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abstract

The majority of traditional lighting design methods assume that the space
between the working plane and the plane of the luminaires is empty. The
presence of furniture and equipment affects light distribution and may
influence the final illuminance pattern.  Obstructions found in typicai
commercial interiors may include VDU's, filing cabinets, dividing partitions and
the office occupants themselves. Whilst the empty space approximation
provides a capable method of calculation of average working plane
iluminance in an empty room, the lack of realism has become a notable

concern.

The review of published work pertaining to lighting design methods for non-
empty interiors shows that a large body of knowledge exists regarding the role
of obstructions in the lighting design process. Some techniques have been
proposed to the lighting community but there is a need for development,
better presentation and dissemination of the results before the empty room

assumption can be rendered obsolete.

The investigation detailed in this document is concentrated into two main areas
that result in the development of a design method capable of compensating

for the likely effects of obstructions in spaces where the precise nature of the
room contents is not known.

The first part of the design method is a modification of the conventional Lumen
Method. This modified method can be used by the designer to predict and
compensate for a reduction in average working plane illuminance due to
room contents. An extensive computer simulation was used to generate
obstruction loss data for a vast array of different scenarios from which a set of
general characteristics was devised. The modification takes the form of @
supplemental factor in the Lumen Method equation. The additional factor is
dependent on a combination of luminaire type and the amount of furniture
present within the space. Techniques are also proposed for predicting furniture
density. The results of the design method are verified by comparison with a
number of photometric surveys and with other prediction methods.
Additionally, the use and validation of the technique by two mdijor lighting

companies is described.

The second part of the investigation covers the development of a ‘rule-of-
thumb' technique that can be used by the designer to determine luminaire
spacings. The luminaire spacing is related to the uniformity of illuminance
achieved in the installation, but this is also affected by the presence of
obstructions. The new technique gives guidance pertaining to the use of
appropriate luminaire spacing-to-mounting-height ratio's in obstructed interiors.
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INTRODUCTION |

Chapter 1

Introduction

1.1 Background

General lighting schemes are usually desighned to produce an
average horizontal illuminance on the working plane, such that a task
located anywhere within the installation will receive an adequate level

of illuminance. The majority of designs of this type are planned assuming
that the space between the working plane and the luminaire plane is
empty. This “empty space" assumption will be incorrect for the majority

of commercial interiors, as most will contain some form of interior

furnishing.

In a typical office suite, equipment such as partitions, VDT's, filing
cabinets and the users of the office themselves, will project above the
working plane and cause disruption to the planned light distribution, both
in terms of local variation of illuminance and an overall reduction in
average working plane illuminance. (See figure 1.1). The risk of
obstruction light loss is further increased by recent developments in
lighting practice, prompted by the problems of VDT users, the pressure to
increase energy efficiency and the modern trend towards designing

large open plan offices, which can then be subdivided with partitioned
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Figure 1.1: lllustration of the effect of obstructions on the illuminance

received on the working plane.
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workstations.

Contemporary lighting design methods, although' accounting for
the optical properties of luminaires, room geometry and reflectance
characteristics, they do not consider the presence of obstructions and
are therefore limited in practice to the design of empty spaces. There is
much concern within the lighting community regarding reailistic
assumptions in lighting design calculation techniques. Additionally, the
recent changes to European lighting design standards towards
specifying maintained illuminancet at the task as opposed to the
standard service illuminance! will allow installations to be checked for
compliance to performance specifications more readily. Both of the
aforementioned developments emphasize the requirements for a new
design method that will improve the shortcomings in current techniques

and take account of the influence of obstructions.

At present, several of the relevant lighting codes of practice and
standards acknowledge that obstructions will influence the distribution of
Lght onto the working plane. The CIBSE Code for Interior Lighting', for
instance, notes that difficulty in achieving required uniformity standards
may occur in areas containing substantial obstruction and that an
increased number of luminaires may be necessary if there is a high
degree of obstruction over the working plane. The desigh guidance of
other lighting bodies, such as the |IESNA Handbook? and the DIN 5035
Part 13 also offer similar non-numerical advice., Some guidance is
available regarding the role of obstructions in the design of lighting
installations for special cases, such as libraries* or spaces containing
uniformly positioned cubicle workstations2.  None, however, offer

numerical design guidance that may be used by designers planning

t the minimum illuminance at which maintenance must be carried out.
tthe illuminance at some point approximately half way between the new installation

and the time when maintenance must be caried out.
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lighting schemes for spaces where the furniture layout or content is

unknown - the case for the majority of lighting designs.

1.2 Previous research

At the University of Liverpool, research has approached lighting
design methods for obstructed interiors in two stagess¢. The research has
also been divided into two distinct areas. Fistly, there was the
modification to the current technique used to calculate the spacing-to-
mounting-height ratio (SHR) of a luminaire. The SHR is intended for use by
the designer when determining the limits of luminaire spacings that can
be used in practice to achieve the required uniformity standards. As with
the cumrent lighting design methods the technique for calculating SHR
assumed an empty space. A modification to this method, proposed and
developed by previous researchers, took the form of a modified
spacing-to-mounting-height ratio, which could be selected by the
designer as being appropriate to the amount of obsiruction and the

luminaire type being used. This work was at the stage where it was

almost ready to be applied as a design tool in practice.

The second area of research investigated the relationship
between the installation parameters (luminaire type, room size and
properties and obstruction size and properties) and the magnitude of
obstruction light loss caused over the working plane. The main thrust of
this work has been the development of a computer program for use in
calculating the percentage reduction in average working plane
illuminance caused by obstructions. This work demonstrated that it was

feasible to predict light losses in obstructed spaces based on a

knowledge of the contents of the room.

1.3 Extending the previous research
Throughout the course of the research into obstructed spaces, a

series of concepts, relationships and tools have been developed and

THE INFLUENCE OF ROOM CONTENTS ON HORIZONTAL LLUMINANCE
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refined. A comprehensive body of knowledge was assembled

regarding the role of obstructions in the lighting design process and using
this knowledge some limited design techniques were proposed. There is
a need, however, for development, better presentation and
dissemination of the results before the empty room assumption can be
rendered obsolete. The limitations of the previous research were
eliminated. The standard obsiruction configurations were redefined to
extend their applicability. The computer software developed by the
previous researchers was converted to operate on a more suitable
platform and several refinements were made to the program algorithms.
Penultimately, these tools and concepts were used to develop an
average illuminance lighting design method that could be applied to a
practical range of installation parameters and compensate for the
effects of a variety of obstruction configurations. The final extension of
the previous research takes the form of readily implemented, “rule-of-
thumb" advice regarding the spacing of luminaires in obstructed spaces
to achieve required uniformity standards, an area void of guidance in

any of the relevant Codes or Standards.

The development of the aforementioned design method and the
luminaire spacing guidance is described in this thesis, which is divided
into seven chapters. Chapters Two and Three describe the background
to the research and outline the preparatory stages before the
development of the new design method was undertaken. Chapter Four
describes a series of photometric surveys that were undertaken to
expand on the limited knowledge available in that area and to provide
validation data against which trends and magnitudes of results could be
verified. Chapters Five, Six and Seven are the core of the research,
describing the evolution of the average illuminance lighting design

method for obstructed spaces and the luminaire spacing guidance.

DECEMBER 1995



INTRODUCTION 5

Chapter Two reviews the many advances that have been made

in lighting design methods for obstructed spaces since the last published
review, almost ten years ago. It summarises the approaches taken by
the various major Codes and Standards and reviews the "quantitative”
approach to the modelling of obstructed spaces. This includes the
theoretical basis and practical uses of the various computer based
methods, the available measured data and the empirically developed
design methods. In addition to this the “qualitative” aspects of visual

conditions in obstructed spaces are also identified.

Chapter Three investigates the various components of an
obstructed interior and the software developed by the University of
liverpool for the research and design of obstructed interiors. Firstly, the
development of a set of standard obstructions is reviewed and some
modifications to the obstructions are proposed, based upon cumrent
practice found in furniture surveys of modern commercial interiors.

Several practical applications of the standard obstructions are proposed.
The development of the computer software is also reviewed and the

refinements made to the software before it was used in the generation of

design data are described.

Chapter Four is concerned with the field measurement of the
amount of light absorbed by room contents in commercial interiors.
Some twenty-four surveys are reported, in which the horizontal working
plane illuminance was measured for states of interior furnishing ranging
from empty to uniform distributions of standard obstruction, and in some
cases, under the actual working conditions. The size, disposition and
photometric characteristics of all room furnishings were also recorded.

The interiors contained lighting equipment that is representative of good

modern practice.

