

2003).

In radiative heat transfer, radiance L is often called intensity (Modest, 2003). Here we follow the

convention of radiometry in the lighting industry (Ashdown, 1994).
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2.2.6 The spectra dependence of radiometry quantities

As mentioned in 2.1, radiant energy is carried by waves over a spectrum. Sometimes it is
important to know not only the total radiant energy being transferred but the spectra distribution
of the energy. Following spectra radiant energy defined by equation 2-4, the spectra counter

parts of the above quantifies in the current section can be defined as

_dé

dé. =
7 2-10

where ¢ represents E, M, L or I. A represents the wavelength.

2.3 Electromagnetic wave and Maxwell’s equation

In the last section the basic concepts and quantities in radiometry have been introduced. The
space between reflective surfaces is in vacuum. In this section, attention is turned to light
transport within a medium. Light travelling in media may loss its energy on the way through
scattering and absorption. The theory governing such phenomena is well understood in physical

optics and presented here to guide the experimental and simulation work in later chapters.

In 1865 Maxwell published his famous set of equations which formalized the results of the
accumulated research on electromagnetism. Electromagnetic phenomena had been recognized

as originating in a distribution of electric charge and current which gives rise to the
electromagnetic field. This field in turn is the domain of four field vectors, E , the electric field,

D , the dielectric displacement, B , the magnetic field and H , the magnetic field intensity. At
every point in space where the physical properties are continuous in its neighbourhood, the field

vectors satisfy Maxwell’s equations (Kerker, 1969):

r__OB
VXxE= o

7 _ 7.,.0D
VxH=J+ o
V~l3=p
V-B=0

2-11

where p is the free charge density. These equations are supplemented by the material equations

to uniquely determine the electromagnetic field.
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2-12

The factors g, &€ and u here (not anywhere else in this thesis) are the medium specific
conductivity, the electric constant and the magnetic inductive capacity, respectively. When these
factors are independent of direction, the medium is isotropic. If the factors are independent of
spatial position, the medium is homogenous. For dielectric medium, o is zero. The velocity of

light in the medium is given by

c=(eu)” 2-13
2.4 Refractive index
Z
A
¥ A_/
E RS
X
Figure 24

For light transport in participating media (p=0), the most important property of a medium is its
refractive index. Considering a plane, monochromatic wave, harmonic in time and propagating
in an unbounded, isotropic, homogeneous medium in the positive z-direction of a Cartesian

coordinate system (Figure 2-4), the general solution of Maxwell’s equation for the x-component

of the electric field E can be expressed as

E, = Aexpli(et - k,mz)| 2-14

where £, is the propagation constant in vacuum related to the wavelength in vacuum A, by
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2.5 Light extinction and Lambert-Beer’s law

In electromagnetic theory, Poynting vector

—

S=ExH 2-19

specifies the energy flux at all points in space. Based on the plane wave analysis in the last

section, the magnitude of §'is in proportion to |Ex|2 that is

s=1 Re( F ]l A exp(_ ﬂ)
2 H 4 2-20

As the wave traverses the medium, the energy flux is exponentially attenuated:
—_— _o-a _‘Z
L= Loe b 2-21

Here 2-20 has been written in terms of radiance and

_4nx

abs
A 222
is the absorption coefficient. Expression 2-21 is known as Lambert-Beer’s law,

The more general differential form of Lambert-Beer’s law is
dL =-oldz 2-23
When the medium is homogeneous, integration along a beam gives

L=Le™ 2-24

where o =0, + 0., . Equation 2-20 is the result of infinite plan wave in homogeneous media

where the only loss would be absorption. The product of extinction coefficient ¢ and distance z

is called optical depth and denoted as  in the current thesis.

2.6 Radiative transfer equation (RTE)

From Maxwell’s equations, radiant energy is transferred along the direction of the Poynting

vector. In vacuum, if an infinitesimal solid angle dw is extended from a point source, then there
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would be no energy flux across the boundary of dw. In other words, energy flux within dw is a

constant, say d®. Therefore d®/dw=constant within de.

Figure 2-6

In Figure 2-6, the same area dA is placed at two places s, and s, along the path of the light beam
and the energy fluxes through it are

dd, = LdAde,
d®, = L,dAdw,
but within dw, we also have

ae, _do, _do
do, do, do

Therefore

L =1, 2-25

In vacuum, along a light ray radiance is a constant. It is the basic property of radiometry for ray

tracing algorithm in part 111.

When participating medium exists between s, and s., radiance along a light ray would no longer
be constant. The variation of radiance L along the path of ray s depends on the emission,
absorption and scattering properties of the medium and can be expressed as (Modest, 2003)

- [
aL, =5-VL, =0,,,L,,-0,L, + ar J‘O-sca’lpwﬂs./ll’a),/ldw
Vs

d o 2-26
where L, , is the emission of the medium and Q is the entire 4r spherical solid angle. § is a unit

vector along the direction of propagation (energy flux). The last term (Crarloss L, dw) is
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the in-scattering from direction . p is the phase function. Comparing with isotropic scattering,

it can be seen that
1
— dw=1
4” (_!p w—s,A

2-27

Equation 2-26 is the basic equation to be solved in part III.

2.7 Boundary conditions and BRDF

When light encounters opaque surface or the interface between two different media, it may be
reflected, refracted or absorbed. In the current study, only the absorption and reflection types of
boundary conditions will be encountered and discussed. In such case the energy balance on the
surface should be written as (Figure 2-7)

cDirlc = cDref + Qabs 2_28

(Dabs

Figure 2-7 Surface reflection and absorption
The subscripts represent incident, reflected and absorbed light respectively.

Exactly how the incoming energy is distributed between the reflection and absorption as well as

what is the angular distribution of the reflected light depends on the property of the surface. The

simplest model for energy distribution is to define reflectance o, , and absorptivity o, of the
surface as
(D,{ re;
=) — ref
O-/I,ref (x) - ®
Ainc
2-29
= Aab
o-,{,abs(x) = i) =
Ainc
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From equation 2-28, the following identity is obvious

ey + Opass =1 2-30
The implicit assumption in the spectra form of 2-29 and 2-30 are that there is no change of

wavelength during light reflection on the surface.
The spatial distribution of the reflected light is discussed in the section 2.7.2.

2.7.1  Surface absorption

As the current study is about light transmission among surfaces of an enclosure and the media
within it, once the radiant energy has been transformed into a form other than visible light (heat
for example), it is regarded as lost and will be taken out of the computational domain. This is

what would happen with absorption. In equation 2-28, @ , is treated as energy loss and

deducted from the incident light.

2.7.2  Surface reflection
Although equation 2-28 addresses the overall radiant energy balance when light impinging a
surface point, it cannot tell how light is reflected or, in other word, the spatial distribution of the

reflected energy D, .

Figure 2-8

In Figure 2-8, the incident radiant energy within solid angle da,, falling on surface point X is

nc

reflected. Part of the reflection is within the infinitesimal solid angle da,,, . The contribution of

reflection in the direction &,,, from the incident light in direction @, can be expressed as

dL,l,ref,(D.,,c = fALﬂ.,incﬁ : d&‘)inc 2-31
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where fi =F(4,%,0,

nc?

a,) is called Bidirectional Reflectance Distribution Function (BRDF).

It is the basic optical property of an opaque surface. According to Kirchhoff’s law, the BRDF
J/; 1s reciprocal, that is (Siegel & Howwell, 1992).

f;i (i’ E)inc’ E)ref) = .fil(jc.’ d‘)inc I aref) = ./;1 (55’ C?)m/ I a_)inc)

Determination of f; is generally very difficult in experiment due to the fact that it changes with

material, oxidisation, polish process and so on. In many practical applications, surface can be

approximated as one of two kinds of ideal reflector: specular and Lambertian.

In specula reflection, the BRDF f is defined as

fi = F(A4,5)8(@,, i+ &, - 7i) 2-32
where 8 is Dirac delta function and F (/1, 55)3 1. The reflection forms the image of the incident

light. Surfaces of polished metal, plain mirror as well as large crystal are good examples of

specula reflector.

At the other end, the Lambertian surface is assumed to be perfectly diffusive therefore £, is
independent of direction @,,, . On an infinitesimal non-absorptive surface area dA, the reflected

radiance can be expressed with the incident energy flux as

L = & - _1do,,
o /4 7 dA 2.33

where the minus sign is the result of the sign convention set in section 2.2.4. In the current study,
the surfaces concerned are made from building material and unlikely to be machine polished
therefore should be quite diffusive (Modest, 2003). As the light reaching the surfaces has passed
smoke region, the angular distribution of the incident light would also be much more even than
that directly from the light source. It effectively makes the overall reflection rather evenly
distributed. From the above consideration all the surfaces in the current study are treated as

Lambertian surfaces.

2.7.3 Light source

Any surface that emits radiant energy within the visible wavelength range is treated as a light
source. At each point on the surface of the light source, radiance in the directiond® at the point

is given as L | The total radiant flux of the light source would be
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100 2-34

where L = L(A,X,®) is known and Q is the hemisphere defined in the dA direction. As the

simplest case, L is assumed to be a constant over the entire range of visible wavelength and

independent of direction and position. Then

L=—" 2-35

Here A is the surface area and A/ is the range of wavelength.

More often, light output are defined in terms of luminous flux instead of radiant flux @. For a

given light source, the luminous flux @ , is defined as the following (see section 3.3)

O].Ll 7,dAldé>- dA) 236

0

@, =683
AQ

where the subscript v is to identify a photometric variable from its radiometry counterpart and
¥, is the luminosity function (see section 3.3). The unit for @  is lumen. In lighting industry,
the ratio between @ and the total input power P of the lighting device is defined as the

luminous efficacy (Im/W)

e, =— 2-37

By keeping all the assumptions of 2-35, the emitting radiance L of our simplest light model

would be

Pe
L=— 2+ 2-38
683 A4

The value of efficacy for the common lighting devices can be found in Table 2-1 (Pritchard,

1999).
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where Im{} and Re{} represent the imaginary and real part of a complex function respectively.

X, is called the size parameter of the particle defined as

i A 2-42

and d|, is the size of the particle. Qs are the efficiencies of absorption, scattering and extinction

defined as the ratios

- Csc/
Qsca - s
— Cat/
Qabs - s 2-43

0y =Sy

where Cy,, Cus and C,,, are the scattering, absorption and extinction cross sections and s is the

geometrical cross section of the particle.

The extinction coefficients are given by

i i 2-44

The subscript i represents scattering, absorption and extinction respectively. N is the number of

particles in a unit volume of the medium.

In combustion related studies, the mass specific extinction coefficient 0, is more often

quoted instead of 0 . The two are related by the smoke mass concentration g,z as

(o)

mass

psmake 2-45

Numerous researchers have carried out experimental work on light extinction by soot of smoke.
The results were presented in different ways, with different parameters, different fuel or in
different range of wavelength. It was difficult to compare and draw general conclusion from
them. The current author has collected them and put all the data that can be reliably expressed in
the form of Q..=f(x,) into Figure 2-9. Alongside the experiment data (in symbols) are the
predictions with various existing models (in lines). The two limiting refractive indices
m=1.3+0.3i and m=2.0+1.5i are chosen from Table 2-3. On average m=1.57+0.56, for soot in

the visible wavelength range, seems to be the most popularly quoted value in the more recent
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literature (e.g. Charalampopoulos 1987', Dobbins 1990-1994, Wu 1997, Kéylii 1994, Smyth
1996).
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+  Kirishnan (2000) — — = Mie scattering m=1.3+0.3i
= === RDG-FA, Guinier regime m=1.57+0.561 ——-RDG-FA, Power-law m=1.57+0.56i
Mie scattering m=2.0+1.51

Figure 2-9 Extinction efficiency via size parameter

As can be seen in Figure 2-9, no single model presented there can cover the range of variation
of the experimental data. The RDG-FA model as presented in section 2.8.3 puts soot scattering
into 2 different regimes (Guinier and Power-law) according the size of soot particle aggregation
and modelled each of them separately. The model has identified the two distinctive groups of
the experimental data as shown in Figure 2-9 but failed to explain the significant overlapping of
the two regimes between 0.2 and 0.4 of x,. The model also failed in predicting the wide slop

change of the extinction curve in the infrared region (x, <0.2).

' Although Charalampopoulos quoted this value as from Dalzell & Sarofim, the value of k in the original

paper by Dalzell & Sarofim (1969) was 0.44 — 0.53 for soot illuminated by visible light.
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2.8.2 Refractive index of soot

In applying Mie scattering theory, one needs to accurately estimate the value of the complex
refractive index m. Numerous research activities have been taken around it. Table 2-3 gives
some examples of the values cited by different researchers. For soot particles, the refractive
index may be affected by factors such as soot temperature, the hydrogen to carbon (H/C) ratio
of fuel, particle size distribution, the form of aggregation of particles and the wavelength of
illuminating light. Among them, the influence of temperature has been found to be very weak
(Stull & Plass, 1960). Charalampopoulos and Felske (1987) carried out in-situ measurement of
m at different height of premixed methane/oxygen flame. With the geometric width of the
particle distribution up to 1.24, no significant influence of particle size distribution on m has
been observed. This may be due to two reasons. The first is that the measured refractive index
of polydisperse particles was compared with that of a quasi-monodisperse particle set. The
monodisperse particle diameter is assumed to be the most probable diameter of the
corresponding polydisperse set and the geometric width was set to 1. Such comparison may not
truly reflect the influence of particle size distribution on light scattering by soot particles. The
other, may be more likely cause of the insensitivity of refractive index to the particle size
distribution, is the aggregation of soot particles in smoke. As the small soot particles aggregate,
the size of individual particle becomes less influential to the result of light scattering/absorption.
The insensitivity of the refractive index on the size distribution of soot particles can also be

found in the paper by Habib & Vervischi (1988).

Based on the Drude-Lorentz dispersion model, Dalzell & Sarofim (1969) argued that an
increase in H/C in soot results in the decreasc in the number of free electrons and a decrease in
both the real and the imaginary part of m. Their experiment with acetylene (H/C=1/14.7) and
propane (H/C=1/4.6) has not shown significant difference to support such argument. More
recent experiment by Wu (1997) has confirmed that within the visible wavelength range,

refractive index does not vary significantly between different fuel types.