THE INFLUENCE OF ROOM CONTENTS ON HORIZONTAL LLUMINANCE
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Chapters Five and Six outline the development of the average

illuminance design method. Chapter Five describes the basis on which
an extensive set of design data was generated, using the computer
software described in Chapter Three. The results were validated against
measured data, found in the photometric surveys described in Chapter
Four and against results found by previous researchers. Chapter Six
details the means through which the data set was converted into a form
svitable for use by practicing designers. The use of the new method is
illustrated by examples and validated by comparison with other
published techniques. Details of how the design method was validated

by independent sources within the lighting industry are also reported.

Chapter Seven is an investigation into the influence of SHR on
iluminance conditions in obstructed interiors. The various methods of
determining luminaire spacings are described, as is the obstructed-
spacing-to-mounting-height ratio put forward by previous researchers.
The relationship between SHR and task uniformity, diversity of illuminance
and obstruction loss is investigated using commercially available lighting

design software. The results of this synthesis are used to derive some

general "rules-of-thumb" for use by designers.

Finally, Chapter Eight discusses the work in general and some
conclusions are drawn. General recommendations, arising from this
research, for the future development of this work and other areas of

investigation, are put forward.

DECEMBER 1995



INTRODUCTION 8
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Chapter 2

Advances in lighting design methods

for non-empty interiors

2.1 Introduction

Traditional lighting design techniques assume an empty room,
despite the fact that interiors will contain obstructions such as equipment,
furniture or machinery, which may adversely influence illuminance
conditions. A paper published some ten years ago in Lighting Research
and Technology, reviewed the subject of the treatment of obstruction in
interior lighting design!. The work on the subject at that time consisted of
a limited number of photometric surveys of installations, some hand
calculation methods based on empirical data and simulation of
installations based mainly on finite element computing techniques. In
general the simvulation methods were analysis tools for specialist
applications and research and as such were neither suitable for, or
available to, practicing designers. The hand calculation techniques
were similarly limited in their range of application and were mainly used

for particular design problems such as offices equipped with cellular

partitions.
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In the last ten years there has been considerable work in this
subject area. Recent developments in lighting equipment, prompted
by the need for energy conservation, or to address the problems of
lighting areas equipped with VDTs, have tended to increase the potential
problems caused by obstructions. A considerable amount of research
has been undertaken in many parts of the world and a range of design
tools have been developed that acknowledge, and attempt to
overcome, the problems of lighting interiors containing significant
amounts of interior obstruction. Most of the new design methods are
based on computer software. The wider availability of computer
technology to designers in the various sectors of the lighting and building
services industry has meant that the subject is of concern to a wider
aqudience than a decade ago. |In addition, a number of Codes and

Standards now seem to recognise that the problem exists and offer a

variety of guidance.

This chapter reviews the many advances that have been made
over the last decade. It examines the "quantitative" approaches of
modelling of obstructed spaces, the now widely available computer
based design methods, measured photometric data and empirical
desigh methods. “Qualitative” aspects of visual conditions in obstructed
spaces are also identified. In addition, the design guidance
promulgated on the subject in the major Codes and Standards is
summarised. A number of limitations of existing work and areas of

necessary future development are identified.

2.2 Codes and Standards

Except in the case of specialist applications, the problems
caused by obstruction did not feature greatly in lighting Codes and
Standards until comparatively recent vyears. The guidance on the
design of library lighting, for example, makes recommendations

regarding the placement of luminaires relative to shelving systems and

THE INFLUENCE OF ROOM CONTENTS ON HORIZONTAL LLUMINANCE
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recommends the use of local lighting to make good deficiencies in
illuminance provided by the general lighting system2. A number of
developments have forced the producers of Codes to address the
problem of obstructions. Much use is now made of mirrored and louvred
luminaires, designed for use at wide spacings, whose characteristics
mean that light will be directed at relatively flat angles of incidence to
areas of the working plane remote from luminaires. This will cause
shadows from any room contents. Additionally, changes in European
lighting design standards involve specifying "maintained illuminance” at
the task - the minimum average illuminance at which maintenance
must be carried out - which exposes the deficiencies of the current
lighting desigh methods. Methods that are largely based on the “"empty
room" assumption. Maintained illuminance also enables the resulling
installations to be readily checked for compliance with a specification.

This section outlines the guidance on the subject set out by the various

major lighting authorities.

2.2.1 Chartered Institution of Building Services Engineers

The CIBSE Code for Interior Lighting® notes that local reductions in
lluminance will be caused if large objects of furniture or equipment
project substantially above the working plane. It contains a general
warning about the inadvisability of spacing luminaires at, or near, their
recommended maximums under such circumstances. In its section on
design, the use of the lumen method for empty rooms is described. It is
pointed out that “absorption of light by room contents such as furniture
and equipment may reduce the achieved illuminance on the working

plane” but apart from itwo references, does not elaborate in

quantitative terms.

The CIBSE Lighting Guide 7, “lighting for Offices"4, contains a
paragraph on the subject. It makes the point that most of the lighting

related problems in offices are encountered after occupation due to the
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day to day clerical activities, but rather optimistically, suggests that
relocation and tidying will solve many of the problems. It then goes on
to point out the dangers of the use of extreme spacing of luminaires in
areas equipped with dividing screens or partitions and the likelihood of
ight absorption by contents but, again, does not mention likely

magnitudes.

The CIBSE Lighting Guide 1, “The Industrial Environment',
recognises that obstruction caused by machinery, overhead conveyors,
pipe work, and the like, is a common feature of many industries. |t
recommends three approaches to reduce the problem. The first is to site
the luminaires below any overhead obstruction and the second is to use
at least two luminaires to light any part of a space. Finally, a reduction in
luminaire spacing is recommended, typically one third of the maximum
spacing to height ratio, but depending on size, reflectance and number

of obstructions.

2.2.2 llluminating Engineering Society of North America

The NAIES Handbooké¢ contains general guidance relating to
design and recommendations specific to applications. The document
states that the actual illuminance in partitioned spaces will be less than
that predicted by using the empty room approach and recommends
that partitions be included in an appropriate calculation method, one of
which is described in Section 2.4.2. The section discussing office lighting
contains detailed guidance on both quantitative, qualitative and
psychological lighting issues. The problems of calculation of illuminance
in open plan offices are discussed and it is pointed out that predictions
based on the empty room assumption can be misleading. Light losses of
between 10% and 50% are quoted for “an average density of partitions
150cm high”, depending on reflectance. Point-by-point computer
calculation methods or mock-ups are recommended for illuminance

prediction in partitioned workstation areas so that the designer may

THE INFLUENCE OF ROOM CONTENTS ON HORIZONTAL LLUMINANCE
CONDITIONS IN ELECTRICALLY LIT COMMERCIAL INTERIORS



ADVANCES IN LIGHTING DESIGN METHODS FOR NON-EMPTY INTERIORS 13

maintain the appropriate luminance rafios between task, surround and
background. The problems of the requirement for flexibility in

lighting design office planning are pointed out. Lighting systems tailored
to specific furniture configurations may become afflicted by problems of
shadowing or glare if, at some later date, the furniture layout is radically
changed. Finally, the psychological effect of the elements of an office

space are briefly mentioned (see Section 2.5).

2.2.3 Other lighting bodies

The DIN 5035 Part 1 specifies "nominal illuminance" values over
task areas equipped and ready for use and states that these values
should take into account the influence of objects in a fully furnished
room’. The standard points out that most design methods are based on
the empty room and that (unspecified) corrections are necessary to the
standard lumen method to account for this. The CIE Guide on Interior
Llighting® and the Australian Interior lighting Standard® make no specific
mention of the problem apart from a general warning about shadows

on task areas from some types of source.

2.3 Quantitative methods

This section describes quantitative approaches to solution of the
problems of obstruction in interior lighting. Important recent advances in
modelling techniques are outlined and the use of computer software for

the production of both design data and design solutions is discussed.

2.3.1 Modelling of obstructed spaces

Complex numerical techniques that are capable of modeliing
light dissipation and distribution within obstructed interiors are wel
established. Most recently work, in this area has taken the form of the
optimisation and refinement of the most popular techniques. The

following sections describe the most widely used modelling techniques

and the relevant refinements.
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2.3.1.1 Finite element methods

Finite element methods are now used in many branches of
engineering as the basis of computer programs for the solution of
analysis and design problems that involve radiant exchange of energy.
The method used in modelling lighting installations consists of a set of
discreet, non-overlapping areas or “elements" which represent surfaces
or light sources. The elements are either whole surfaces - floor, ceilings,
walls, room contents or working plane - or discrete divisions of these
surfaces. The photometric behaviour of each element is analysed in
turn, and the contribution of all elements is summed. The resulting set of
simultaneous equations is solved by matrix methods. When obstructions
are placed in a space, the number of elements is increased and the
radiant exchange between room surfaces is modified due to the
reduced ability of elements to “see" each other. In practical terms, the
realism of the results is related to the size and distribution of the element
mesh - generally larger numbers of small elements give more accurate
results but at the cost of increased computer time. A number of
applications of the finite element inethod were described by McEwan
and Carter'. Research work over the last decade has concentrated on
extension of the method into new applications and attempted to
improve the computational efficiency and decrease run time. Efforts to
extend the approach to the analysis of interiors having non-diffuse

surfaces have, however, proven extremely difficult'©.