Outside the visible wavelength range Habib & Vervischi (1988) have found that with high H/C
ratio (>0.2), the k-curve representing the imaginary part of the refractive index exhibits a slop

change when A>1.0pm. It has effectively provided support to Dalzell and Sarofim’s argument.

The dependence of refractive index on wavelength is evident in both experiment and theoretical
model as shown in Figure 2-11 where the lines represent the theoretical values from Drude-
Lorentz dispersion model (Lee and Tien 1976) with different number density and damping
constants (Zhang & Rubini, To be published in 2010). The solid lines are that for the real part of

refractive index m and the dashed lines are that for the imaginary part of m. The symbols on the
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same graph are the experimental data by different research groups. Among them, the model

from Dalzell (1969) has shown the best fit to the experimental data.
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Figure 2-11 Change of refractive index with wavelength
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Figure 2-12 Change of extinction efficiency via size parameter
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Figure 2-12 shows the prediction of extinction efficiency from Mie theory with the refractive
indices from Drude-Lorentz dispersion models. Again, Dalzell’s model offers the best

prediction.

2.8.3 Aggregation of soot particles

In combustion generated smoke, soot particles are rarely exist in isolation. They link together
forming chain-like aggregation (Williams & Gritzo, 1998). A practical and common model,
known as RDG (also called RDG-FA or RDG-PFA model) for light scattering by soot particle
aggregation was proposed by Dobbins and Megaridis (1991). The soot aggregation had been
modeled as porous sphere. According to Dobbins and Magridis, particle aggregation in soot

only affects light scattering. When the size of the primary particle satisfies Rayleigh condition
x, <<landX, |m - 1| << 1, the absorption efficiency of the smoke is the same as that for the

prime particles
Qabs = 4xpE(m) 2-50

But the scattering efficiency needs to be modified by a factor ¥, as

Q.= —g-x:F(m)Ya 2-51

The values of Y, depends on the morphological regime of the aggregation. There are two
regimes that have been identified according to the size of the aggregate relative to light
wavelength (Ko6yli & Faeth, 1994): the Guinier regime ( KZR_: <3D, / 8) and the power-law
regime (K‘ZR_; >3D, / 8). Herekx = 27[/ A is the wave number of the incident light. Egz is the
mean radius of gyration of the aggregates and D is the fractal dimension of the aggregates.

The corresponding Y, are

(

4
T 2R?<3D. /8
a7 % Tox k'R, <3D,/

’ 2-52

S 12 x*R? >3D, /8
2-D, (6-D,X4-D,)

Y, =k, (4x,,)“’f[

L

As can be seen in Figure 2-9, when x, is less than 0.2, most of the measured values are around

the curve of Guinier regime. When x, is larger than 0.3, most of the measured values are close
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to the curve of power-law. As can be seen in the next section, the extinction efficiency between

0.2 and 0.3 depends on the mean particle size.

2.8.4 Multiple scattering by soot particles

All theories being considered so far are based on the assumption that a single ray of incident
light will at maximum hit one particle before disappearing from the domain. The particles are
considered either in isolation staying far apart from each other or stick together to form a bigger
separate entity (aggregate). Experiments have shown that soot particle aggregation results in
clusters of non-coalescent particles close but still geometrically independent to each other (e.g.
Koyl 1995 and Williams 1998).
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Figure 2-13 Extinction efficiency of particles with different size

By performing multipole analysis of the scattered electric field from such particle cluster,
Mackowski (1991, 1994 and 1995) has found that the conventional dipole approximation used
in the RDG theory may result in error of more than 20% in the predicted absorption cross
section for small x,. Under constant refractive index, Mackowski defined the ratio of absorption
cross sections between that of a particle in an aggregate and that of an independent particle. He
found that the ratio increases significantly as the number of particles in aggregate increases from
1 to 20. Further increase of the number of particles in an aggregate, the ratio gradually turns to a
constant (Mackowski 1991, 1994, 1995). Based on Mackowski’s analysis, the current author
has proposed a modifier to the particle extinction efficiency. The modifier is a logarithmic

function of the number of particles in a soot aggregate n, and expressed as
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In soot of fire smoke, the aggregation of particles has changed its optical property differing from
Mie theory. In the current study the author has carried out a comprehensive survey of previous
research on light extinction by soot aggregation. The survey has revealed that the aggregation of
soot particles not only alters the scattering but also absorption behaviour of smoke. This is
contrary to the previous belief that particle aggregation only affects scattering and leaves

absorption behaviour unchanged.

By modifying Mie extinction for both scattering and absorption, the current study has shown
that the prediction of the extinction curve has been significantly improved and the power law

regime introduced previously to fit the extinction curve for x, > 0.3 is no longer necessary.
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There are mainly two types of photoreceptor cells on the retina, the rods and cones. Rods
function mainly in dim light and provide black-and-white vision, while cones support daytime

vision and the perception of colour.

3.2 Colour

In the spectrum of electromagnetic wave, only the range between 370nm 700nm would be
visible by human eye. The stimulation of human eye by the light of different wavelength within
the visible range produces the sense of colour. Light with different wavelength or different
mixture of wavelengths produce different colour sense. It was suggested that human eye is

capable of distinguishing about 10 million different colours (Hunt, 1992).

3.3 Colour sensibility of human eyes

The sensitivity of human eyes changes with different colour or the wavelength of light. It is the
subject of photometry. The foundations of photometry were laid in 1729 by Pierre Bouguer. In
his L’Essai d’Optigque, Bouguer discussed photometric principles in terms of the convenient
light source of his time: a wax candle. This became the basis of the point source concept in

photometric theory (Hunt, 1992).

It should be kept in mind that photometry measures light in terms of both radiometry quantities
and the sensitivity of human eyes. The difference between radiometric and photometric theory is

in their units of measurement.

3.3.1 Luminous intensity

Today the international standard for luminous intensity is a theoretical point source that has a
luminous intensity of one candela(cd). It emits monochromatic radiation with a frequency of
540 x 10'2 Hertz (or approximately 555 nm, corresponding to the wavelength of maximum
photopic luminous efficiency) and has a radiant intensity (in the direction of measurement) of
1/683 watts per steradian. The relation of the spectral luminous intensity and the radiant
intensity can be expressed as

Iv.ﬂ. = 683y/1111 3_1

where the subscript v represents the photometrical counter part of radiometric variable. In 3-1,
¥, is the luminosity function (luminous efficacy) defined in the CIE photometric curve (Figure

3-2). It provides the weighting factor needed to convert between radiometric and photometric

measurements. Considering, for example, a monochromatic point source with a wavelength of
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510 nm and a radiant intensity of 1/683 watts per steradian, Figure 3-2 shows that the photopic
luminous efficiency at 510nm is 0.503. The source therefore has a luminous intensity of 0.503

candelas.

3.3.2 Luminous flux

Luminous flux is photometrically weighted radiant flux (power). Its unit of measurement is
Iumen (1m), defined as 1/683 watts of radiant power at a frequency of 540 x 10'2 Hertz. As with
luminous intensity, the luminous flux of light with other wavelengths can be calculated using
the CIE photometric curve. Similar to luminous density, the relation between luminous flux and

radiant flux is

ch,z =683y,®, 3.2

A point source having a uniform (isotropic) luminous intensity of one candela in all directions
(i.e., a uniform intensity distribution) emits one lumen of luminous flux per unit solid angle

(steradian).

3.3.3 Luminance
Luminance is photometrically weighted radiance. It is an approximate measure of how “bright”
a surface appears when it is viewed from a given direction. The value of luminance is defined

with luminosity function as

L,,=68y,L, 33

The unit of luminance is cd/m’.

The important point to remember is that in terms of visual perception, human eyes perceive

luminance (Hunt, 1992).

3.34 Luminesity function

For a give light source, the luminous flux @ , is defined as the following
@, =683 [3,®,dA 34
0
The subscript A indicates that both y and ® are the functions of wavelength. Within narrow

band, both y and @ can be determined experimentally therefore the value of the luminosity

function y; can be calculated. Figure 3-2 shows the luminosity functions included in CIE 1924
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standard (Wyszecki & Stiles, 1982). The two curves are for photopic and scotopic vision'
respectively. Since photopic vision represents visual sensitivity under normal lit condition,
unless being mentioned specifically, the photopic curve would be referred as the luminosity

function in the current study.
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Figure 3-2 Luminosity function (Wyszecki & Stiles, 1982)

The standard luminosity function is normalized to a peak value of unity at 555nm. The unit of
luminous flux @  is lumen. It is defined as unity for a radiant power @, of 1/683 watt at

wavelength of 555 nm, which is the peak of the luminosity curve’. It is the reason for the

constant 683 in the equations of this section.

3.4 Contrast

Contrast is the difference in visual properties that makes an object distinguishable from other

objects and the background. In visual perception of the real world, contrast is determined by the

! Photopic vision is the vision of the eye under well-lit conditions. In humans and many other animals,
photopic vision allows color perception, mediated by the cone cells of the eye. Scotopic vision is the
vision of the eye under low light conditions. Scotopic vision is produced exclusively through rod cells

which are most sensitive to wavelengths of light around 498nm.

2 The real peak of the luminosity curve is at A=555.015nm and the value of the constant should be

683.002.
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difference in the colour and brightness of the object and other objects within the same field of
view. Because the human visual system is more sensitive to contrast than absolute luminance,
we can perceive the world similarly regardless of the changes in illumination over the day or

from place to place (Mather, 2009).

Various definitions of contrast are used in different situations. Here, luminance contrast is used
as an example, but the formulas can also be applied to other physical quantities. In many cases,

the definitions of contrast represent a ratio of the type

AL
L

v

v 3-5

where AL, is the difference of luminance between the target sign and its background. ZV isa

nominal luminance. The rationale here is that a small difference would be negligible if the
nominal luminance is high, while the same difference matters if the nominal luminance is low.

The following are few common definitions of contrast based on 3-5.

3.4.1 Weber contrast

The Weber contrast is defined as

with L and L, representing the luminance of the sign and the background respectively. The
nominal luminance is the background luminance. Expression 3-6 is commonly used in cases
where small features are present on a large uniform background, i.e. the average luminance is
approximately equal to the background luminance. The typical application of 3-6 is in aviation

as shown in section].2.

3.4.2 Michelson contrast
The Michelson contrast is commonly used for patterns where both bright and dark features are

equivalent and take up similar fractions of the area. The Michelson contrast is defined as

L —L
hm — “max min 3.7
Lmax + Lmin

with L, and L., representing the highest and lowest luminance. The nominal luminance is

L. + L, and represents twice the average of the luminance. With image of digital camera,

L. and Lmin may be severely affected by noise and the result would be very unreliable.
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3.4.3 RMS contrast
The root-mean-square (rms) contrast is commonly used in image processing and defined as the

standard deviation of pixel intensity (Peli, 1990):

h = 1 ii(L—Z)2 3-8
rms L L N i

where L, is a factor that normalizes the maximum value of L/L, to 1. N is the total number of
pixels in the image, and L is the average luminance across the image. 0, is the standard

deviation of ;.

3.5 Visibility

In section 1.2, it has been seen that visibility can be defined in terms of threshold visual distance.
It is a meteorological definition used in homogeneous media and background lighting condition.
The purpose of measuring visibility there is to know the maximum distance that a given object
is still discernable by the observer. Such distance is a vital condition for aviation and shipping
industry. In fire protection engineering, by adopting the above visibility definition from
meteorology, design code such as NFPA 130 was able to establish visibility criteria that controls
the minimum visual distance during fire evacuation that is a necessary safety condition. What
needs to be mentioned is that in the case of fire emergency, visibility concerns the discernability
of egress path under often heterogeneous smoke and lighting condition. Unlike in meteorology,
as long as the target is identifiable, the distance between the evacuee and the target is unlikely to
be an issue. It raises a question if the distance based definition of visibility is the best choice for

fire protection engineers.

In defining visibility during emergency egress, consideration should also be given to the smoke
condition before it reaches the visual distance threshold. Most evacuations in fact take place
under such condition. The effectiveness of emergency signage under such condition will
significantly affect the time of evacuation. Here the existing definition of visibility has shown
its limitation in guiding fire safety engineers improve the efficiency of emergency egress.
Conditions that have shown significant influence on the effectiveness of emergency signage
such as colour, context and viewing angle (see Chapter 4) are not reflected in the existing

definition and the measurement based on it.

The current study is the first attempt to address these issues and create the concept of visibility
based on perceived image in smoke laden environment. Here the emphasis has been given to
“discernability”. In this thesis, visibility and “discernability” are synonymous. Since
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“discernability” is not in any English dictionary, therefore visibility will be used throughout this

thesis although its meaning would be more authentic.

At this point, it has to be said that the current author has no intention to provide a general
definition of visibility in the current thesis. However a definition that suites the fire protection

engineering is considered necessary and therefore given as the following:
Visibility is the human imaginary perception of a given target.

In this definition, emphasis has been laid on the target and its perception since the objective of
the study is to understand the human interpretation of a particular object that has been visually

accessed.
In terms of measuring visibility, the following consideration has been given in the current study:

o The higher of the contrast between the target and the rest of the image, the better of the
visibility of the target.

e A brighter image would provide better visibility than a darker image.

The first point may be easier to be accepted since it is consistent with existing measures of
visibility such as that given by equation 1-3 and equation 1-4. The second point may attract
argument as some existing researchers point out that visibility does not depend on light intensity
(Schooley & Reagan, 1980) although our common sense tell us otherwise. In the experiment by
Collins, Dahir and Madrzykowski (1992), it was found that signs with highter luminance were
more visible through smoke. Similar results have been observed by Ouellette(1988) and

Ouellette has recommended to remove the limitation on maximum sign luminance from BS2560.

For image based visibility, the above considerations can be expressed as

V,=F (contrast,brightness, colour) 39

where function F depends on how the image has been created and will be defined in the

following chapters for photographic and synthetic images respectively.

3.6 Summary

The important aspects of human vision and basic photometry concepts have been presented in
this chapter. Among them the luminant efficacy, or photometric function would be the most
relevant function to the current study. It has revealed the way that human eye responses to the

stimulation of light with different colour. With the help of this function, it has been possible to
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mathematically convert a physical image received by the eye into an image that is perceived by
the brain. Human visibility can be simulated by interpreting such image. It is called the image
based visibility in the current study. Comparing with the prevailing concept of visibility, the
new concept is more close to the common understanding of the word itself. In quantifying

visibility so defined, the following steps should be followed:

1. Acquisition of physical image (photographic or synthetic).
2. Conversion of the image into human perception (vision).

3. Defining measure to interprete the vision.

The rest of this thesis is concerned with how to realise these steps in experiment as well as in

numerical simulation.
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Part Il Experimental study of
visibility in smoke tunnel

This part of the thesis describes the experimental work carried out in a tunnel filled with misty
smoke. Various illuminated signs are tested and digital photographs are taken under different
smoke, luminance and colour conditions. The experimental procedure demonstrates how to
measure visibility from digital photographs. The results of the experiment lead to some useful

and interesting conclusions.
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4. The angle of viewing can affect the visibility of a sign.
5. Visibility of sign can be reduced significantly among people with abnormal colour
vision.
The opinions on the effect of the illumination or brightness of the sign are different among the
researchers. The effect of sign colour is inconclusive. Tests have only been carried out in North
America where people are used to see emergency signs in red. Even though, its effect seems to

be less important.

It should be point out that all the previous researches are based on the threshold visual distance.
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Chapter 5. The current experiment

5.1 Objective of the experiment

The current experiment was setup to support the concept of image based visibility in smoke
laden environment. The designed experimental procedure demonstrates how visibility can be
quantitatively defined and measured with physical images in digital form. The measurement has
been made under various smoke, luminance and colour conditions and the results were
examined to see if it can improve our understanding of visibility in smoke. The experiment also
provides the data in validating the computer simulation model given in the next part of the

thesis.

5.2 The scope of the experiment

The current experiment has tested the following effects on the visibility of exit sign in smoke

e Smoke concentration
The smoke concentration various continuously in time but has been kept homogenous.
The instantaneous value of smoke extinction coefficient was recorded at the same time

when the photographic image was taken.

e Illumination of the exit sign
Each experiment has been repeated with 3 different level of power input of the

illuminating light source for the exit signs.

e The colour of the illuminating light

Each experiment has also been repeated with 3 different colours: red, green and blue.

o The legend of the exit sign
Barcodes, text and standard emergency signs have been tested under different smoke,

illumination and colour conditions.

5.3 Limitations of the experiment

1. No combustion generated smoke has been tested.
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2. Only smoke under homogenous condition has been tested.

All signs tested were internally illuminated. No reflective sign has been tested.

4. The dynamic range of digital camera output was limited to 16bit per colour channel.
The maximum pixel value is 65504. Any value larger than that would be cut off. For
certain light source output, it was necessary to keep the camera exposure short enough
to avoid the overflow of pixel value.

5. The LED light source output is intermittent. It requires the camera exposure to be long
enough in order to avoid the camera output from fluctuation. It requires the aperture of
the camera to be controlled so that the result does not fluctuate and at same time the

pixel values are within the dynamic range of the camera.

5.4 The smoke tunnel

A simple rectangular smoke tunnel shown was built to achieve the objective and cover the scope
of the current experiment laid out in sections 5.1 and 5.2. The tunnel has been built with
aluminium sheets bolted on aluminium frame. The internal dimension of the tunnel is
1.0x1.0x4.0m’ so that the longitudinal distance is sufficient to give large optical depth of the
smoke and the surface reflection of the aluminium sheets will not affect light scattering around

the longitudinal centre line of the tunnel.

Stencil of si
sign Reflective chamber
glass panel ceiling lights \

camera

light

§ Qoo K s filter
laser /\ photometer

Figure 5-1 The smoke tunnel

At the far end of the longitudinal centre line is the illuminated sign to be tested. The sign
consists of a LED light source and a reflective chamber. The size of the reflective chamber was
0.06x0.12x0.15m’. In front of the chamber, there were two layers of sanded Perspex-sheet filter
to make the luminance over the sign more uniform. The sign is a stencil mask attached to the

filter. The light source was mounted outside the tunnel and the light shining in the chamber
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Figure 5-6 Top view of the smoke tunnel

5.6 Measurement of optical depth

As the smoke in the tunnel is homogeneous, it was convenient to measure the optical depth and
used it as a parameter in comparing experimental data. A pair of red laser diode and photometer

has been used to measure the optical depth defined as
r=ox=in(,/0) 53

where @ is the power of laser beam read from the photometer and @, is that before smoke was

introduced into the tunnel. x is the distance from the laser to the photometer. Lambert-Beer’s

law has been applied since the laser beam was only attenuated by the smoke.
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Chapter 6. Image generation in the current

experiment

Digital camera is the most effective equipment to record, store and share images. In the current
study, it has been used just for such purpose. This chapter describes how a particular camera
should be calibrated and the photographs are converted into the perceived images that are
required for measuring visibility. It explains the principle and the procedure of the conversion.

The final formulae and the constants might be different from one kind of camera to another.

6.1 Camera calibration

A digital camera is an array of photoelectric sensors. Each of the sensor measures light fallen on
it and converts the radiant energy received into electronic signal to be stored as pixel values. In
most digital colour cameras, each pixel records light using 3 or more sensors. Each sensor
measures light within certain range of wavelength, typically in red, green and blue colour band
respectively. It is the so called RGB model. The general form of the model is given by (Fu, et al.,
2006)

: At %
i = %( g7 s, (ﬂ)L(ﬂ)dﬁ]H@, 6-1
0

where i, is the pixel value in channel # (#=R, G or B), L(4) is the spectral distribution of

radiance from light source at wavelength 4, g is a geometrical factor. 4t is the camera exposure.

F is the aperture. y, is the intensity response function in channel # and s,(4) is the combined

spectral sensitivity of image-optics, colour-filter and the sensor in channel #. Camera calibration

is to determine y/, and s,(4) for a particular camera. n, in 6-1 is the dark noise in channel # and

can be determined by the photograph taken when the lens is covered. In the current study, it has
been found that the maximum value of #, is less than 50 but the minimum visible pixel value is

above 5000. Therefore n, has been ignored in the following discussion.

6.1.1 The camera

The camera used in this experiment is a commercial Canon EOS10D SLR camera with Canon

EF 100-300mm zoom lens. The diameter of the lens is 58mm and the maximum aperture is
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1:5.6. There is a UV filter in front of the lens for protection. Table 6-1 gives the camera

parameters used in the current experiment

Focal length 100-300mm ISO 200

Aperture 5622 Sensor size | 22.7mm x 15.1mm
Image size (output) | 3088 x 2056 (6.3million) | Sensor type | CMOS

Image size (full) 3152 x 2068

Table 6-1

The camera image was written in raw format (CRW format for the Canon 10E camera used here)

and processed with the freeware image reader Image].

6.1.2 Efficiency of the lens

The lens and the UV filter attached to it cause the attenuation of the incoming light. The loss is
determined by the efficiency of the lens. In the experiment, it has been measured with low
power red laser (SmWatt, A=653nm). At first, the intensity /, of the laser was directly measured
with the photometer. Then the same laser beam was shining through the lens and the photometer
reading, say I, was taken on the other side of the lens. The efficiency of the lens is the ratio 2/
The result has shown the value of 0.64. In the current study, it was assumed that the efficiency

of the lens is independent of wavelength and aperture.

6.1.3 Linearity of intensity response function v,
The parametery/, in expression 6-1 represents the response of camera to the change of light

intensity. It would be different for each colour channel. In most applications, what is more

important would be to know the linearity of y, instead of its value. In other words, for a fixed

light source, the colour spectrum of the light is constant, therefore the sensor of a digital camera

should respond linearly to the irradiance of light. In the current experiment, it means
J‘s,] (A)L(A)dA = const. 6-2
0

The normalisation factor has been merged intoy/, . Keeping the spectrum constant can be

achieved in different ways with the LED light. One way is to change the number of LEDs.
Assuming that all the LED bulbs are the same, changing the number of LED bulb will only
change the total output intensity without altering the light spectrum. The LED light installed as
the back light of the sign is capable of changing into 3 different levels by switching on/off some
of the bulbs. Alternatively this can be achieved by adjusting the combination of aperture and

exposure of the camera. The irradiance on the sensor is in proportion to AtF . Figure 6-1
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Mathematically, the process in Figure 6-6 can be expressed as
. -1 .
ll = I-‘eye. A (rcamera, A (lc, A )) 6-10

From the discussion in section 3.3, the spectra conversion I,

ye, 2 18 the luminosity function y/; .

. — 1
= y}.LA,i 6-11

In a real digital camera, the sensor receives the incident light through 3 colour channels. Each

channel is sensitive to certain section of the spectrum. Figure 6-5 shows the sensitivity of each
channel for the Canon EOS10D camera. Instead of i, the image output of the sensor satisfies the

following integration

ic, n = |: J.Fcamera, i (LL i )dﬂ’:|
0 n 6-12

where the subscript # represents one of the colour channels. I, . is the camera response
curves shown in Figure 6-5. There are as many conversion operators like 6-12 as the number of

colour channels. In section 6.1.3, it has been experimentally proven that the relation between

i, , and |L; dA is linear for the current camera. Therefore there is a constant y/, that satisfy
0

the following equation

=V, |:°]-L/1, idﬂ’:|
0

ic, 7 = |: J.rlcamera, a (L}., i )dﬂ’:|
0

K 7 6-13
If none of the conversion operator changes light spectrum, then
[:L,d2
0 -
© - cy
[L,d2
0 6-14

where ¢, is a constant that does not change between the light source and the eye.

! A constant of 683 has been omitted here.
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The approximation of the perceived luminance reached the eye within colour channel # can be

:[ W}
0 7

expressed as

o~
=

Vo 6-15

For polychromatic light, the total perceived luminance would be

i=2,
n 6-16

In 6-15, y,andc, , can be determined by applying 6-13 and 6-14 to the light source and

carrying out numerical integration. For the current light source and camera, ¢, andy, are

given in Table 6-2.

Red Green | Blue
) 0.218 0.744 0.1
v, 0.6 0.75 0.5
Table 6-2

It should be mentioned that the value ofy/, is not fixed but the ratio among all the channel is.

Different sets of i, corresponding to lights with the same spectrum but different intensity.

6.3 Summary

Since the response of a digital camera is different from that of human eye, a numerical
procedure has been created to extract the perceived image from photograph taken with a digital
camera. The procedure has been based on experimental data for camera calibration. Although
the result is for Canon EOSIOD, the procedure would be generally applicable to most
commercial digital camera. The basic requirements are that the camera responds linearly to the

change of light intensity and the spectra response function of the camera, s,(A), is known. The
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accuracy of the procedure depends on the number of colour channels the camera has. At the

moment, it is limited to 3 (the RGB model).
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Figure 7-4 Average value of image intensity

7.2 Visibility estimated from images

In section 3.5, it has been seen that visibility can be expressed in terms of a function of the
characteristics of the image. Under the current experimental condition, the proposed function F

in equation 3-9 for an individual colour channel is given as
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where $ is the normalised mean brightness (pixel value) of the image. For the images in the

current study, the normalised form of Z is

a;7 = —ﬂ__imeaml
t//,,teprD 73

where AD is the dynamic range of the camera. For most of the modern commercial digital

camera, it is 65535 for each colour channel. 7, is the camera exposure and [3 is the aperture

area ratio of the camera. It is given by dividing the camera aperture stop a by a nominal aperture
stop. In the current study it has been taken as the largest aperture /5.6 (representing an aperture
area of 2.254x10"m?). Therefore

20
5.6 7.4

For images formed by mixed colour, visibility is defined the same way as that for a single

colour channel.

F= hmqﬁcy 7.5

In7-5, y, and c,, are replaced by ¥ and c, . Both are the results of integrations over the entire

spectrum of the light source.

7.3 Measurement of visibility in smoke tunnel

Various signs have been experimentally studied in the current experiment to evaluate the
visibility of them under both clear and smoke conditions. Table 7-1 gives an approximated
guidance on the relative importance of different factors that influence the visibility of a sign.

Based on this guidance, the following parameters are chosen to be tested.
1. Light intensity of the sign.
2. Optical depth .
3. Colour of sign.
4. Ambient lighting.

5. The form of the sign:
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a. Thickness of sign strokes.
b. Stencil against translucent sign.

In most cases, the performances of the above parameters are expressed in V-t charts where V' is

the visibility defined in section 3.5 and 7 is the optical depth. Table 7-2 shows the test matrix.

Smoke Sign . Ambient Sign Sign View Stroke
. . Distance . Legend . :
properties luminance light colour size angle width
5 4 4 3 3 2 2 2 1
Table 7-1
Smoke Yes
Ceiling light No Yes
Colour ghannel of R G b R g b
sign
Intensity of | 55 1 50 | 100 | 25 | 50 | 100 | 25 | 50 | 100 | 25 | 50 | 100 | 25 | 50 | 100 | 25 | 50 | 100
sign(%)
Square sign X x X X
Circular sign X X X
Exit sign X X *
2:1 X X X x | x X X X X
'§ 1.5:1 X X X x | x X X X X X X X X
i¥]
g 1:1 X X X X | x X X X X X X
0.5:1 x | x X X X X X X X X X X X X X
Table 7-2

7.4 The experimental procedure

Each experiment session starts with the smoke tunnel free from any trace of smoke. The laser-
photometer pair would be adjusted to get the maximum photometer reading at the given
distance. The sensor of the photometer is fixed to the end panel of the tunnel and the laser is
supported by a frame with very heavy base seating on the bottom of the tunnel. The
arrangement is to ensure the stable reading of the photometer even under the influence of

vibration caused by the smoke generator and ventilation fans.

After close the glass door, black sugar paper blind is used to seal the tunnel from any other light

source. A circular window the same diameter as the camera lens is open to the camera. After
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switching on the light source of the sign, photo images of the sign under clear condition will be

taken for comparison.