Numan and Moore developed a method to assess the flux
exchange in obstructed spaces based on the finite element method''.
Partially obstructed surfaces were considered to be composed of zones
without obstructions, separated by dummy planes projecting from the
edge of the obstruction, which have full view of all surfaces of the zone
they separate. These dummy planes were considered as transparent

windows through which radiation fravels from one surface to another.

THE INFLUENCE OF ROOM CONTENTS ON HORIZONTAL LLUMINANCE
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M

The method uses the form factor concept between fully viewed surfaces

in order to approximate the form factor between partially obsiructed
surfaces. The radiation fravelling between surfaces of neighbouring
zones is first received at a dummy plane and then distributed to the
surfaces of neighbouring zones. If the dummy plane is assumed to be a
secondary diffuse source, the fractions of the radiant energy received on
each of the surfaces, through the dummy plane, can be determined by
the form factor between the dummy plane and the surfaces under

consideration.

Zhang and Ngai describe a finite element technique for
application to lighting calculations in a multi-partitioned space'2. The
research used a concept developed by Mitrick - the use of two
superimposed finite element systems in order to reduce calculation
time'3. Zhang and Ngai's procedure is divided into three stages. Firstly,
a global finite element mesh is established consisting of an array of
elements on each room surface, the size and arangement of which

depends on the priority assigned to each of the surfaces. Secondly, a

finer element mesh is created which is superimposed on surfaces where
detailed lighting distribution data is required. Figure 2.1 illustrates this
concept. Finally, a series of flux exchange equations are derived with
the superimposed fine element mesh acting as both receiving and
transmitting surfaces. The initial exitances and the form factors of the
superimposed fine mesh are updated as the calculation proceeds,
without changing the characteristics of the global finite element mesh in
the entire system. The authors compared the results of the new

procedure with the standard finite element method for both direct ana

indirect lighting systems and comparable results with reduced run time

was claimed.

lkemoto and Isomura'* developed a number of simplifications to

the finite element method, with the aim of reducing run time whilst
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Fgure 2.1: Zhang and Ngai's discrete element system showing the second fine

mesh superimposed on the global mesh at a prioritised location
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retaining computational accuracy. The most important modifications
were to limit the number of elements on any surface to twenty-five,
which in turn limited the number of form factor calculations.
Additionally, the interwreflection calculation was terminated after the
second bounce. A reduction in accuracy of about 1% and of run time

of 90% compared with other finite element applications was claimed.

2.3.1.2 Monte Carlo methods

In the last decade, lighting researchers have investigated the
potential of the Monte Carlo technique for lighting calculations in an
effort to overcome some of the drawbacks of finite element methods.
The basis of the Monte Carlo method is the tracing of the actual path of
a particle of light from its source to its eventual absorption at a surface.
At each change of direction of a particle, caused by reflection or
transmission, the new direction is calculated according to statistical
probabilities defined by the photometric properties of the incident
surface. Light sources may be simulated in two ways. The first is the use
of scaled random numbers which represent the emitted particles in
proportion to the luminous intensity distribution of the luminaire or
alternatively, the assignment to each particle of a weighiing
proportional to the luminous irﬁénsiiy in the direction of travel with
particles emitted evenly over equi-angular steps. Specular surfaces and
obstructions are treated in the same manner as diffuse surfaces and
room surfaces. The illuminance of an area of a room or obstruction
surface is proportional to the total number of times a surface intercepts a
narticle path, taking into account the particle weighting valve. In
general, the accuracy of the simulation is proportional fo the square root
of the number particles traced and hence the resulting amount of
computation is large. A rectangular coordinate system for all room and

obstruction surfaces is used, defined with respect to an arbitrary origin.
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Tregenza'® and Stanger'¢  developed techniques for the

application of the Monte Carlo method in lighting. Both established that
the technique could potentially be used to model complex interiors but
that the major drawback was that accurate results required
considerable computation time. More recently Kajiyama and Kodairal’
investigated the illuminance distribution over the working plane of the
room equipped with low partitions. A good correlation between
computed and measured results was claimed. However the
computation time was enormously long, despite the use of several
techniques to increase the speed. The actual calculation time was in
the order of 18 CPU hours for a small office 6.9m by 4.75m by 2.88m

containing four cubicles and four luminaires.

2.3.1.3 Ray tracing methods
The ray tracing approach includes parts of both finite element

and Monte Carlo techniques and is capable of modelling a wide range
of geometrically complex natural and artificial lighting installations. The
various program algorithms are based on the technique of "backward
ray tracing" in which a light ray is fraced back from the point of
measurement to the source. Each ray of light acts as a luminance value
resulting either directly from an emitling source or indirectly from a
surface using information on surface reflection properties. This has been
much used in computer graphics to produce realistic, but not necessarily
photometrically accurate images, but has been little used in lighting.
Ward and Rubinstein adapted this technique for a particular application
to compute luminance called Synthetic Imaging, which is a two-
dimensional map of calculated luminance values as viewed from @
selected point'®1?. To determine direct illuminance, rays are taced to
each light source and an intersection check, to test for any surfaces in
the path of the ray, is performed. If the surface considered is
unobstructed, the photometric characteristics of the source, the

installation geometry and the surface properties are used to determine

THE INFLUENCE OF ROOM CONTENTS ON HORIZONTAL LLUMINANCE
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the outgoing luminance. If the surface is totally obstructed, the direct
illuminance is zero, but in the case of partially obstructed surface a
Monte Carlo method is used to determine the indirect illuminance by
sampling the area around the source. The computation of indirect
iluminance is also performed by sampling radiated luminance values
over a hemisphere defined by the surface element position and normal
direction. Both diffuse and specular surfaces may be dealt with in this
manner. The Radiance computer program, incorporating these
calculation methods, produces impressive images of the scene, but
consumes enormous amounts of computation time. For example
modelling an office scene lit by four fluorescent tubes, with a desk
containing a number of objects and a chair took of the order of 20 CPU

hours on a workstation to produce a high resolution image.

2.3.2 Computer based design methods

The last decade has seen three linked developments which

together have done much to establish CAD as a major element of the
lighting design process: improved hardware with the introduction of
personal computers; the availability of comprehensive photometric
data; and improved software. Little needs to be said here about
developments in PC hardware. Photometric data became more readily
available and standard formats (albeit different) were published in the
UK, USA and elsewhere. The major improvements in software related to
the user interface and improved program capabilities. The original
lighting programs written for mainframe computers, often assumed a
user knowledge of computing and were witten with economy of
machine time, rather than of designers' time, in mind. User interfaces
consisting of text files have now largely been replaced by interactive
input, usually based on a standardised operating systemssvia «s Windows.
This has greatly reduced designer learning time and widened the user
base of such programs. Most contemporary CAD programs contain

features other than a basic working plane illuminance calculations and
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some now include a consideration of the effects of objects, such as

furniture and work stations, located in the room. Given the ever
increasing importance of CAD in lighting, much of the basic research on
obstruction will enter practice in this way. The purpose of this section is to
review some of these applications in the context of both the research on
obstruction that has been undertaken and the requirements of the tools

needed by the designer.

Most commercial interior lighting software is mainly based on
lumen/zonal cavity or point-by-point/finite element methods. Some
programs combine these two types into modules of the same program,
using the lumen method for "quick” calculations and finite element

methods for more realistic calculations that include inter-reflected light.

Programs that are based on the lumen method are simple In
operation and can operate efficiently on inexpensive equipment to
predict the number of luminaires needed or average illuminance. Most
svites of software offered for sale by software houses or consulting
engineers include a program of this nature, but an ever increasing
number of luminaire manufacturers distribute this type of program free to
interested organisations. These programs are usually equipped with @
database of the distributing manufacturers products. This development
means that lighting design software of this type is reaching a wider range
of users than previously. Non-lighting specialists, who are unlikely to buy
software, may be tempted 1o use free software for design purposes

possibly without realising the consequences.