The smoke generator and the two ventilation fans are switched on and the tunnel is gradually
filled with smoke until the sign has completely disappeared then stop the smoke generator but
leave the fans running. Wait for a short while (few seconds) so that the smoke concentration
would become uniform. At this point, the laser is switched on and the first photometer reading
is taken. Immediately after taking the photometer reading, switch off the laser and take the
photograph of the sign. The procedure is repeated for every 10-20 seconds. At each incident, the
laser beam must be switched off before the photograph is taken to ensure no light scattering

from the laser beam interferes with the photographic image.

7.5 Summary

This chapter describes the details of the experiment procedure in the smoke tunnel. The
examined parameters that are believed to be influential for the visibility of an illuminated sign
have been listed in the form of test matrix. In section 3.5, the concept of image based visibility
was explained and it has been said that its exact expression would be application specific. In this
chapter, the expression of visibility in the assessment of digital photographic image has been
proposed. This expression will be applied in the analysis of experimental data in the next

chapter.
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In the current study, a series of barcode signs of different stroke thickness and intervals are first
studied to see their effect on visibility in combination with colour and luminance. Table 8-1 is
the list of the barcodes used in the current study. Each barcode is shown in a row in the table
with its aspect ratio, the width of its transparent bar and its opaque interval and the total width

of the barcode. The aspect ratio of a barcode is defined as:

Width of tranparent bar
Width of opaqueint erval

8-1

All the barcodes are the same height of 9.0cm.

Height 9

Aspect - - -j t Total width
20:10]20]1.0]20]1.0]2.0 8
15:1.0]15]10]15]10]15]10]15 9
10:1.0]10]10]10]J10]1.0]1.0}1.0]1.0]1.0 9
1.0:05]1.0]05]10]105]10]05]1.0]05]1.0]05]1.0 8.5

Table 8-1 Formation of barcode, widths are in centimetre (cm)

Figure 8-2 shows the images of the 4 barcode signs in Table 8-1. The interval between bars is
fixed as 1.0cm for the first 3 barcodes and 0.5cm for the last one. Their stencil area (the white

area) ratios are 6:6:5:6 and the total widths of the sign are 8, 9, 9 and 8.5cm respectively.

Figure 8-2 Barcode signs with different aspect ratio

Visibility has been measured with 3 different power and 3 different colour settings of the light
source. The optical depth of the smoke changes continuously from 0 to 9. According to Jin
(2008), when optical depth is greater than 8.0, the sign would become invisible. In the current
experiment, each measurement is carried out with the tunnel filled with smoke more than
enough to fully obscure the sign. In terms of optical depth, its value would be larger than 12.
Measurements are made as the smoke level goes down naturally due to leakage. 5 people age
between 19 and 52 with normal eyesight have been asked to observe the optical depth threshold,
the observed threshold optical depth were between 7 and 9 for different colour and sign

combination.
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the two signs is almost the same. It is believed that the reason of better visibility for the
translucent sign is due to the fact that visibility in the current study depends on the image
contrast between the sign and its background as well as the overall brightness of the image.
Both values are higher for the translucent sign than the stencil sign because the former has

larger illuminated area. Therefore the improvement of visibility is on the entire sign, not just its

legend.
0.1
0.08 O translucent (green)
® opaque

2 006
g
2
w2

> 004

0.02

0

3 4 5 6 7 8 9
Optical depth t

Figure 8-17 Visibility of the sign with and without background luminance

The current conclusion contradicts with the results from QOuellette (1988) and Collins et al
(1992). In both of the cases, the sign was formed with thin red text on white translucent
background that would be rather dominant in terms of total luminance. What also needs to be

pointed out is that visibility defined in the current study is different from the visual threshold

used in those experiments.

8.4 The visibility threshold

The commonly accepted visibility threshold given by Jin (2008) is that the optical depth of
smoke equals to 8.0 as shown in Figure 8-18. Interestingly this threshold is largely independent

of media type and the brightness of light source.
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Brightness Kind of
of sign smoke
15 L AA A 500 cd/m?  White smoke
A 500 cd/m2 Black smoke
O 2000 cd/m2  White smoke
= ® 2000 cd/m? Black smoke
>
= 10 r—
B
]
=
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AO @
0 1 1 1
0.4 0.5 0.7 1.0 1.5 2.0

Extinction coefficient C; (1/m)
Figure 8-18 Jin’s visibility threshold (Jin T. , 2008)

On the visibility curve as defined in the current study, the threshold is a point where the
visibility curves under different conditions merges (e.g. Figure 8-3, Figure 8-6, Figure 8-12 and
Figure 8-17). Different visual condition leads the visibility curve towards the threshold with
different slop. In relatively favourable visual conditions (brighter light source, bulky sign etc.)
the disappearance of the target would be rather sudden. If the conditions are less favourable, the
image of the target goes blur well before the conditions reach the threshold. It opens the
question of how the performance of an emergency sign should be judged. At the moment,
judgement is made only on the threshold of visual distance. It is certainly important that the
emergency sign should stay visible during the entire period of evacuation. However, the
visibility of the sign can be very different under different conditions before the threshold is
reached. Should the designers make effort to improve the visibility of emergency sign so that it

would be easier for the evacuee to find the egress route even in hurry or panic? The answer is

definitely yes.

8.5 Summary

Various internally powered signs were examined in the smoke tunnel under controlled
environment. Quantitative visibility measurements of the signs have been made with

commercial digital camera. Here are the main findings from the experiment.
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o Signs illuminated by red and green light have very similar performance of visibility in a
smoke laden environment. The performance of a sign illuminated by blue light would
be significantly poor compared with the other two.

e The visibility of an internally illuminated sign can be improved through the increase of
its luminance.

e The presence of ambient light could significantly reduce the visibility of a sign.

e An illuminated sign with white legend on green translucent background perform better
than that on opaque background.

e The legend of a sign with bulkier stroke and larger interval between the strokes has
better visibility than that with thin and compact strokes.

e The difference in visibility due to different visual conditions diminishes as the optical

depth of the smoke approaches the threshold value of 8.0 given by Jin.

Most of the above points are arguably known to the fire engineering community but this has
been the first time quantitative conclusions have been drawn. In the opinion of the author, more
attention should be paid to the pre-threshold conditions that have caused some significant
discrepancies and would be experienced by most evacuees during fire evacuation. Improvement

of visibility under such condition will certainly improve the performance of emergency egress.
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Part III Numerical simulation of
visibility in smoke laden
environment

Experimental study of visibility in fire smoke is important in order to understand its mechanism
and the general principle for improvement. Conditions of real fire in modern public buildings
would be more complicated in almost every aspect in comparison with the conditions in the
laboratory. It justifies the use of computer simulation for design verification. As part of the
current study, a computer model for the visibility in smoke laden environment has been
developed. This part of the thesis gives the details of the model and its validation against the

experimental data presented in Part I1.
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Chapter 9. Previous solution methods for the

radiative transfer equation

The radiative transfer equation 2-26 is an integro-differential equation. In addition to the 3
spatial dimensions common in other dynamic systems, there are 2 angular and one spectra
dimensions. Consequently, exact analytical solutions exist for only a few extremely simple
situations such as one-dimensional problem in homogeneous medium with constant optical

properties.

Most engineering problems are multi-dimensional and heterogeneous. Frequently the spectral
variations of the radiative properties have to be accounted for. Therefore simplified
approximations are necessary in the solution of the RTE. Depending on the nature of the
specific problem in hand, the degree of accuracy required, and the available computer facilities,
solution methods of varying degrees of approximation have been devised. In this chapter, some
typical methods that have been developed in astronautics, atmospheric/meteorological science,

neutron transport, radiative heat transfer and computer graphic are reviewed.

9.1 Analytical solution

Analytical methods can be applied to radiation transport problems only in the case of highly
idealized situations, like problems with simple geometry and homogeneous participating media
having spectrally independent radiative properties (gray medium). In such situations, exact
analytical solutions can be obtained for the RTE, which is used for determining the variation of
intensity in the participating media. The simplest example is equation 2-24. More complex
solution involves heterogeneous medium or two dimensional boundary conditions (Heaslet &
Warming, 1963). The analytical solutions have received much attention in atmospheric sciences
and neutron transport (Viskanta, 1987). In thermal engineering, their application is limited and
the procedures of obtaining such solution are already written in text books (see, e.g., Ozisk,

1973; Siegel & Howwell, 1992; Modest, 1993).

Since visual simulation is intrinsically 3 dimensional, no effort has been made to seek analytical

solution.
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9.2 Numerical solution

9.2.1 Spherical Harmonics method (Py —Approximation)
Assuming that at a point X in space, the spectral radiance field L, (X, @) can be expressed as the

following series

LEH=Y Y rE)

120 m=-1 9-1

where the subscript A has been omitted on the right hand side of expression 9-1 for clarity.

L (%) is position dependent coefficients and ¥, (@) is the spherical harmonics given by

Y (@)= (—1)(”'+|’"|>/ l{g_:r__m;:} emv pll'"| (cosB)

where 0 and v are the zenith and azimuth angle describing @ in spherical coordinate system

defined at X . P™is the associated Legendre polynomials.

Similarly, expanding the phase function in expression 2-26 as

pu, 1,) = D AP, (12, P, (1)
=0 9-2

where 21 =cos8 and u, = cosf, . mis the order of approximation of the phase function.

Further assume that the problem is one dimensional and the local spherical coordinate system
can be chosen so that the radiance field is independent of the azimuth angle . It leads to

(Modest, 2003)

L(z, )= ) L(T)R(p)'
=0 9-3

where the position vector X is substituted by the integration along the direction of radiation §

s
T= Iods . The in-scattering integration in 2-26 now can be written in series form as
0

"In this case L} =0ifm# 0 therefore the superscript m is omitted
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1 N M 1
[PorssLod®= [Pl )L(T, 1)1t =) L (D)) A, B, (1) [But, VB, )
Q -1 =0 m=0 -1

9-4
As Legendre polynomials are orthogonal, therefore
‘ 24,
[R(u)P, (1), = ==t
-1 2m+1
and
& 24,
[Pusilodor=) “2LL(DR()  4=0forI>M
3 1% 21 +1 9-5

Substituting 9-1 and 9-5 into 2-26 and exploiting the orthogonality of the Legendre polynomials

again lead to N+1 ordinary differential equations for /,(7)

n+l n kA
—I (0)+——I _(0)+|1-—==|I (r)=(1-k) (7)o,
2n+3 n+l( ) 211—1 n—l( ) [ 2n+1) n( ) ( ) b( ) On 9_6
where n=0, 1, ......, N and the prime denote differentiation with respect to . Up to this point the

integral-differential equation 2-26 has been converted to a set of ordinary differential equations
9-6. In theory the method can yield solution to the accuracy of any degree but the expression of
Py is very complex even for small N (less than 3) (Ou & Kuo-Nan, 1982; Ratzel & Howell,
1983; Menguc & Viskanta, 1985, 1986). What needs to be remembered is that equation 9-6 is
only a one-dimensional solution (the real solution process is far beyond 9-6). In multi-
dimensional geometries, attempt to make higher order approximations would be unrealistic. The
drawback of the method is that low-order approximations are usually only accurate in optically
thick media, and accuracy improves slowly for higher-order approximations while mathematical
complexity increases extremely rapidly (Viskanta, 1987). With the higher order terms, boundary
conditions are also very complicated. When the media is heterogeneous, the problem becomes

too complicated to solve.
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9.2.2 Discrete ordinates method (Sy — Approximation)
If the radiative transfer equation 2-26 is solved along a set of  different directionss,, i = 1,

2, ... , n and the scattering integrals over direction are replaced by numerical quadratures, that

[LG.B)pG,.5,0)dw =Y w,I(%,8,)p(%5.@))
Q J=1

where w; is a weighting factor. Then the original RTE can be written as

(o) <
- — sca,l - - - - = .
§-VL, =a,,L,,-a,,,L, + yy ijl(x,.,a)j)p(x,.,s,.,a)j) i=L12,,n
j=1

9-7

The accuracy of 9-7 keeps improving as » increases provided that the direction §; and weighting

factor w; satisfy the following conditions

Zn:m = Idco =4r
i=l ar

Yows = [sdo=0

i=l ar

Z“’,-(Si@%)— j(s ®§)do = 3 o

= 4 9-8

Here ¢ is the unit tensor and & denotes the dyadic product between two vectors. Since the
solution must be symmetrical (radiances in two opposite directions co-exist), an even number of
the simultaneous equations must be solved at any spatial point. A solution of this type is
denoted as Sy with N=2, 4, 6, .... The subscript N is called the order of the solution. The number
of discrete ordinates #, the order of the solution N and the physical dimension of the solution
space D (D=1, 2, 3) form the following relation

_AD
n=2"N(N+2)/8 0.0

A S, solution for a two dimensional radiative transfer problem requires 2* x 4(4+2)/8=12
simultaneous equations to be solved at each point (Siegel & Howwell, 1992).
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The discrete ordinate method was first proposed by Chandrasekhar(1960) in his work on stellar
atmosphere radiation. Later, Lee(1962) and Lathrop(1966) apply it to neutron transport theory.
Fiveland (1984) calculated 2 dimensional radiative heat transfer in enclosures with this method
and observed that different sets of ordinates may result in considerably different accuracy. His
results of S, and S, ordinates are generally better than the P; solution from Ratzel & Howell
(1982).

Later Truelove (1987) improved Fiveland’s solution by adding the half-range condition that the
set of ordinates and weights should also satisfy the first moment over a half range on the surface

of walls:

ffi-sldo="[i-Sdo=n= 3 wi-5,

75<0 7550 7i-5;>0 9-10

Comparing with the Py method, the Sy method is more flexible. It can be applied to non-
isothermal, heterogeneous, anisotropically scattering media in complex geometries. In radiative
heat transfer, the implementation of the Sy method can be conveniently accommodated in the
CFD mesh readily available for flow and convective heat transfer simulation. It makes it a

primary choice within the CFD community.