The second type of program accurately simulates interteflected
light between the various room surfaces and has been used as a
research tool for a number of years, but is increasingly included in suites
of purchased software or distributed as free software. Output for these

types of program is by tabulated information, 2D or 3D contour plot, or
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visualisation routines and most have the capacity to define interior

obstructions of varying degrees of complexity and to acknowledge their

presence in the calculation process.

2.3.2.1 Obstruction in computer-aided lighting design

This section reviews some of the features of commercial software
curently available to designers which are relevant to obstruction. In
general, the majority of programs available to designers are
lumen/zonal cavity based, mostly distributed free by manufacturers, but
very few examples of this type handle obstructions. Programs purchased
as part of a software package are generally more likely to address the
problems of interior obstruction. Table 2.1 lists the main features of six
examples of software that handle obstructions - four point-by-point/finite
element based programs, of which one is currently distributed free of
charge, and two programs which are intended primarily as research
tools which have been included for comparison purposes only. Table
2.1 is not intended to be an exhaustive list of available programs, since
this information is ephemeral and is available elsewhere (see for
example the annual survey published by NAIES®). Most programs offer
a multitude of features, but the four main variables relating to the way

the software treats obstruction may be summarised as follows:

(i) Obstruction definition

The manner in which the individual obstructions are constructed,
influences both input routines and calculation method. Most programs
use rectangular planes to build up solid objects so that, for example, a
cube may be defined as six single surfaces, each of which is freated as
separate for calculation purposes. The alternative definition is of an
obstruction as a pre-defined three-dimensional object which is then
broken into appropriate planar surface areas by the calculation

procedure. All of the programs in Table 2.1, with the exception of
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Platform
Data Formats

Maximum
Obstructions

Room types

Light sources

Surface types

and properties

QObstruction
types

Calculation

technique

types of output

Table 2.1: Summary of some properties of lighting design computer

lumen-
Microst
486DX PC
2Mb Ram
IES/TM14
500

rectangular

Artificial and
natural
diffuse

reflecting solids

single
orthogonal

surfaces

Lumen/point-
by-point and
finite element

techniques

report, contour

plots,

visvualisation

programs that handle internal obstructions.

Luxdcon3?

486DX-50 PC
12Mb Ram
IES/Luxicon
>500

rectangular

Artificial and
natural
diffuse

reflecting solids

single
orthogonal

surfaces

Lumen/point-
by-point and
finite element

techniques

report, contour
plots,

visuaglisation

Oasys-
BEANSAC
486DX PC
2Mb Ram
T™M14
50

complex

Artificial and

natural

diffuse
reflecting solids
or part
transmitting
complex
orthogonal
surfaces {up to
10 defining
nodes
Lumen/point-
by-point and
finite element

techniques

numerical grids,

contour plots
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FACETAUL

486DX PC
2ZMb Ram

IES/TM14/ASCII

>100

complex
Artificial and
natural
ciffuse
reflecting

solids

complex

30 boxes or

surfaces

Lumen/point-
by-point and
finite element

techniques

report, contour

plots
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Radiance 2.4

UNIX
workstation
radiance/IES

unlimited

complex

Artificial and

natural

speculiar,
diffuse,
dielectric,
BROF

complex
unlimited

defining nodes

hybrid
combination
of Monte
Carle and
deterministic
ray tracing
photo-redalistic

visualisations
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Uol Lighting
Analysis
UNIX
workstation
UolL/TM14
100

rectonguior

Artificial

diffuse
reflecting
solids

orthogonail
30 boxes

point-by-point
and finite
element

techniques

report
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Radiance, construct the internal obstructions as a combination of
horizontal or vertical orthogonal surfaces. Luxicon provides the user with
a limited set of pre-constructed obstructions made up of combinations
of basic surtaces, such as columns or furniture. In most programs room

and obstruction surfaces must be aligned orthogonally and this clearly
limits the degree of realism of an actual interior that can be modelled.
Radiance users may construct furniture geometry made up from
combinations of N-sided polygons, spheres, cones and discs. Complex
surfaces, including curves, can also be defined using iregular areas

defined by surface nodes.

(ii) Number of obstructions
The total number of obstructions that can be defined as input,
also influences both the maximum size complexity and degree of realism

to which an actual interior that can be modelled. Table 2.1 gives the

maximum number of obstruction elements, which may be either three

dimensional blocks or surfaces. For comparison, the contents of a

typical office, having a room index of 1.6 and furnished with desks,
chairs, VDTs and a small number of fiing cabinets, could be modelled
using some 240 vertical and 70 horizontal rectilinear surfaces . Itis clear

that some programs described in Table 2.1 are generally capable of
modelling a room of this size, but that the maximum number of furniture

items that can be accommodated depends on the degree of

sophistication used in the modelling of the objects.

(iii) Calculation methods

The theoretical basis of the calculation methods, that have been
implemented in the coding of the various examples, has been discussed
in Section 2.3.1. The majority use a point-by-point calculation technique,
combined with a check for light interception by obstructions, to

determine the direct lighting contribution and a flux interchange routine

for calculation of indirect illuminance. Linear and area light sources are
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generally modelled by subdivision into smaller portions, which are then
freated as point light sources. The direct lighting contribution received
on any surface element from each individual point source being the
total from all sources the element can “see". The interteflected
component is calculated using the “radiosity” or “finite element”
method. The main difference between the programs in this process is
the criterion for termination of the "bouncing” of light between surfaces
which influences accuracy and run time. Most programs continue the
process a set number of fimes (usually three), until all but a negligible
proportion can be assumed to have been absorbed by the room
surfaces, but some software (Oasys-BEANS for example) will allow the

user to enter the number of bounces.

The Radiance program, based on the technique of backward ray

tracing, has the advantage of being able to model a range of complex
geometries and materials. Interior obstructions may be modelled to a

high degree of accuracy. The output is in the form of photo-ealistic
images. However the program was developed as a research tool, for
which it is used extensively worldwide, but its commercial use is limited
by a user interface that requires large amounts of time consuming data
input and by its large appetite for computer fime. Whilst advances in
computer technology may go some way towards overcoming these
disadvantages, a more fundamental limitation is that, like all "analysis”
methods, the Radiance user is required to input precise details of the

installation and its contents. Such details are unlikely to be available at

the time when most lighting schemes are undertaken.

(iv) Type of output

There are a number of common types of output, some of which
are used in combination. llluminance grids or contour plots in textual or
graphical form and, increasingly as three dimensional plots, are features
of all programs, although the practical use of the latter form of graphical
contour plot is far from clear (see Figure 2.2). Three of the
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Figure 2.2: Example of 3D contour plot output from
FACET lighting package
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programs have the capacity for graphic visualisation output of which
Figures 2.3a and 2.3b are examples. The Lumen Micro and Luxicon
programs produce a monochromatic image from a fixed viewpoint and
have the capacily to present a series of such images as a "walk
through". Visualisation in the form of photo-realistic images, is the main
form of output of Radiance. The generation of visualisation output is an
major consumer of computer time - an image for a typical small office

interior can take tens of hours for both data input and computation.

2.3.2.2 Program validation

Programs are increasingly vsed for appraisal of proposed designs.
With the proliferation of programs and algorithms available there is a
need for program validation so that they may be used with confidence
by designers. Any validation process must include a review of the
underlying assumptions of the program, including data used, and also
testing of programs using standard “benchmark" data. Some work has
already been done in this area to test programs based on the lumen
method using, as standard conditions, an empty office lit by defined
luminaires. The programs were evaluated against an acceptable range
of limits of working plane illuminance parameters as the main validation
device?'. The results give provisional acceptability limits but further work
is required to include the full range of types of program, a wider range of
input conditions (e.g. luminaires other than direct downlighters) and

alternative output criteria (e.g. vertical illuminance).

The test models used to date have all assumed an empty space,
despite the fact that that a number of modern lighting design programs
will now handle internal obstruction. The addition of obstructions to the
input data must be considered as an essential modification to the test
model. Currently, there exists no standard data for internal obstructions
for test purposes and some representations of interior furnishings, suitable

for this purpose are required. They will need to be simple enough to be
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created using the orthogonal geometry systems that are in common use
in lighting design programs, yet capable of being used to predict light

losses caused by room contents.

2.3.3 Simulation of lighting In non-empty interiors - design data
The various modelling techniques have been used, often in
combination with some of the empirical techniques described in Section

2.4, to derive data that may be used in the design of lighting in non-

emptly spaces.

2.3.3.1 Work at the University of Liverpool

A number of researchers at the University of Liverpool have
developed simulation methods for various aspects of lighting in non-
empty interiors over the last ten years. The work has developed, firstly,
a technique for spacing luminaires in general lighting installations at an
appropriate distance to overcome the anticipated effects of light losses
caused by obstructions on illuminance uniformity. Secondly, it
developed a technique to predict and compensate for the magnitude

of the likely light losses caused by obstructions.