The discrete ordinates method suffers from two major sources of inaccuracy, the ray effects and
false scattering. False scattering is the result of spatial resolution same as the false diffusion in
CFD simulation and may be reduced using any discretization scheme that improves field
resolution (refined mesh or higher order scheme). The same problems accompanied with such
scheme in CFD simulation (over/under shoot, unphysical values etc.) also appear in the
radiative simulation. Ray effects are the result of angular resolution and related to the abrupt
change of radiation on the boundary. As the discrete ordinates are bound by conditions in
equation 9-8, the computational cost of angular refinement is proportional to N° and N has to be
an even number. Some mitigation schemes have been introduced to reduce the ray effects but
they are often restricted (e.g. thin smoke), costy and complicated to implement making a
conceptually transparent method rather obscure (Liou & Wu, 1997; Coelho, 2004). Due to such
drawbacks, the Sy method is not well accepted by the computer graphics community despite its
computational efficiency by solving a single set of linear equations to get the illumination of the

entire scene.

9.2.3 Radiosity method
The radiosity method was developed in the late 1950s and early 1960s for surface to surface
thermal radiation problems within an enclosure with gray, diffusive walls and without

participating media (Oppenheim, 1956). Under such conditions, radiation leaving a finite
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surface area 4; and arriving at another finite surface area 4; can be expressed as, assuming

radiance on each surface area is constant

=—[[L,p;@, dddo,=-[[Lp,é,- dA. __E [f p,,| i 2l |dA,dA
Q4 4,4 I X; I 4,4, 7r|x —x|
9-11

where the phase functions is in fact a visibility function

{1 if dA, isvisible from d4,
Py =

0 otherwise

The total radiant energy flux arrived at 4; is

N
(Dinc,i = ‘A‘IZE]F;/
j=1
Therefore
Ei :piZFI‘IEJ +7ZLeml‘i 9_12
j_

where N is the total number of surface elements of the enclosure and

S.5 .
F;j:#
Ai

9-13

is called view factor (or form factor) of 4; viewed from 4; with the exchange area.rsj defined as

67465,
5:5; _IIPU ﬂ_lx —x| Ad4; o

SinceLTsj is symmetrical to the sub scripts, the view factors between 4, and A; follow the rule of

reciprocity

FyA=F,4, 9-15
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Equation 9-12 for all the elements of the enclosure forms a set of linear equations for the surface

radiosity of the enclosure (Oppenheim, 1956).

This method was first introduced into computer graphic for global illumination by Kajiya
(1986). Various improvements were made to reduce the computational cost in calculating view
factors and reducing the total number of elements without losing the capability of producing

visually acceptable images (Cohen & Wallace, 1993).

In surface radiation within enclosure and global illumination for computer graphics, equation 9-
12 can be solved implicitly with efficient linear solvers popular in FEA and CFD simulation
even though computing view factor 9-13 is still burdensome in 3D cases with complex
geometry. In global illumination, small surface elements are required to avoid artefacts along

the edges of geometry as well as the boundaries of shadow.

9.2.4 Zonal method

The zonal method is widely applied in calculating radiation heat transfer with participating
media in practical engineering systems. It was first developed by Hottel & Cohen (1958) for an
absorbing-emitting and non-scattering gray gas with constant absorption coefficients. Hottel &
Saroftm (1967), Noble (1975), Smith et al(1985) and Nelson et al(1986) extended it to deal with

non-constant and non-gray absorption coefficients as well as isotropic scattering media.

As a direct extension of the radiosity method (in computer graphics it is often referred as
radiosity method), equation 9-12 is replaced by the following equations for surface and volume

local energy balance in equilibrium condition (Rushmeier & Torrance, 1987)

N Mo
AE =AE,,,, +pi(ZSiSjEj + Zsigj.]jj Jor surface zone
=1 j=1
N M
40.1’1/1"]1‘ = 40‘abs,iI/iJeml,i + pi ZgisjEj + Zgigj']j for volume zZone
= =
9-16

where E and J are radiosity defined on surface and volume zone respectively. N and M are the

number of surface and volume zones respectively. The exchange areas s,g ; and 8:8; are

defined by
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sg; = | j p,/ B2 dga,

AV, 7z|x —x|

g8, = [ [p "Lz avay,
4, 4; ﬂ'lx,. —le 917

Same ass S

;8 ; » they are also symmetrical to the subscripts i/ and ;.

With participating media, the definition of p; must include energy loss during transmission from
clement i to element j regardless it is surface or volume type. This is evaluated according to
Lambert-Beer’s law as
e
p;=¢€ !

The integration is to account the heterogeneity of the media.

Kajiya (1986) introduced this method to the computer graphics community. Rushmeier(1988)
applied it in his simulation of global illumination with thin media exhibiting weak anisotropic
surface scatter, where volume-to-volume interaction was assumed insignificant. Bhate and
Tokuta (1992) extended the method to more general anisotropic media and Bhate also carried

out progressive zone refinement (Bhate, 1993) to reduce the overall cost.

The popularity of the zonal method is due to its simplicity in terms of the decomposition of
computational domain and nearly analytical solution for the inter-zonal radiant exchange. Such
advantage diminishes as the problems to be solved become more complex. In a typical cube
filled with participating media and divided into » elements in each principle direction, the cost
of computing the exchange areas 9-16 would be O(n’)’. In cases that the participating media is
constant, this operation needs to be carried out only once per scene. In other cases, such cost is

often considered prohibitively high.

9.2.5 Monte Carlo ray tracing
In 1946, following the creation of the world’s first electronic computer ENIAC, a team of

scientists in Los Alamos Laboratory carried out a series of statistical computation on it

! The number of elements would be O(#’*) and the cost of py would be O(n).
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simulating neutron transport process. Monte Carlo method was formally introduced (and named)

in this simulation (Metropolis, 1987).

The method was first introduced into thermal radiation in the early 1960s for one dimensional
radiative heat transfer problems (Fleck, 1961; Howell & Perlmutter, 1964) . Later, more
complex problems concerning non-gray, anisotropically scattering media confined in various
types of enclosures were investigated using this method (Taniguchi, 1967; Taniguchi, 1969;
Stockham & Love, 1968; Avery et al, 1969; Gupta ez al, 1983; Abed & Sacadura, 1983; Yang er
al, 1983; Tiwari & Liu, 1992; Farmer & Howell, 1994 and Liu & Tiwari, 1994). The high
computational cost of the Monte Carlo method had prevented it from being widely adopted in
its early stage of development. In recognition of its high accuracy and high computing cost, it
was recommended as a benchmark for other methods (Viskanta, 1987; Mishra & Blank, 1995).
As the hardware capabilities have advanced and more efficient algorithms (e.g. Kobiyama, 1989;
Liu, Shang, & Chen, 1999; Modest, 2003) have been introduced, the cost of the method

becomes more and more acceptable.

Generally speaking, Monte Carlo methods are a class of computer algorithms that rely on
repeated random sampling. It is more of an idea or a principle than a particular computational
method. Metropolis gave an excellent explanation of the principle in his original paper
(Metropolis & Ulam, 1949). In solving radiative transfer equation, the method has often been

used in Monte Carlo integration. The idea is to evaluate the integral

L= [f@du(x)
Q 9-18

with a quadrature

N
L= wf(x)
= 9-19

where the weight w; and the sample location x; are determined in advance. N is the total number

of samples.

The advantage of the Monte Carlo method over other method mentioned so far is its versatility.

Regardless the dimension of the problem domain and the smoothness of the integrand, it

12

converges at the rate of O(N™'") (see next chapter) while the other quadrature based

approximations will converge according to Bakhvalov’s theorem, at O(N VY or worse. Here s
is the dimension of the problem domain and the integrand should have a bounded, continuous

first derivative (Veach, 1997).
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Another advantage of the Monte Carlo method is its simplicity. Only two basic operations are
required namely sampling and point evaluation which leads to simple computer software
implementation. It is easier to be used in complex problem such as that involving heterogeneous

and/or anisotropic media.

The traditional ray tracing technique was introduced into global illumination by Whitted (1980).
He described a novel way for extending the ray-casting algorithm to determine visible surfaces
in a scene to include perfect specula reflections and refractions. Later Cook et al (1984)

extended it into stochastic ray tracing.

Essentially there are two tracing strategies: forward and backward tracing. The former, tracing
rays from the source toward the target, is often used in neutron transport (Spanier & Gelbard,
1969) and radiative heat transfer (Tessé, Francis, & Jean, 2004) as well as in nuclear medicine
(Bousis, Emfietzoglou, Hadjidoukas, & Nikjoo, 2008). The later, tracking rays from the receiver
(image plane) toward the source is extensively used in computer graphics for image generation
(Dutré, Bekaert, & Bala, 2003).

Limited extension of the origin of rays will result in very non-uniform convergence rate in the
domain. Figure 9-1 demonstrates a camera catching the reflected light from a Lambertian
surface. With forward Monte Carlo ray tracing, the probability of a ray issued from the light
source being captured by the camera is quite small. It means that to generate a reasonable image,
the total number of rays to be introduced from the light source, N, has to be very large since the

convergence rate of the Monte Carlo method is OV '/z) . On the Lambertian surface, the

illumination would have reached its converged value with a sampling number N’ << N . The

same argument can be applied to backward Monte Carlo ray tracing.

Lambertian
surface

D Light source

|

\ ﬂ Camera

Figure 9-1

The above problem prompts the development of two pass tracing algorithms. In the first pass,
rays are introduced from the light source and radiance is cached in space or on the surfaces in

the scene. In the second pass, rays are introduced from the receiver (either a camera or eye). The
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path of the rays is traced till it reaches a diffusive surface. In the case of specula surface, multi-
leg path is traced till the ray either reaches a diffusive surface, absorbed or escaped from the
scene. Many Monte Carlo ray tracing based hybrid methods are different from each other in the

way that radiance is cached.

Computationally, Monte Carlo ray tracing is the most memory efficient method. Since there is

no cohesion among light rays, the computation is naturally parallel and distributable.

9.2.6 1rradiance cache

Among the basic methods in solving the radiation transfer problems, the discrete ordinate
method is very efficient in solving problems of thermal energy/temperature distribution but not
quite suitable for image creation when the radiance field contains discontinuity as in the cases
involving light beams and specula reflection. The spherical harmonic method is too complicated
even for single scattering case (equation 9-3). The improvement of accuracy is accompanied
with dramatic increase of the complexity of solution by including higher order term of Legendre
polynomials. The zonal method can provide comprehensive global illumination solution by
solving one set of linear equations but the high cost of computing the view factors causes
concern. On the other hand, the Monte Carlo ray tracing solution is independent of the
1/2)

complexity of problem domain and relatively simple to implement. Its converging rate O(N°

is generally regarded as slow.

In order to improve both accuracy and efficiency, various hybrid methods have been proposed.
Evans (1998) proposed the SHDOM method combining the spherical harmonic method and the
discrete ordinate method for atmospheric radiation. Rushmeier et al (Rushmeier & Torrence,
1990; Chen, Rushmeier, Miller, & Turner, 1991) extended their earlier radiosity model by

adding Monte Carlo ray tracing to simulate specula reflection and caustics.

The most successful hybrid method is photon-mapping (Jensen H. , 1996). The method employs
two Monte Carlo passes: the first is to generate radiance cache on all surfaces (photon-map) and
the second is to create image based on the photon-map. As the photon-map is constructed with
only points, the method is completely independent from surface tessellation. The basic photon-
mapping idea was extended to include participating media (Jensen & Christensen, 1998). The
method is very effective in simulating caustics since there is a clear, definite free surface and the
rest of the domain is filled with homogeneous medium of one kind or another. For diffusive
media such as smoke that has no interface between different media but the spatial distribution of
each medium is heterogeneous, the structure of the photo-map could become rather arbitrary.
Unless huge number of photons are stored, it would be difficult to produce an accurate

description of the field of radiation with photon-map.
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9.2.7 Simulation of visibility in smoke
In fire protection engineering, the visibility of smoke, defined as visual distance, is calculated
from optical density (SFPE, 2008):

OD = I_HM 9-20
X

where x is the length of optical path. In numerical simulation, optical density can be estimated
from smoke mass concentration P, following Lambert-Beer’s law as (Ingason & Persson,

1998)"

OD = O pmassPsmoke 9-21

where p_, ;. is often the result of CFD fire simulation. Since OD is a scalar, some simulation

packages such as PHOENICS uses (1/0D) as a measure of visibility and present it in a contours
plot (CHAM, 2006). Others use it in the line of sight calculation and also for smoke
visualisation as in FDS-SmokeView (Forney G. , 2009).

The OD (or rather its inverse) contours is difficult to interpret by fire engineers and often
misleading. For example, OD=8 at a point does not means the local visible distance is 1/8 meter.
According to Jin (2008), it is in fact 1.0 meter. In heterogeneous smoke field, treating visibility

as a local property would be even more problematic.

The line of sight calculation integrates light extinction along its path. The result of the
integration is the optical depth of smoke. It can be used to measure visibility. In computer
graphics as well as in FDS (McGrattan, Hostikka, & Floyd, 2009), optical depth is linked
(arbitrarily) to the transparency of graphic layers to produce the image of smoke as shown in

Figure 9-2 (Forney G. , 2009). It only offers an easy way to qualitatively visualise smoke effect.

Husted etc (2004) carried out integration along the line of sight in his CFD fire simulation. By
converting the unit of OD into 10m of visual distance, he gave an estimation of visibility in the

predetermined directions and at certain floor level as shown in Figure 9-3.

The contours in Figure 9-3 show the visual distance at each point in the simulation domain
observing from right to left as indicated by the arrow. In the region painted yellow, the visual

distance would be great or equal to 20m so that anything on the left wall would be visible. In the

! In Ingason’s paper, OD was defined using logio instead of In. Here OD is kept consistent with the

definition in SFPE handbook (SFPE, 2008).
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In computing graphic, Jensen extended his photon-mapping technique into volume scattering
and simulated the images of clouds (Jensen & Christensen, 1998). It solves equation 2-26
directly. In-scattering was included as part of the solution. The result showed white/light gray
clouds instead of black smoke as in the output of the line of sight simulation. It has been pointed
out in the last section that the photon-mapping method is expensive. When applied to light
transport in participating media, the cost becomes even higher. As the output of computer
graphics, the results were not validated and no justification has been given as if the solution

satisfies the law of physics such as energy conservation.