The first study developed the idea of extending the existing design
guidance for empty rooms by modifying the maximum spacing-to-

mounting-height ratio to allow for some ‘standard obstruction loss’,
which could be used by designers in addition to the normal maximum
spacing-to-mounting-height ratioZ. This work took, as a starting point, the
standard UK method for calculation of SHR in empty rooms, which was
then modified to take account of defined obstructions positioned within
the central area of the 4x4 square luminaire amray and was then
implemented by means of a computer program. The obstructions,
based ostensibly on the results of a survey carried out in an open plan

office, represented a desk with either a partition or a filing cabinet at one

THE INFLUENCE OF ROOM CONTENTS ON HORZONTAL LLUMINANCE
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Figure 2.4: Diagram of standard obstruction layouts and sizes.
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end, With a person seated at the desk. For each SHR value of the
preferred series, the program calculated the illuminance conditions
within the cenfral area of the luminaires, taking into account the
presence of the obstructions. The work went on to address the problem
of the size and configuration of the elements of obstruction. A series of
"ight", "medium” and "“heavy" obstructions were developed to
represent the range of obstruction density in office interiors (see Figure
2.4). These "“Standard Obstructions" were developed from analysis of
data on room contents, collected by surveys of a limited number of
office buildings and from information provided by two major office
equipment manufacturers. The sizes of the elements of the Standard
Obstructions are shown in Table 2.2. The elements are arranged into

configurations set out below:

Light Standard Obstruction -Person + Desk + Paper rack.

Medium Type 1 Standard -Person + Desk + VDT + Paper rack.

Obstruction

Medium type 2 Standard -Person + Desk + Filing cabinet + Paper

Obstruction rack.

Heavy Standard Obstruction -Person + Desk + Filing cabinet +
Partition.

Floor area per standard configuration may be 8, 10 or 12 square metres.

The representation of the human form was found to have a major
influence on task illuminance conditions and the CIE standard for “body
shadow" used in Contrast Rendering Factor computation was adopted,
as this is capable of acknowledging the separate contributions of head
and body to obstruction. The obstructed SHR program introduced the
standard obstructions either parallel or perpendicular to the luminaire
axis. For each SHR value of the preferred series, at each point on a
0.10m square grid over the task, the illuminance from each of the 16
luminaires was calculated taking into account the presence of
obstructions. The uniformity ralio, based on the ratio of
minimum/maximum illuminance over the task area, excluding a 0.10m

THE INFLUENCE OF ROOM CONTENTS ON HORIZONTAL LLUMINANCE
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Element Length (m) width {m) Height (m)  Vertical Surface Reflectance
Area (m?)

Filing cabinet 0.60 0.60 1.35 1.44 0.3
Partition 1.50 0.025 1.75 3.06 0.6
vDT 0.40 0.40 0.40 0.64 0.3
Person - head 0.20 0.20 1.30 0.53 0.3

- torso 0.48 0.48 1.09 0.72 0.4
Desk 0.76 1.4] 0.75 N/A 0.3

Table 2.2: Dimensions and reflectances of Bougdahs standard

obstruction elements.

Configuration Lununare tyvpe
] Prismatic 2 Surface mounted 3 Recessed broad- 4 Surface mounted 5 Recessed 6 Revessed
panel diffuser broadspan rclicctor span reflector diffuser duffuscr rcflector

iRIIERIE

_f_ e . ‘ T A J L" A » L . L__—____ . v s
Position ol | |
workstation Perpen- Parsllel  lerpen- Parsliet  Perpen- [arallkel  Perpendicular Perpendicular Perpendicular
relauve to Jumi-  dicular dicular dicular ur paralic] or parallel or parslicl
nare axis
Empty case { 70 1.70 1.90 .90 2.08 2.14 1.75 1.32 1.80
Light | 40 1.00 1.52 1 00 1.56 1.51 1.40 117 1.66
obstructuon case
Medium ob-vOU  1.40 — 1.50 — 1.51 1.00 ].40 1.17 1.5§
strutLua case F, 1.1} 0.85 .25 — 1.25 .00 1.27 1.17 1.44

}_!nvy obstruc- 1.27
uon case
WM

- 1.28 —_ 1.25 t 00 1.25 118 1.29

Table 2.3: SHRmax and SHRoebs for standard obstructed

interiors lit by different types of luminaire
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wide edge strip, was then calculated. The edge strip was excluded from
the uniformity ratio calculation, since this would not, in practice, be used
for visual tasks. The effect of obstructions was a major element in the
illuminance calculation procedure and was assessed by separate
consideration of how much of the luminaire, if any, may be “seen”. For
luminaires which were assumed to be point sources, they are either
“seen" or "not seen”" and for linear luminaires, checks were initially
required to determine if a luminaire was partly or totally blocked by an
obstruction. The illuminance was calculated using a point-by-point

calculation.

To study the effects of the various standard obstructions, the
uniformity ratios for the preferred series of SHR set out in CIBSE TMS were
calculated for a number of examples. The results are summarised in @
series of graphs, similar to the examples shown in Figure 2.5, for both
linear and symmetric point source luminaires. The examples include
standard obstructions, positioned such that the axis of the work station is
either parallel or perpendicular to those of the linear luminaires. Resulis
for the Heavy standard obstruction configuration are denoted by "H",
those for Medium standard obstruction configuration with VDT by "V,
and with filing cabinet by "F', and those with the Llight standard
obstruction configuration by "“L". To provide a reference for the
obstructed cases, the uniformity ratios for the empty case identified by
“E" are also shown. There were large differences in SHRmox (the
maximum permitted spacing-to-mounting-height ratio) for the luminaires
between empty and obstructed cases and smaller, but significant,
differences between the various obstructed cases (see Table 2.3). The
effect of an individual obstruction component was greater when

perpendicular rather than parallel to a linear luminaire.

McEwan and Carter also developed a computer program
capable of investigating the lighting conditions within spaces lit by any

defined range of artificial lighting equipment?#. Bougdah demonsirated

THE NALUENCE OF ROOM CONTENTS ON HORIZONTAL LLUMINANCE
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that this program could be used to investigate the influence of ditferent
luminaire types and spacings on the illuminance conditions within a
space for known obstruction conditions, and using a larger dataset,
attempted to develop some general rules regarding the behaviour of
light in obstructed spaces”. The results showed that obstruction size and
density had by far the greatest influence on reduction in average
illuminance over the working plane (the 'OL’') of up to up to 14%. The
next most important factor was luminaire type, which caused losses of up
to approximately 6%, depending on type of luminaire. Specifically,
diffusing luminaires have a greater propensity for light loss than those
which have more narrow downward light distributions. Variation of the
reflectance of room and obstruction surfaces, room index and mounting

height were thought to have a negligible effect on light loss.

A linear relationship between “obstruction density" (expressed In
terms of Vertical surface area of obstruction above the working plane to
Floor area Ratio - VFR) and light loss, was put forward for each of three
luminaire types for a range of room sizes. Figure 2.6 is an example of this
relationship for a surface mountea diffusing luminaire. The VFR values
may be calculated for the proposed room contents by summing, for a
typical workstation in the room, the total area of vertical surfaces above
the working plane, including a human form, and dividing this by the tloor
area occupied by the workstation, including associated circulation

space.

Raitelli and Carter extended the work of Bougdah in two different
ways2?. Firstly, the computer simulation was successfully caried out using
general purpose, commercially available software to investigate the
light loss characteristics of obstructions of different shapes and sizes.
Additionally, rooms were modelled containing a regular grid of

partitions, such that the working plane was covered by square “cells” or
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Figure 2.6: OL/VFR characteristic for surface mounted broadspread luminaire.
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with “furniture like" obstructions. The results for the two types of

obstruction were similar and confimed the major influence of

obstruction type on light loss.

2.3.3.2 Choi and Mistrick?

This work was a study of both working plane illuminance and task

uniformity reduction in offices with uniform height cubicle partitions
equipped with some furniture. The study is interesting in that although it
only deals with this restricted range of room contents, it does examine
the effects of different types and position of luminaires and provides
information that could be of direct use to designers of open plan offices
equipped with cubical partitions. The work was based on simulation of a
12.5m square room equipped with 25 cubicles. Detailed analysis was
performed in the centre cubical only, the others being accounted for in
the calculations by regarding their top surfaces as an imaginary surface.
The results thus purport to represent conditions in the body of a room but
do not consider, arguably, the worst case of the corner cubicles. A
specially written computer program was used to investigate four
luminaire layouts {a single luminaire over the centre of the cubical, a line
of luminaires along the axis of the cubical, a single luminaire straddling
the cubical walls and a line of luminaires straddling the cubical walls)
and three luminaire distributions (direct, indirect and direct/indirect).
Additionally three heights of partition and four partition reflectances

were simulated.

The fraction of working plane average illuminance, relative to that
for the empty room, was determined for a cubical with a desk only and
also for a desk and overhead cabinet. For all types of luminaire, the
obstructions caused light loss of up to the order of 50% on the desk only,
and 65% on the desk with overhead cabinet - enough to require
supplementary task lighting. In general, the loss increased with partition

height and decreased with partition reflectance. Luminaires having a

THE INRLUENCE OF ROOM CONTENTS ON HORIZONTAL LLUMINANCE
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direct distribution had least light loss with low partitions but maximum
with high partitions. Overall, the direct/indirect type had the least light
loss. The luminaire layout also had an effect on the magnitude of light
loss, with straddled layouts having least loss and centred luminaires the
most. The llluminance uniformity predictions were made, curiously, over
the whole cubical, rather than just the desk (which was located at one
side of the cubical) and thus, the results probably give an unreliable
indication of uniformity over the task area. The values of uniformity are
considerably affected by luminaire layout and type. The straddled
layout and indirect luminaire giving the best uniformity, whereas centred

layout and direct luminaires had the lowest uniformity.

2.4 Empirical approaches
The empirical approach to the problem of obstructed spaces has
been adopted by a number of investigators. Detailed photometric
measurements have been undertaken in both simulated and real

obstructed interiors in order to better understand light distributions within

such spaces and to form the start point for design methods. This section

examines the results of the various photometric surveys, comments on
their significance and describes design methods based on empirical

data.

2.4.1 Measurement of light losses
The published investigations of lighting conditions in obstructed
spaces have been undertaken for a variety of reasons. These may be as
part of an assessment of interior environmental quality, to verify design
criteria, for software validation or to act as the basis of a design method.
Research of this nature has usually been undertaken by photometric
survey, supplemented in some cases by computer simulation to expand

the original data set.
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Cook and HillP*® investigated the influence of obstuctions
located in the floor cavity on the illuminance distribution on the working
plane. The work describes illuminance surveys of a number of large
room:s, firstly empty, and then furnished with tables and chairs. For each
condition, values of floor cavity reflectance were calculated gsing

standard techniques (CIBSE Code). In one room, furnished with a

combination of desks and chairs, the reduction in average working
plane illuminance was 14%, whilst in the second room, furnished only with
leather backed chairs, showed no light loss. The authors attempted to
derive a relationship between horizontal working plane illuminance and
the effective reflectance of the floor cavity. It was concluded that no
simple relationship existed and that the present methods of determining
the influence of floor cavity obstructions on working plane illuminance
did not necessarily produce predictable results using lumen calculations
for some types of cavily obstruction. The nature of the cavity
obstructions was found to influence flux transfer within the cavity. The
relationship was more reliable when closed-sided or solid objects
occupied the cavity, than for more open-sided obstructions such as
desks.

Measurement of light losses has been undertaken at the University
of Liverpool. Initially, four surveys of actual office interiors, before and
after furnishing, were undertaken in order to obtain information on
iluminance distributions over the working plane®. Detailed
measurements of furniture configurations, room characteristics and
horizontal working plane illuminance were made in each office. The
results related the maximum and average reduction in working plane
illuminance to a number of room variables (such as average reflectance
of room and furnishings) and a number of indices, notably ratio of
vertical obstruction surface area to floor area, ratio of height of
obstruction to mounting height and area of working plane with a

uniformity ratio lower than 0.8. Based on these resulls, tentative
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proposals regarding the relationships between light loss and furniture
characteristics were put forward. Generally, it was noted that designers
should be prepared for reductions in average working plane illuminance
in the order of 10%, due to the introduction of office type room

furnishings.

Secondly, Raitelli and Carter made a series of measurements to
investigate the general trends indicated by the results of the earlier
computer simulations?®, The measurements were made in a room which
allowed permutations of two luminaire types and two spacing-to-
mounting-height ratios. It was furnished, in turn, by four different “furniture
like" configurations, ranging from an empty room to a heavily furnished
condition. The results confrmed the dominant roles of obstruction size
and luminaire type over light loss, but in addition illustrated that
reduction in luminaire spacing-to-mounting-height ratio could overcome
some of the influvence of the obstructions. Table 2.4 illustrates some
typical predicted values of OL for installations with linear luminaires

installed near maximum SHR.

Kajima et al undertook photometric measurements in a number of
office buildings as part of an investigation of a variety of issues relating to
the visual environment®. In one building, three offices, each lit by
regular arrays of fluorescent 40W x 2 lamp batten open reflector
luminaires, were surveyed both before and after the installation of
furnishings. Reductions in average working plane illuminance of 22%,
21% and 19% respectively, were noted. The authors concluded that the
reductions due to the furnishings were a significant design consideration.
They proposed a correction factor (called the ‘office furniture factor') to
be applied to the 'lighting coefficient' (utilisation factor) as shown in
Equation 2.1. On the basis of their measurements, a value of olffice

furniture factor of 0.8 was put forward.
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Luminaire type Degree of Obstruction
Light Medium Heavy
VIR = 0.1 VFR = 0.25 VFR = 0.45
Diffuser 2.5% 7% 14%
Wide distribution 2% 5% 11%
reflector
Narrow reflector 1.5% 5% 10%

Table 2.4: Some typical predicted values of OL for installations with linear

luminaires installed near to their respective SHRmax.
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actualmean = design meanilluminance x office furniture —Equation 2.1
Hluminance of empty room factor

If some assumptions are made about the furnishing within each
space, based upon the published plans of the rooms, it is possible to
compare results of Kajima et al to those of the Lliverpool researchers.
The three rooms of Kajima et al have estimated VFRs of 0.44, 0.40 ana
0.51 respectively and these compare well with Bougdah's predicted

results for a surface mounted diffusing luminaire (see figure 2.6).

Siminovitch et al undertook a series of studies to investigate the
luminous environment within enclosed workstations lit by general lighting
systems, with the aim of developing geometric relationships between
task and lighting layout such that good visual conditions were
maintained3 ¥ The first study involved measurement in a scale model
of a 13m x 13m interior, equipped with model workstation furniture and
illuminated by a regular grid of scale model 600mm x 1200mm diffusing
luminaires. Horizontal illuminance was measured at different viewing
angles for four ditferent workstation configurations. Reductions in
average working plane illuminance of up to 36% for a 25 degree viewing
angle and 70% in the 40 degree viewing angle were noted, when

compared with similar measurements for the empty space.

A second investigation developed the initial work by the use of @
full scale photometric simulation facility to investigate the effect of
various obstruction configurations and orientations on both Contrast
Rendering Factor and horizontal illuminance from the 2 x 2 array of
fluorescent direct downlighter luminaires, as illustrated in Figure 2.7. A
workstation with the four configurations (unobstructed desk; desk and
person; desk, person and 1.2m partition; desk, person, and partition with
a storage unit) was placed in the four orientations with respect to the

luminaire amray. Measurements of Contrast Rendering Factor and
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Figure 2.7: Layout of test suite used by Siminovitch et alin the evaluation

of luminous environment within enclosed workstations.
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illuminance were recorded at various points on the desk. Large variations
of Contrast Rendering Factor were noted (with values as low as 40
recorded for some viewing angles) which may be explained by the
degree to which the various obstructions were configured to partially or
wholly occlude the luminaires. Horizontal illuminance was measured
along the central axis of the desk at viewing angles of up to 45 degrees.
Reductions for the obstructed cases compared with the emptly case
ranged from 40% to 80%. The authors found that the highest level of
illuminance reduction occurs when the task plane is positioned between
two fuminaires located along the axis of viewing (see Figure 2.7 position
4). The lowest reductions occurred when the luminaire is located directly
over the task plane and with the task between two luminaires located

perpendicular to the line of sight (see Figure 2.7 positions 1 and 2).

These resulls are similar to the Liverpool simulations of task
illuminance conditions made as part of the study of luminaire spacing-to-

mounting-height ratio for obstructed spaces. Siminovitch et al put
forward the concept of pre-defining interior lighting layouts and
workstation task geometries, coupled with local task lighting, as methods
of ensuring adequate illuminance and contrast and gave examples of
suitable configurations. The major drawbacks of this approach are its
lack of flexibility and its inapplicability to the design of interiors where

detailed information on the furniture is unavailable.

2.4.2 Empirically based design methods
The Lumen or Zonal-Cavity method is the most widely used
method of design of general lighting. It enables an average illuminance
to be provided over the working plane of an empty interior whilst
attempting to limit the variation of illuminance by control of the spacing
of luminaires. The number of luminaires required to give the desired

average illuminance is determined by rearranging Equation 2.2 and the
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subsequent luminaire layout set out using the appropriate spacing to
height ratio (SHR).