9.3 Summary

The existing computation of visibility in smoke as a post process of CFD fire simulation is over
simplified, inadequate and therefore requires improvement. The difficulty is the high computing
cost involved in solving the radiation transport equation. Traditional approximation, based on
series expansion such as the Py method, leads to formulae that are too complicated to solve. The
discrete ordinate method or Sy method, although a quite straight forward angular discretization
approach, is suffering from numerical error such as ray effect and false scattering. Therefore
cannot be applied to image generation. The zonal method is relatively simple in concept but the
cost of calculating view factors can be prohibitively high in 3D heterogeneous cases that require
high spatial resolution. Applying to image generation, all these methods lead to the problem of

aliasing.

On the other hand, the Monte Carlo ray tracing method has been proven to be accurate, versatile
and capable to generate high resolution image. It has been linked with long computing time
because of its low convergence rate. Recently its efficiency has been improved through
combining the method with irradiance caching and multi-pass tracing. A good example in this
area of development is the photo-map method. Its success in generating credible synthetic
images of caustics has been very impressive. Its unstructured caching algorithm still presents as
a cost obstacle in simulating heterogeneous media such as fire smoke. In the next chapter, the
current author introduces a new, more efficient hybrid Monte Carlo method that is capable of

caching irradiance for fire smoke.
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Chapter 10. Numerical simulation model in the

current study

Experimental work is necessary in establish various mechanisms relevant to fire protection.
Real fire scenarios are too complex and expensive to be verified in the laboratory. This is the
area numerical simulation has been proven to be very useful. Although numerical simulation is
easy and less expensive relative to laboratory test, some of the simulation work still requires
large computer and long running time (days, weeks or even longer). The simulation of image
based visibility in fire smoke is one of such case. Among all the algorithms reviewed in the last
chapter, the zonal method and the Monte Carlo method are the two best candidates in serving
the current objective. Unfortunately both of them are high cost algorithms. In this chapter, the
current author introduces a new hybrid algorithm that adds the structured irradiance cache of
zonal method into the more accurate and versatile Monte Carlo algorithm. Combining this
hybrid algorithm with the dynamically adaptive octree mesh and a two pass tracing procedure,
the new simulation model is capable of solving the RTE under any known condition to the

required accuracy with reasonable cost.

10.1 Introduction

The aim of the current study is to establish a computer simulation program that can accurately
predict the image of an illuminated sign over a distance filled with participating medium, more
specifically, smoke. This is somehow different from the aims followed by the previous authors
reviewed in the last chapter. They are in two campuses. In the first campus are the scientists and
thermal engineers. Their objective is to achieve good accuracy in terms of physical properties
such as overall energy balance and local mean temperature and heat fluxes even the results itself
may be visually unsmooth. People in the second campus, namely the computer graphics
engineers are looking for simulation results that are visually credible and pleasant as well as
computationally efficient often at the cost of physical accuracy. The current study is an attempt
to establish fire engineering conclusions based on simulated virtual images that is both

physically accurate and also visually acceptable since human eye is sensible to image details.
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As an engineering tool, the simulation model should satisfy the following requirements.

1. 1t should include all the main physical processes involved in light transport with
participating media.

2. The results of the simulation must accurately reflect physical reality. Certain techniques
(tricks, such as 3D texture map, artificial scattering, etc.) used in computer graphics to
accelerate the simulation on the expense of numerical accuracy or even physic
correctness are not acceptable.

3. The image generated from the simulation should be both physically and visually
realistic.

4. The algorithm developed should be easily parallelisable to take the advantage of
multiprocessor/distributed computing.

5. The algorithm should be easy enough to allow data import/export from other numerical
analysis such as FEA and CFD.

6. Reasonable rendering performance would be advantageous provided that it is not on the

expense of accuracy.

In view of the exiting methods and the above requirements, a new hybrid of Monte Carlo ray

tracing and zonal method has been developed in the current study.

10.2 Why creating a new model?

From Chapter 9 it can be seen that numerical simulation of radiation transport is linked with
high computing cost. In order to achieve the requirement laid out in the last section, the cost
would be even higher. Among the existing approaches reviewed in Chapter 9, the closest
approximation methods that may satisfy the current requirements are the zonal and photon-

mapping (a cached Monte Carlo) methods.

The problem with the zonal method is the high cost in computing view factors. In transient
simulation, either static high resolution mesh or dynamic adaptive mesh would be too expensive

in generating view factors.

The limitation of Photon-mapping comes from its unstructured nature of photon data. On the
surface, it is very flexible since it can dynamically construct any surface with points. In reality,
it is a costly process. In simple case such as caustics where the surface is simple and well
defined, photon mapping is effective but still expensive (Jensen H. , 1996). In media that has
continuous distribution in space, there is no clear surface of the medium or interface between
media, the method has difficulty to determine the interaction point where to seed a photon.
Although the method has been extended into area such cloud simulation with volume photon
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map, the in-scattering calculation requires 3D searching and interpolation among huge number
(millions) of unstructured photons, the cost is still high even after special technique such as

GPU programming has been implemented (Boudet, Pitot, Pratmarty, & Paulin, 2005).

The method proposed in this chapter is a hybrid of the above two methods. It combines the
zonal style cache and the photon-mapping style caching. Irradiance is cached on prescribed
mesh via Monte Carlo ray tracing. It does not compute the costly view factors and there is no
3D searching and unstructured data interpolation involved. The implementation of dynamic
mesh adaptation technique means the total number of mesh points can be controlled according

to the required accuracy therefore the overall computing cost would be reduced further.

10.3 Scene or domain

A scene or domain is the subspace to be simulated in a numerical model. Scene is often used
when the physical or visual aspect of the simulated space is referred and domain may be used to

refer to the computational aspect. In the current study they can be used interchangeably.

10.4 The two pass procedure

The current method generate images in two passes: shading and rendering. In the shading pass a
3D radiosity map (the irradiance cache) will be built on the prescribed mesh. In the rendering
pass, backward path integration for rays issued from each pixel of the image will be carried out.
The main advantage of a two pass algorithm is preventing excessive number of rays being
introduced in order to improve image accuracy therefore speeding up the convergence. A view
independent radiosity map is also for reuse when multiple images from different point and

direction are required such as the task of building a floor map of visibility (section 11.8).

10.5 Spectra model

The spectra distribution of light has been discretized into colour channels so that

A n=n-1 /1'1” n=n-\
[Lda=73| [Lda|= L,
A, 770 | 4, n=0

10-1

L” is the radiance of channel #. Typically, also in the current study, 3-channel representation is

used. They are called R, G, B named after the wavelength of their peak radiance as depictured in

Figure 10-1
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There are total N rays introduced for the current colour channel and each ray initially carries

energy flux b, starting from point 5c’j on the surface in direction @, a direction within the

hemisphere Q. x, and &, are sampled according to given spatial and angular distribution

1o
S

i
x¥

functions.

Figure 10-2

Figure 10-2 is a rectangular plain surface emitting light diffusively. X, is uniformly distributed
on the surface. At each pointx,, o, is determined by the zenith angle 8 and the azimuth angle ¢.

The zenith angle 0 is sampled between 0 and n/2. It satisfies the importance sampling function
cosd. The azimuth angle ¢ is uniformly sampled between 0 and 2z. All rays sampled have the
same energy flux

@,

4 ==2
7 N 10-3

10.6.2 Surface scattering

In the current study, all surfaces are assumed to be solid and opaque without subsurface
scattering of light. Light hits a surface at a point and will be reflected at the same point. Surface
reflectance is governed by the bidirectional reflectance distribution function (BRDF) as defined
by equation 2-31. In most of the cases concerned, either the surfaces themselves are diffusive or
due to the scattering of incident light by smoke, the exitant light from the surfaces would follow
diffusive distribution. Therefore a further assumption here is that surface reflectance is always
Lambertian. Although not required by the algorithm itself, it makes the treatment of surface

scattering much simpler and saves computer storage.

10.6.2.1 Irradiance cache

With Lambertian reflectance assumption, the total incident power in colour channel # falling on

a surface element can be defined as
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j=1 10-4

In the framework of ray tracing, the incident light has been represented by individual ray arrived

at the surface element. Each of them possesses radiance power ¢, . The subscription # has been

omitted since light from all channels and their mixture behave in the same way.

The incident rays can be put into two groups, the ones directly from the light sources and the

ones as the result of surface/volume scattering

n

A(I)inc = Aq)inc,dir + AcDinc,sca = Z¢j + ¢f
j=1 1

j=

10-5

where m is the number of rays directly from light source and # is that for the rest of the domain.

In cases without participating media, A®,, . is a constantand Ad®, _ varies till convergence

dil sca

1s achieved.

10.6.2.2 Monte Carlo radiosity

Unlike other Monte Carlo ray tracing based methods (Dutré, Bekaert, & Bala, 2003; Jensen,
1996), the current method terminate all incident rays on non-specula surfaces. New rays are

issued in the same way as for light emitting from a simple diffuse light source with the energy

flux @ being replaced by A®D,, = 5, AD,,, .

10.6.3 Surface mesh

10.6.3.1 Basic requirements

In fire simulation, the geometry is often generated with CAD software. The geometry surfaces
are most likely to be in B-rep (boundary representation) form. For the sick of argument, in the
current study it is assumed that only triangulated surface mesh is used in defining geometries.
An additional requirement is that within each surface there would be no T-connection of the
edges. An edge can only be connected to other edges by nodes at its ends and there should be no

open-ended edge. Figure 10-3 illustrates the basic mesh requirements on a surface.

All the meshes in the second row are unacceptable. The first contains T-connection of edges.

The second contains non-triangular element and the last one has an open end edge.

A geometry element may be constructed from several surfaces with physical properties such as

colour defined on each of them. Surface normal is defined on each node of surface mesh.
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Yes Yes Yes

No No No

Figure 10-3 Valid and invalid surface mesh element

10.6.3.2 Functions defined on nodes

With tessellated surface representation as used in the current study, certain function such as
irradiance would be defined on each surface element. Such functions are convenient in surface
caching and assurance of energy conservation but can cause aliasing on image. In order to get
smooth surface image, the current method convert the piecewise solution to solution defined on

nodal points. The following conversion is used for any function that needs to be converted.

f;mde = Zaif;
=0 10-6

where f is the function to be converted and n is the number of surface elements connected to

the node. a,’s are weighting factors defined as

where A4, is the surface area of element j connccted to the node. The arca weighted averaging
is based on the consideration that f,,, .. defined on large elements are statistically more stable

than that on the small elements. It will improve the smoothness of the nodal function f;_,,. It
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also means that the result would be more diffusive. This concern has been addressed through

progressive mesh adaptation.

Under the assumption of Lambertian surface, radiance on surface element A4, can be

determined by surface irradiance as

i ref i ﬂ'AA 10-7

The value at a node can be calculated with expression10-6 as

Lnode = Zn: aiLi
i=0 10-8

It should be mentioned that the above conversion operation is only carried out before the final

image generation stage and uses temporary memory storage.

10.6.3.3 Progressive surface mesh adaptation

In mesh based approximation as the radiosity method, the characteristics of mesh plays an
important role in determine the accuracy of the solution. Cohen (Cohen & Wallace, 1993) has
summarised the influential mesh characteristics into four categories: density, order, shape and
discontinuity representation. In the current study, the order of the surface mesh element is linear
so that it is easier to ensure energy conservation. The only shape of the surface element is

triangle. In order to improve the accuracy of the solution, mesh density needs to be controlled.

Assuming f is a function defined on a surface 4, at a pointx , f over a distance As can be

approximated as
S =fe O = fi+As-Vf

The error of the approximation is O(As?). In the current study, by keeping the variation of Af

approximately the same within the domain, the mesh size As can be controlled by

As = — 4
n,-Vf

10-9

where £ is a global constant having the same dimension as f and 7, is the unit vector in AS

direction. If there are more than one controlling functions, there would be one constant &£
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corresponding to each of them and the local mesh density is the minimum of all As determined

by equation 10-9. The local gradient Vf is estimated from the current value of f by (see Figure
10-4)

offox] |(xe-x) e-») Gao-z)|fi1,
o [ =|(xs —x,) s-¥) (z5~2) |fo—1,
af/az (xC_xa) ()"c—yo) (ZC_Zo) fc_f;

where

L=t fo+ fo)13

The current control of mesh density leads to a good representation of discontinuity with less

number of mesh elements in regions where function fis relatively smooth.

Figure 104

Figure 10-5 shows the result of the simulation for the popular benchmark case of Cornell box.
The simulation started with the mesh shown at the bottom left. After 3 iterations, the solution
converged and the final mesh is shown at the bottom right of Figure 10-5. It can be seen in
Figure 10-5 that in the region where luminance is uniform, the surface mesh is coarse. The

finest mesh appeared near the edges of shadow.
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Figure 10-9 Volume mesh adaptation to fit geometry

Figure 10-10 shows how the mesh can be dynamically adapted to the solution in section 11.1.
The 3D mesh is shown on the left of Figure 10-10. On the right hand side of Figure 10-10 is the
middle cross section of the mesh overlapped by the filled contours of the solution.

DB vs"\fgdﬂé vtk

Cycle:

lesh vt
16 |

0.0+ T T

2.0+ - . vy
-2.0 -1.0 0.0 1.0

Figure 10-10 Volume mesh adaptation to solution

10.6.4.3 Ray tracing

After leaving a geometry surface, a ray will be traced through the volume mesh on cell by cell
base. Starting from a position P, = (X;9,X,9,X3) in a cell, the exit point of the ray would be on

one of the cell boundary. The boundary point is determined by
Py =Py +10
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With participating media, the power of the ray is updated at the end of each tracing step

according to the value of AT =& | D, - f?o|

{¢5 = e A7 >0.1

¢ =¢(1-A7) Ar<0.1 10-14

Figure 10-11 shows the approximation of e”* by marching with different A7 . It can be seen that

even with Az = 0.2, the result of numerical integration is still very close to e~

The power loss of the ray due to scattering is
Ag,., = P(¢o - ¢1) 10-15

where O is the albedo of the media. The scattered radiant power Ag__, is cached and

sca

subsequently re-emitted as described in section 10.6.4.1.