UF(s) x Nx F x MF

E(s) =
(%) Area of Surface

Equation 2.2

where
UF(s) is the Utilisation Factor for the reference surface, S
N is the total number of lamps in the installation
Fis the bare lamp flux

MF is the maintenance factor of the installation

There have been a number of proposals to modify the lumen
method to account for the influence of room contents. These have
usually involved the inclusion in Equation 2.2 of an additional term, @
multiplier to the UF(s), which increases the initial installed flux to
compensate for light absorbed by room contents and the adjustment of
the SHR to acknowledge the presence of obstructions. This section

examines these proposals.

Steffy® put forward a "partition factor", used as a multiplier to UF

in Equation 2.2, to compensate for light absorbed by vertical, free-

standing partitions and thus not reaching the working surface. No
explanation is given as to the origin of the data. The partition factor,

shown in Table 2.5, depends only on ceiling and partition height.

According to Steffy, the partition factor is "usually lower (worse)
for direct, well-controlled luminaires and usually higher (better) for
indirect, widespread distribution luminaires" but no magnitudes of these
adjustments are quoted. This piece of advice is in general agreement
with the results of Choi and Mistrick but, interestingly, is at variance with

the results of the Liverpool work which was based on furniture
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Ceiling Height {(m)

Between 2.60 and 2.75

Between 2.75 and 2.90

Between 2.90 and 3.05

DECEMBER 1995

Partition Height {m)

Less than 1.05
1.05 to 1.35
1.35to 1.63
1.63 to 2.0

Less than 1.05
1.05to 1.35
1.35 to 1.63
1.63 to 2.0

Less than 1.0
1.05 to 1.35
1.35 to 1.63
1.63 to 2.0

Table 2.5: Partition Factors according to Stetfy.

1.0
0.95
0.85
0.75

1.0
0.97
0.90
0.80

1.0
0.97
0.95
0.85
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configurations that do not include cellular partitions. The major limitation
of the partition factor is that it accounts only for height of partition and
ceiling but not for number and location of partitions. The influence of
luminaire type is also ignored. The results of the surveys of Kajima et al
(described in Section 2.4.1) were also used to determine the value of a
multiplier for the UF. The term, called the “office fu niture factor”, had a
value of 0.8 and appeared to be intended for use in the design of

general lighting for offices only.

Ballman and Llevin®¥ put forward a number of calculation
procedures for installations equipped with cellular partitions. The first
estimates the value of a multiplier for the UF in order to calculate
average illuminance over the whole floor area of such an installation.
The multiplier, also known as the “Partition Factor", ranges from 0.6 to 0.8
depending on partition height, reflectance, cell size and ceiling height.
The same authors devised a calculation method for total average
illuminance in an individual cubicle, which employed the technique of
separating the room into an upper cavity that extends from the top of
the partitions to the luminaire plat.e, and an lower cavity that is the
cavity within the partitioned space. The lumen method is used to
calculate the average illuminance on the top of the partitions. Next, the
UF for the area within a single cubical is determined assuming that the
source (the top of the partitions) is a diffuse "virtual luminaire", using the
appropriate surface reflectance and a zero effective ceiling
reflectance. This technique may be extended to give the indirect
iluminance at any point within the cubical by simply undertaking the
calculation of the average illuminance on the plane of the top of the
partitions twice, once as above to give total illuminance and seconaly
to give direct illuminance by assuming black walls and ceilings. A
second lumen calculation gives average illuminance in the cubical. This

method is included in the recommendations in the NAIES Handbooké.

The final calculation method of interest is a graphic technique to check
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which luminaires in an installation contribute to the direct illuminance at
a given point within a cubical. The magnitude of the direct illuminance

is then calculated using the inverse square law.

Although there seems to be a consensus in a number of Codes
that some adjustment of the SHR to acknowledge the presence of
obstructions is necessary, there is little published quantitative advice. A
number of ‘rules of thumb' exist. CIBSE LG3 recommends a reduction of
one third in the maximum SHR as suitable for most industrial applications.
Steffy simply suggests more luminaires, spaced closer together in order
to provide task illuminance from multiple sources. Williams describes an
empirical method of adjusting manufacturers recommended spacing-
to-mounting-height ratio for application for the design of lighting for
areas with cubical partitions3®. The modification to the published

maximum spacing is shown in Equation 2.3.

Maximum Spacing = ((W; - W,) + Wy x SHR s, x (H,, + Ly) — Equation 2.3

Where:
W; = width of the smallest paneled workstation
Wp = vertical distance from working plane to top of panel

SHRmax = maximum spacing to height ratio

Hm = mounting height of luminaires above working plane
La = luminaire dimension (in same direction as SHR)
2.5 Subjective effects

Research over the past few years has given some clues as to
which factors create subjective visual impressions of interiors. The work,
notably by Flynn¥ and Loe¥, illusirated that luminance patterns on walls,

ceilings and floors can influence how people perceive a given space.

The research used an experimental mock-up room in which the lighting

conditions were varied and a number of observers were asked to make
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subjective judgments. Flynn found five subjective impressions that were
influenced by luminance patterns: visual clarity, spaciousness, relaxation,
privacy and pleasantness. Desigh guidance to acknowledge these
factors, can be framed in terms of luminance distribution on the room
surfaces. Loe et al concentraied on the effect of the luminance pattern
in the field of view and showed that people preferred a space to have
ightness and interest. The lightness factor related to the average

luminance of a horizontal band, 40 degrees wide and centred at eye
height. The interest factor related to the non-uniformity of the luminance
pattern which comrelated well with the ratio of maximum to minimum
luminance within the 40 degree band. The results of this work can, with
some difficulty, be translated into design guidance for room surtace

luminance.

This work may be criticised for its concentration on the luminance
conditions of the bounding surfaces of empty rooms, since large open

spaces create an entirely different feeling from that of, say, partitioned
workspaces. In a typical room which contains furniture or equipment, a

view inside the room is likely to be a combination of room surface and
horizontal and vertical surface of the room contents. The luminance
patterns on room contents are likely to be influenced by factors other
than just the lighting system within the space (for example: layout, shape,
colour, texture) and the users' view of the obstructed interior may be
completely different from that of the same installation in an empty state.
Under these circumstances, even the modest amount of design
guidance that exists in the form of preferred room surface luminance, is
inappropriate except for the special case of rooms equipped with
regular cubical workstations which take on many of the visual aspects of
a small room. Since most working interiors contain a variety of objects, it
is a matter of concern that little is known about how a view of room

contents changes the subjective impressions of the whole interior and it

is clear that some work is required in this area.
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2.6 Discussion

Most of the recently published lighting Codes and Standards
allude to the problems of light loss caused by interior obstruction and
appear to recognise that this is of concern to designers. The empty room
design assumptions are widely recognised as being misleading for
interiors in their subsequent fully furnished state. The guidance they offer
however is usually confined to general warnings about the dangers of
light loss and shadowing caused by room contents and advice on
overcoming these problems is typically in the form of a recommendation
to use reduced luminaire spacing or increased installed flux in
conjunction with traditional empty room design methods. The NAIES
Handbooké on the other hand, offers detailed advice on calculation
techniques for spaces equipped with partitions. This otherwise laudable

attempt to address the problems suffers from two disadvantages,
namely that its application is clearly very limited and that it requires

more information in the form of precise furniture layouts than is arguably

available at the design stage.

Most Codes give some guidance about the use of computers in
lighting calculations, but none currently include any information on
calculations that include interior obstruction. This is a matter of concern,
since a wide range of software used for design includes such features.
There is a need for techniques of validation of programs of this nature
and guidance on accuracy and interpretation of results of such
programs to be included in future codes.

Arguably the most:]r‘ngpgr}anf is u% is that, having idenlified

obstruction light loss as a ‘problemj. the various codes ignore the

Ty b Ty R g et

commercial implications. ¢ e natUr@"‘éyroblem is that absorption of
e,nsci 3

t y by an increase in installed

light by contents must be

flux if it is necessary, for ex B a specified working plane
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illuminance. Under conditions of commercial competition, designers are
attempting to achieve a solution within a cost limit, but there is little
guidance in the codes on which to base design assumptions. Unlike
other aspects of lighting design (such as utilisation factor and
mainienance factor), there is little agreed numerical design data or
design assumptions relating to obstructions and thus, the scope for

commercial dispute is large.