10.6.4.4 Energy conservation, convergence and cost

The shading algorithm described above is conservative. For non-absorbing media, at the end of
each iteration, the total irradiance on surfaces and in the media of the domain equals to the total

emission

N, N,
Z(DVJ +Z(DS./( :Z(Demt
=1 k=1

10-16

where Z ®,,, is the total power emission from light sources. N, and N, are the total number of

volume and surface elements respectively. @ is the cached power. Equation 10-16 also ensures

that the algorithm is bound.

To see that the algorithm does offer converged solution, the following assumptions have been

added to simplify the discussion without losing the generality of the conclusion.

1. The medium is isotropic.
2. The number of rays introduced from each surface/volume element is sufficiently large
so that the variance due to Monte Carlo sampling is less than the truncation error of

trradiance cache.

At any time, the irradiance at a point, regardless it is in the domain or on its surface, would be

the total of radiation from all other surface/volume elements toward it.
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z v,a; —( +(I)em,,j)
oLy 10-17
Where my; is the number of rays issued from element j (emission or scattering) and n; is the
number of rays from element j and passing element i. v, (or v, =hnv,) is the visibility function

defined as

{e“”’ ray r passes element i

0 otherwise 10-18

Here s, is the distance that ray r has travelled from its origin till hitting element i. It should be
noticed that expression 10-17 is equally applicable to both surface and volume elements. g,

depends on the type of elements concerned.

SL'aI

O, As,, element i is volume type
"k, element i is surface type 10-19

I

Equation 10-17 can be written in matrix form as

O =TD+B 10-20

where @ is the irradiance vector, 7is the scattering operator and

B is the constant vector representing irradiance from light sources. The solution of 10-17 can be

expressed as

O=(I-T)'B
10-21
where [ is the identity matrix and none of the element #; of T is negative. Therefore (I —T)is

invertible and solution 10-21 exists. The physical background of the problem tells that vector

@ is real and 10-16 ensures that it is also bound. The above conditions enable the expansion of

(I-T)™" into Neumann series as (Meyer, 2000)
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d-7y'=3T 10-22

The sufficient condition for 1022 to converge is [T <1.0 (Jiang, Gao, & Wu, 1978). Let’s

take ||T || = "T ”1 then

||T|| —max th,j|<ma){ Zv a;n; J
i=lizj j: Lizj

10-23

As nothing in the bracket of 10-23 is less than zero, it is not necessary to take absolute value.
The summation in the bracket is over all elements that receiving radiant energy emitted from

element j. It can be expressed in a different form as

ZV a;n; = ZZVyay ~——ZZ 10-24

ll] '/]tl ‘jlzle

Here n is the number of cells a ray £, issued from element j, passes through along its path.

Defining Ax = o, As therefore o ~iAx . According to geometric series theory

.YCH r

701 l—e™

Therefore

1 & Ax 1 & |
—Zv a;n; <— z A —ZI——— +—Ax? 10-25
m; = m,Se m; 3 12
The condition for 10-22 to converge has become
1
-2, Ll
2 12
or
00<Ax<6.0 10-26
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On surfaces, condition 10-26 becomes o < 6.0 which is guaranteed. For participating media,
condition 10-26 imposes a restriction on cell size Az of
6.0

Az < — 10-27
o

sca

It can be easily satisfied most of the time.

For a(nxnxn)cube, the cost of the algorithm would be O(mn*) where m is the average

number of rays issued from each point. Comparing with O(n") for the zonal method, it is a very

efficient method if the number of cells passed by a ray is assumed to be the same order as ».

There is no formal cost estimation for photon-map method. Due to its global adaptive nature,
the cost varies considerably from case to case. Assuming that in the above cube, smoke
concentration fluctuate due to eddies that have the same length scale as the cell size, in order to
map such heterogeneous field, photon-map needs no less spatial point than the number of
vertices in the current method. As 3D photon-map is global and unstructured, all operations
must also be global therefore quite expensive. With the current method, once the mesh is
created, almost all operations are local. The Cartesian nature of the structured mesh further
reduces the complexity of the operations. Photon-map is not designed and therefore unsuitable

for continuous heterogeneous field.

10.7 Rendering and the virtual camera

As has been explained in Figure 9-1, in principle image can be generated in the shading pass but
the resolution of the image would require far too many rays to be introduced than necessary to
get good image resolution. In the rendering pass, rays are introduced from the image surface and
tracked back toward the scene. Once a ray hits a non-specula surface, path integration is carried

out on the way back.

A virtual camera is a numerical model for image generation. The simplest and most popular
model used in 3D computer graphics is the pinhole camera (Foley, Dam, Feiner, & Hughes,
1990). In a pinhole camera, light passes a small “pinhole” of an opaque plate then forms the

image on a parallel plane as shown in Figure 10-12

Mathematically, the image of a pinhole camera is the result of a perspective projection

transformation as shown in Figure 10-13.
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In the current study, a new abstract camera model is introduced that satisfies the following

requirements:

1. The model yields the real light intensity of the image.

2. The lens is a variable focal length zoom.

3. The lens has finite aperture.

4. As an abstract model, no lens characteristics that relates to the material and

manufacturing process such as aberration would be modelled.

The parameters given as model input are

Focal length.
Target plane (the object plane being focused on).
Focal plane (image plane).

Camera aperture.

w oW

Lens efficiency.

10.7.2 Lens model
Figure 10-16 depicts the thin lens model in the current study. Unlike Cook’s model (Cook,
Porter, & Carpenter, 1984), here the lens represents an optical zoom and the position of the

principle plane o is not fixed.

target

Figure 10-16
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The position of the principle plane can be determined by Gaussian lens formula (Blaker &
Rosenblum, 1993) . Once the camera position (image plane) and the position of the target plane

are given the position of the principle plane would be calculated with

s+s5'=S
1 1 1
T 7
4 10-29
The solution of 10-29 is
( 2
S S
S=(l=—]| =P +—=
353
2
e
10-30

Equation set 10-30 offers real solution for s and s' under the condition

NS

As the Guassian lens formula is based on a coordinate system originated at point o, s and s' have

opposite signs.

! The second set solution of equation 10-29 does not generate real image.

133



10.7.3 Depth of field

When an object is not in the target plane, light from a point on the object will form a circular

area on the image plane instead of a point as shown in Figure 10-17. This circular area is called

the circle of confusion.

image plane

aperture IA lens

RS — e e ____A-_____-<0_ _‘___.4
- by | .
< ~
Y 7
& s’ LY - s S
-~ 7 [N 7
P <" ~ target
~ ”
(a)
image plane

aperture | A lens

“
A4

N

(b)

Figure 10-17 Image of out-of-focus point
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Since the size of each pixel is very small, the light falling on it can be treated as uniform,
therefore
Epra =4y [L,do

Atens

pixel

Performing Monte Carlo integration on the surface of the lens gives

l_: d-;i 1 & Z ‘R, ixel?*lens &L -
pr:el =Apile J-ps—zzApixelﬁz i “ )= £ Z 5
Arens =1 ' ! 10-33

The summation is over the surface of the lens and s, is the length of the ray issued from the
sample location i and in the direction of point p. 7, is the surface normal at the same location.

The radiance L; is the result of path integration for the issued ray as given in the next section.

In the rendering pass, there would be N rays tracked from each pixel point p' toward p on the

target plane (Figure 10-16). It should be mentioned here that p is a virtual point. Rays tracked

toward it may be intercepted by other object in the scene or pass it till hit an opaque surface.

3

10.7.5 Gouraud shading

Figure 10-20 Surface interpolation inside a triangle

When the ray hit a surface element A4 , surface radiance is interpolated from that defined on the

nodes as

1 3
Lp = EZAaiLi
i 10-34
where Aa, is the area of the sub-triangle i of A4 (Figure 10-20) and L, is given by equation 10-8.
L, is carried by the ray on its way back toward pixel point p'. Since the surface normal is also

defined on the nodes of the triangle, the surface normal at p is given by
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i =ﬁB[Aa]

f4

where B is a 3x3 matrix with 7, as its ith column.

10.7.6 Path integration
Once the ray has hit a surface at point p and picked up the surface radiance, path integration
starts from point p as

1 LAD

P N )
pjdL = ;ALM N As,

i=l

10-35

where p” is the intersection of the ray with the lens of the camera. N is the number of volume

cells that the ray has passed on its way toward the camera lens. AL, represents the extinction

of radiance in volume cell i. Similar to equation 10-14, AL, is determined by

AL, =L.*"-1)  Ar>0l1
AL, .=-L_Art, A7, <0.1

Here Az, = OAs;.

10.8 Summary

A new image based numerical model for the visibility in smoke laden environment has been
proposed in this chapter. The model took the advantages of the traditional zonal model and
Monte Carlo ray tracing model. Combined with highly adaptive octree mesh, the model can
build the field of irradiance very efficiently. The built irradiance field has been reused in image
generation using back tracking technique that can offer image of any resolution. The unique
virtual zoom camera has been built on sound optical principle and generated synthetic images
that are comparable with photograph from commercial digital camera. In the next chapter, the
high quality synthetic images produced with this model will be used in the simulation of

experimental data presented in Chapter 8.
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of the light source emission. For a sphere surface centred at the point of the light source, the

total energy flux through the surface can be expressed as (see equations 2-9 and 2-10)

= Hdeds=4f:2R2L 11-1

S22z
where @ is the power emission of the light source and R is the radius of the sphere.

This particular case has been chosen in the current study to verify the current numerical model
and see how the one dimensional, point symmetrical and non-stochastic solution can be

obtained with the full 5D (3 spatial and 2 angular), stochastic and finite volume algorithm.

The computational domain is a 2x2x2m’ cubic filled with isotropic medium with scattering
coefficient 1.0 and zero absorption. The cubic has no wall or, put it in another way, the surfaces
of the domain are non-reflective. The point light source is located at the very centre of the cubic
with radiant power output of 4T*Watt. The domain is covered with 3D Cartesian mesh. Monte
Carlo rays are introduced from each mesh element with random direction that satisfies uniform
distribution over entire 4x space. Light is 100% scattered at each point. The radiance of the
scattered light L(x, y, z) is a 3D field. Its value on the surface of any sphere centred at the point
of light source is given by equation 11-1. For R=1.0, L(R)=1.0. Figure 11-2 shows how the
radiance field was formed and converged during numerical iteration. In these graphs, the colour
spectrum has been set so that any value larger or equal to 1.0 would be red. As the solution
converges starting from iteration 10, the radius of the red sphere is stabilised at 1.0 and its
surface becomes smoother although there are still small oscillations showing the stochastic
nature of the solution. The surface is shown more clearly in Figure 11-3 when the range of the

contour colour band is narrowed to 0.01.

Figure 11-4 shows the change of radiance of the scattered light along a radius of the sphere. The
symbols are from the model prediction and the curve represents function L(R) as given in
equation 11-1. The model prediction has closely followed the theoretical result. The rapid
change of light scattering in the region of R<1.0 produces the visual effect of solid white circle
surrounded by thin veil as in Figure 11-1. The pattern is similar in the prediction as shown in

Figure 11-2 at iteration 20.

140















from this kind of scattering pattern is likely to be more angularly uniform than that in single

scattering as illustrated in Figure 11-6.

Figure 11-6 Scattering of multiple incident light

Isotropic scattering assumption is introduced here as the first order approximation to the current
problem. It would be the main area for improvement in the future. What is worth mentioning
here is that the model simplification as the result of this assumption has significantly reduced

the computational cost.

Further assumption has been introduced about the optical property of the mist namely its
extinction coefficients. Since the mist is highly reflective and transparent, it is assumed that its
absorption to visible light can be neglected therefore its extinction coefficient is equal to its

scattering coefficient. It implies that light transport through the mist would be lossless.

The estimation of the scattering coefficient is based on the measurement of optical depth with
low power red laser (A=653nm) as described in section 5.4. The value of the scattering

coefficient in this case is the same as the optical density of the smoke given by expression 9-20.

The limitation of the single colour (red) laser measurement means that our comparison between
the prediction and experimental data would be most significant on the red signs. When
comparing results for the cases with green and blue sign, the optical depth quoted should be

treated as a reference to smoke condition.

11.5 Visibility of barcodes

Prediction has been made against the barcodes measurements under various conditions. The
complete set of results is given in Appendix F. Comparing to the experimental data, the
accuracy of the prediction varies. Part of the inaccuracy is from the numerical model such as the
assumption of isotropic scattering. Other causes include the inaccurate estimation of boundary
conditions and physical parameters such as the power of the light source and the extinction

coefficients.
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11.5.1 Red barcodes with aspect ratio 2:1
Figure 11-7 shows the comparison between the measured and simulated visibility for barcode of

2:1 illuminated with red light. Good agreement between the prediction and the measurement has

been achieved when the luminance of the sign is the highest. As the luminance decreases, the

discrepancy between the prediction and the measurement increases.

discrepancy is not clear at this stage.
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Figure 11-8 Red barcode with aspect ratio 1.5:1

Figure 11-9 shows the comparison of synthetic (left) and photographic (right) images at power
level 2 and low smoke concentration. It can be seen that the synthetic image is softer than the
photograph. In fact, the true visual effect seen during the experiment was closer to the synthetic
image. The sharper image of the photograph may be due to the step change of the integer colour

data. In the synthetic image, colours are represented with floating point number therefore

changes are continuous.
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Figure 11-11 Red barcode with aspect ratio 1:0.5

11.5.4 Visibility of barcodes with green and blue colour

As mentioned in the introduction of the current chapter, the measurement of extinction
coefficient in the current study was limited to the red colour with wavelength 653nm. With this
point in mind all optical depth quoted in this thesis should be read as “optical depth of red light”.
For colour other than red, the optical depth quoted should be treated only as a reference to the

smoke condition. It does not necessarily reflect extinction coefficient that is often a function of

wavelength (see section 2.8).

As can be seen in Appendix F, visibility is often over predicted in the cases of green and blue
barcodes. It is considered that the extinction coefficients used in these cases are the same as that
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when smoke concentration is high, the contrast ratio increases as the luminance of the sign
decreases. In other words, the relative light scattering decreases with the luminance of the sign.
This is contrary to the assumed isotropic scattering process. In isotropic scattering, the intensity
of the scattered light is the same in all direction therefore it is proportional to the incident light
(Figure 11-16(b)). In the case of anisotropic scattering it would be possible that the change of

luminance is accompanied by the change of scattering pattern as shown in Figure 11-16(a)

= =

L low liminance
high liminance

(a) Anisotropic scattering

K R

(b) Isotropic scattering

Figure 11-16 Scattering pattern

Such change will result in the disproportional change of visibility when the luminance of the

sign changes.

Taking the case of red barcode 1.5:1 as example, at power level 1, the prediction agrees with the
measurement data. As the luminance of the sign decreases, the predicted scattering decreases in
proportion but the measured scattering decreases more (see Figure 11-15 and equation 7-1). It

leads to the under prediction of visibility.

11.8 Floor map of visibility (FMV)

So far the study has been concerned with visibility of a specific target from a given view point.
Judgement of fire safety performance for a building design requires the assessment of overall
visibility across the building. In the current study, a floor map of visibility (FMV) has been

proposed that gives a global and concise picture of visibility for a design under smoke condition.
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11.9 Summary

The proposed model for visibility in smoke laden environment has been verified with the
analytical solution of an isotropic point light source. The verification has also shown that the
simulation algorithm can fully converge to the analytical solution within 10 iterations even in a

non-absorbing case.

Comparing with the experimental data in Chapter 8, the model prediction has been reasonably
good. Discrepancies between the measurement and prediction come from deficiencies on both
numerical model and experiment sides. On the modelling side, the isotropic scattering
assumption has led to relatively large error of prediction in high scattering cases (low aspect
ratio of barcodes or blue colour). Some uncertainties in determining the boundary conditions

also contribute to the departure of prediction from experimental data.

The proposed floor map of visibility would be proven a useful tool assisting fire protection
engineers in estimating overall visibility performance of a design. It is comprehensive in terms
of the information that can be revealed (smoke density, view distance, view angle, optical
properties of the sign etc.). At the same time it is much easier to understand than the contours of

optical density.
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Chapter 12. Discussion and conclusion

“Extremely small margins can mean the difference between life and death in catastrophes: a few
more meters, a few seconds less, a single wrong choice of route, just a little less smoke or

slightly better visibility, and lives could have been saved.” (Jensen G. , 1994)

Today, fire safety engineers are facing the challenge of the ever rising safety standards against
the ever expanding horizon of structural, architectural and ecological complexity. Meeting such
challenge requires continuous research to improve our understanding of the environment
surrounding us. The current study is a contribution to fire safety engineering research aimed at
the better understanding of visibility in smoke environment. It is the author’s wish that the

results can eventually lead to the improvement of fire safety whatever small it might be.

12.1 Visibility in fire safety engineering

Losing visibility in building fire may lead to prolonged contact with toxic smoke and incite
panic reaction among evacuees. It is arguably the most important indirect cause of fatality. In
the existing building design codes, visibility is measured by the threshold visual distance that is
inherited from meteorology and aviation industry. Such measurement of visibility largely
ignored the context of the target object (colour, formation, light emission etc.), the relative angle
between the target and the observer and the heterogeneity of media. These complexities do not
exist in meteorology and aviation since they are dealing with target far from the observer (in
kilometres) and homogeneous media under very stable conditions (the changes are measured in

terms of minutes or even hours instead of seconds as in fire situation).

In fire safety, visibility is about the identification of exit sign. As long as the sign is visible, the
distance between the sign and the evacuee is unlikely to be an issue. A sign may not be far away
from the evacuee in terms of physical distance but it may be obscured by other objects, ambient
lights, intermittent smoke cloud etc. It may be not facing the evacuee directly or become less
obvious among other brighter objects (typical experience in departmental store). All such
unfavourable visibility conditions may cause delay in evacuation particularly when people are in

panic.
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First of all, how visibility is affected by smoke concentration is our subject here and all the
discussion in this thesis is around it. In the current study, smoke concentration is represented by
its optical depth that is the product of the extinction coefficient of smoke and the distance over
which the visibility is measured. It is the integrated optical characteristics of smoke over a
particular line of sight. Its effect on radiation transport is determined by the Lambert-Beer’s law
in Chapter 2. As already known, the current definition of visibility is only based on
photographical image and has no link with radiation transport theory. However Lambert-Beer’s
law is still satisfied in the results of the current experiment as shown in Figure 12-1. It is a proof

that the new measurement of visibility does reflect the physical reality.

12.2.2 Luminance of the sign

According to the Handbook of Fire Protection Engineering by SFPE (2008), visibility is
independent of the luminance of the emergency sign. Some researchers have shown the contrary
and recommended the increase of the brightness of signs (Rea, Clark, & Ouellette, 1985).
Experiments have been carried in the current study under three different lJuminance level and
various colour and smoke conditions. Based on the results, the author has concluded that when
the smoke concentration is low relative to the visual threshold, the visibility of the sign will
improve as the luminance of the sign increases. As the smoke concentration increases toward
the visual threshold, the effect of increasing luminance on the visibility of a sign diminishes
therefore signs with different luminance will show the same visual threshold (Figure 8-6). In
other words, both conclusions from previous researches are correct but under different

conditions. The explanation is given in section 12.2.6.

12.2.3 Ambient light

Ambient light can reduce the visibility of a sign by increasing the brightness of the image
background therefore decreasing the image contrast of the sign. This effect has been shown in
Figure 8-10. When the ambient light is on, the visibility of the sign decreases rapidly and drops
below the visual threshold before optical depth reaches 7. Although the obscured area remains
the same but the image contrast is reduced by strong scattering of the ambient light. The current

study has reiterated the conclusion from previous researches.

12.2.4 Colour of illumination

As the previous definition of visibility is based on Lambert-Beer’s law, it can’t offer any
guidance on the use of colour in emergency sign. The current convention of using red colour for
emergency sign in North America and green colour in Europe is largely based on the general
knowledge of light transport (light with longer wavelength suffered from less loss during
transmission) and the colour response of human eye. Limited research on this subject conducted

in the US inconclusively favours red colour (Ouellette M. , 1993 and Rea, Clark, & Ouellette,

164



1985). The current experimental results, after being normalised by the luminance of the sign,
have shown that the red and green colour signs are similar in visual performance under all

smoke conditions but the performance of the blue colour sign is consistently poorer in

comparison.

12.2.5 Format of the legend
In general, the legend with bulky strokes has shown better visibility. An explanation based on

the current concept of visibility is shown in Figure 12-2.

/ target \

Image intensity

| | without smoke

ﬂ /\ thin smoke
/\_ 77N thick smoke

Figure 12-2
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Light scattering is independent of the signs. As the optical depth of the smoke increases, the
maximum image intensity of the bulkier sign (on the left) would be less affected than that of the
thinner sign. As the image of the sign becomes wider due to scattering, energy conservation
requires that the maximum image intensity is reduced therefore the overall contrast ratio of the

image to be lower comparing with the bulkier sign.

12.2.6 The visual threshold

For non-irritant smoke, the current experiment has confirmed that Jin’s constant visual threshold
(=8.0) (Jin T. , 2008) stands in most cases except with ambient light. Same as in section 12.2.2,
as the optical depth approaches the visual threshold, the difference seen in thin smoke
diminishes and the sign disappears at the point of visual threshold regardless the other

conditions.

The diminishing of sign luminance can be explained as the following. The image of a sign in
smoke is formed by the incident light directly coming from the sign. Its intensity is proportional
to the area that is not obscured by smoke. If the un-obscured area is not zero, the intensity of the
direct incident light increases as the luminance of the sign increases. As the un-obscured area
decreases, such effect also decreases. At the same time, the brightness of the background
increases due to scattering. Once the un-obscured area becomes zero, no direct light can reach
the image plane and the sign disappears. The visual threshold only depends on the un-obscured

area.

12.3 Numerical modelling of visibility in smoke

This is the first quantitative direct numerical simulation of visibility in smoke. It has been made
possible by the introduction of the image based concept of visibility so that visual stimuli can be
estimated without the help of human field data. A number of unique features have been
introduced in the numerical model in order to achieve the quantitative simulation based on

synthetic image.

12.3.1 Hybrid zonal and Monte Carlo ray tracing algorithm

The zonal method in radiative heat transfer is an accurate but high cost numerical simulation
method. It is capable of caching irradiance in 3D space. In a two pass algorithm as implemented
in the current study, it is an efficient way to generate solutions of global illumination. The high

cost of the zonal method lies in the computation of view factors.

Monte Carlo simulation is another accurate method widely accepted in neutron transport,
nuclear medicine as well as computer graphics. In radiative heat transfer it is often referred as a

benchmark method due to its accuracy and high cost. In computer graphic, the derived method
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of photon-mapping has been used in the simulation with participating media. Photon-mapping
generates a 3D irradiance cache similar, in function, to that in the zonal method. The highly
unstructured photon-map has won the method a reputation of high cost even within the Monte

Carlo community.

Although Monte Carlo ray tracing is a high cost method as said but it is also the one most
suitable for parallel computing. The incoherent nature of light transport means that each ray

being traced is autonomic therefore can be processed independently.

The new method proposed by the current author combines the above two methods and removed
the high cost computation of view factor and unstructured photon-map. The cost of the new
method is O(mn*). Comparing with O(#’) as in the case of zonal method, the current method is

very cfficient.

12.3.2 Dynamic adaptation

An important feature of the current simulation model is its capability of dynamic adaptation.
Both 2D(surface) and 3D(space) meshes can be adaptive to the boundary conditions as well as
the solution during iteration. The adaptation is in the form of mesh refinement and coarsening
according to local gradient of the radiance. Mesh adaptation is based on the data structure of
tree. For 2D surface mesh, it is a binary tree. In 3D space it is a Cartesian octree since Cartesian
mesh is the most efficient one in terms of numerical operations and the octree mesh refinement
keeps the aspect ratio of cells unchanged. Although the mesh is Cartesian in nature but the

geometries are still adapted to its natural boundary curvature (see Figure 10-8).

As rays are issued from cached irradiance, the adaptation of the computational mesh leads to the
adaptation of the ray tracing procedure. For the cases presented in this thesis, the number of rays
issued at each emitting point is proportional to the local radiant power. It has made the cost of
ray tracing more evenly distributed in space. This is a big improvement to the traditional Monte

Carlo ray tracing method.

12.3.3 The two pass procedure

The simulation is carried out in a two pass procedure, namely shading and rendering. In the
shading pass, the converged solution of global illumination is generated. The rendering pass
utitises the global illumination solution and produces image from a particular viewing point.
The procedure can efficiently generate high resolution images from many different viewpoints

without recalculating global illumination.
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12.3.4 Virtual camera

An image is only as good as the camera that produced it. This is also true for virtual camera.
Previous virtual cameras are almost exclusively used in computer graphics and the images
generated are only required to be visually acceptable or “realistic’. In the current study, the
synthetic images would be used in quantifying visibility therefore the virtual camera model
must possesses the important features of the physical camera used in the experiment and
reproduce the photographs from the physical camera. At the same time it should not decrease
the accuracy of the overall algorithm. The new camera model has been built on these criteria
and resultant synthetic images are indeed comparable to the photographs from the physical
camera (Figure 10-18).

12.3.5 Accuracy of the model

The accuracy of the current model depends on the numerical algorithm and the physical model.
The numerical algorithm being developed in the current study is based on the traditional zonal
and Monte Carlo ray tracing models. Both of them are regarded as the most accurate models in
their peer. Although there is no formal accuracy analysis, simulation of the simple point source
solution has demonstrated that the algorithm is capable of accurately reproducing the analytical

solution.

In physical modelling, the model has assumed that light scattering is isotropic. The model
prediction of the smoke tunnel measurement has shown generally good agreement although
discrepancies do exist in some cases. The analysis of the discrepancies points to the assumption

of isotropic scattering.

12.3.6 Floor map of visibility

So far, a numerical model that is capable of generating accurate image for the measurement of
visibility has been carefully built. What is needed is a way to interpret the simulation results and
make it understandable to fire protection engineer. The image generated as the direct result of
the simulation is good but it only gives the visibility at a particular viewpoint for a particular
target. In the current study, the novel floor map of visibility (FMV) offers a comprehensive
view of the visibility assessment of a design. The FMV is in the form of normal contours that

clearly maps out the regions where visibility is poor.

In summary, the introduction of the image based visibility concept has significantly improved

our understanding of the visibility of emergency sign in smoke laden environment. Application
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of this concept in experiments has led to conclusions that are either consistent with previous
research results or compensate/offer better explanation of them. In return, the experimental

evidence also increased our confidence in the new concept itself.

The new concept of visibility also makes it possible to simulate visibility directly instead of
relying on limited visual threshold data. Image based visibility simulation is suitable in almost
any situation and the results are very easy to be interpreted. It will prove to be a useful tool in

fire safety engineering.

12.4 Future research work in this area

e A new way of measuring visibility has been introduced in the current study. It has yield
some useful results in the cases studied which has enhanced our understanding of the
subject. The definition of visibility used is limited to the current experiments and
computer simulation. More general concept of image based visibility is needed to cover
wider range of applications.

e At the moment, the perceived image has been simulated assuming that the human eye
has focus on the area limited to the target. More physiological research is nced on the
way human eye searching and locking the pre-defined target.

e The LED light source used in the current study is simple and less expensive but its non-
uniformity has created some uncertainties in the experimental results. More uniform and
controllable (luminance and spectrum) light source may offer better quality data in the
future.

¢ Since the optical properties of soot have been extensively studied, real fire smoke
should be tested. 1t would be closer to the design environment and can also demonstrate
the effect of light absorption on visibility.

e Anisotropic scattering algorithm should be introduced into the simulation model to
improve its accuracy.

e The objective of creating the current computer model is to offer a useful visibility
simulation tool (VST) for fire engineers in their design verification. Therefore a graphic

user interface would be necessary.
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Appendix C

Visibility of barcodes with different light power
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Appendix D

Normalised visibility of barcodes with different

colour light source
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