Over the past decade no significant new techniques of modeliing
obstructed spaces have been developed. The main advances have
been in improvements to the tried and tested finite element and ray
tracing software largely to reduce run time. This, combined with the
increase in power of computer hardware, has meant that there are now
a large number of commercial software packages that are based on
finite element techniques. There are few lighting design applications of
Monte Carlo methods {forward ray tracing) but the Radiance program,
which is based on backward ray tracing, has a number of applications
as a research and design tool. The Fourier Series methods, that
appeared to have much promise a decade ago, appear never to have

been used in practice.

Over the last ten years, computer-aided-methods have become
widely available in lighting. The available software ranges from lumen
method to finite element and many programs offer some facility to
include interior obstruction. Most of the programs permit definition of
obstructions by combination of orthogonal surfaces, the degree of
realism of the simulation depends on the variables of the program. The
results of these programs may, in some cases, give only a crude
indication of the effect of the obstructions, but it can be argued that
even this is beneficial in that it causes the designer to think about the
problems of obsiruction at an early stage. As noted above, there is a

need for agreed validation processes for programs and information in
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codes to enable the designer to interpret program output and relate it to

code recommendations. All of the programs only permit analysis of an
installation - i.e. the input data must include precise details of the room
contents. Where the designer has no prior knowledge of the contents

there is a need for some agreed obstruction configuration as input.

Several investigators have used computer simulation techniques
to produce light loss data for combinations of installation and furniture
configuration. The various pieces of work at Liverpool led to a proposal
for a lumen method that allowed for both modified luminaire spacings
and increases in installed flux to account for light absorbed by
obstructions composed of partitions, VDTs, fling cabinets and human
form. To use the method, the designer has to assess the degree of
obstruction, select appropriate values of obstructed SHR and OL (the
light loss multiplier to UF) and produce a luminaire layout in accordance
with the normal conventions of the lumen method. The limitation of this
work to date is the small number of luminaires for which the design data
is available. Choi and Mistrick generated light loss data for spaces
divided using cellular partitions and lit by a range of luminaires. These
two pieces of work are the only two large scale data sets of light loss
information using representative ranges of luminaires. They may be
crificised for the non “designer friendly” nature of their data and the
limitation of only applying to office interiors lit by a small range of
luminaire types. Light loss is a major problem in industrial interiors and

similar general light loss data is required for this application.

The various sets of photometric measurements that have been
published are useful to understand the nature and magnitude of the
light loss problem, to verify simulated design data and as the basis of
empirical design methods. Measured data has only a limited use for
design purposes since it only applies to one set of installation conditions

and clearly, computer simulation is a more economic manner of
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generating large quantities of such data. The various empirical methods
are used mainly for specialist applications, such as cubical partitions or
enclosed work stations. To date the amount of measured data available
for reference is severely limited and there is definitely scope for

expanding this particular data cet.

It is apparent that the two least researched aspects of obstructed
interiors are luminaire spacing and subjective effects. Two approaches
to the spacing problem have been put forward. Bougdah's proposea
method, based on the CIBSE TMS method of calculation of spacing-to-
mounting-height ratio, required computer calculation for each luminaire
and has not been adopted by the industry. The ‘rule-of-thumb”
approach of Williams on the other hand, requires only a basic
knowledge of height and arangement of partitions. It is clear that
neither method completely addresses the problem and that more work

in this area is required.

The studies of subjective effects of lit interiors have yielded some
cluves about the impressions created by different luminance patterns on
room bounding surfaces. The nature of obstructed interiors is such that
some or all of the bounding surfaces may be obscured by the contents
of the room and this would change the subjective impression of the
space. This may be an important issue in some types of interior and

some work is required to investigate this topic.

2.7 Conclusion - the next ten years?

It is clear that a large body of knowledge exists on the nature of
obstruction loss in interior lighting design. The various factors that cause
light loss have been identified and their relative importance established
for a limited range of types of interior. Methods of analysis of iluminance
in obstructed interiors have been developed and design methods which

attempt to overcome the effects of obstruction loss, for a limited range
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of scenarios, put forward. However before the "empty room" assumption
can be rendered invalid, there is a need for more development, better
presentation and dissemination of the results of the work. Specifically

effort is required in three areas.

The first is the continued development of appropriate calculation
methods, not only of those mounted on computer software, but also of
the hand calculation techniques which are arguably used for the
majority of lighting design. Secondly, studies of the effects of obsiruction
should be extended to include interiors other than offices and
commercial buildings. The problems of obstruction are of major
importance in the lighting of industrial buildings for example and these
contain a range of objects which could not be modelled using the
existing techniques. Finally, the whole question of obstruction light loss
and its consequences must be addressed more fully in Codes and
Standards. It is desirable that such documents should include numerical
data on light loss as a basis for design assumptions and advice on the
available calculation methods including interpretation of results. They
should also set out the commercial implications of obstruction light loss

and the associated compensation factors.
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The components of an obstructed interior

3.1 Infroduction

Chapter 2 detailed the “state of the art" regarding the tfreatment
of obstructions in the lighting design process, both at external institutions
and at the University of Liverpool. This chapter discusses the elements of
an obstructed space and their relationship and importance within the
lighting design process. A definition of obstructions is put forward based
upon this relationship. A historical review of the development of a set of
"standard obstructions” is outlined and further modifications are proposed
to broaden their range of possible applications. Several practical

applications of the standard obstructions are proposed and discussed.

The second part of this chapter is concerned with two computer
programs, developed at the University of Liverpool, suitable for research
into, and design of, obstructed interiors. The development of, theoretical
basis of and use of, the programs is reviewed. Finally, a number of
modifications to both of the programs are infroduced and justified.

Example input and output for the modified programs is given in

Appendix One.
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In terms of lighting design, an obstruction can be defined as any

object contained within the installation that influences the distribution of
light and which does not feature in the same room in its empty condition.
Within the scope of this research, the definition of obstruction is refined to
include only those obstructions which project into the zone between the
working plane and the luminaire plane. Research is being undertaken
elsewhere to address the effect of obstructions below the working
plane'. In a commercial building, typical obstructions may include
visual display units, filing and storage cabinets, partitions for dividing
offices into separate workstations and also the users of the office

themselves, when seated at their desks.

In addition to defining obstruction, it is also necessary to determine
how obstructions influence the lighting design process. Two of the

criteria used in the design of artificial lighting schemes are the average
illuminance over the working plane and the uniformity of the distribution

of said illuminance. The Lumen Method? of lighting design is one popular
technique that may be used to determine the number of a particular
type of luminaire necessary to achieve a desired average illuminance
level. To ensure the minimum uniformity standard is achieved, the
design layout of the required number of luminaires should be planned
using the constraints of the CIBSE maximum spacing-to-mounting-height
ratio® technique. Both of these techniques fail to address the influence of
obstruction on achieving the final criteria (as described in the previous

chapter).

In addition to the obstructions themselves, the other components
of an obstructed space involved in the lighting design process include
the luminaire type installed, the size and shape of the installation and the

photometric properties of each of these various components. Previous

research has partially addressed the individual relationship of each of
these components and obstruction light loss and the results form the

basis of the methodology used in the generation of the design data
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detailed in chapter 5. A number of studies have demonstrated that size
and disposition of obstructions has by far the greatest effect on the
reduction in average working plane illuminance and a significant, but
smaller, influence is due to the luminaire type. Room index and room
and obstruction surface properties, on the other hand, were shown to

cause a minimal effect on the reduction in average working plane

HHuminances.

3.2 Development of standard obstructions

A substantial research effort at the University of Liverpool has been
directed into defining the most common configurations and
components of office furniture. This endeavor has led to the evolution of
a set of "standard obstructions". The standard obstructions were
developed to be representative of typical office furnishings for use in
lighting simulation computer software. Due to the limitations of the
orthogonal geometry systems used by the majority of lighting software,
this meant that the shapes of all the components of office furnishings

had to be approximated to combinations of three dimensional blocks

alighed with the major axes.

3.2.1 McEwans standard obstructions.

McEwan developed the rudimentary form of the standard
obstruction, based upon a limited number of surveys of fully functioning
commercial offices®. In these surveys, it was found that the main types of
obstruction that adversely affected the task area illuminance on a desk
were:

1. partitions.

2. filing cabinets.

3. the person occupying the desk.
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Fgure 3.1: McEwans “partition” standard obstruction case.
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Fgure 3.2 McEwans “fiing cabinet” standard obstruction case.
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From this information, two standard obstruction configurations were
proposed and applied to research into the influence of furnishings on
average working plane illuminance and the spacing-to-mounting-height
ratio calculation for obstructed spaces. McEwans obstructions consisted of
the combination of a desk and a seated person, with either a fiing cabinet

or partition at one end. The person, filing cabinet and partition were each

represented by a single two dimensional surface. (see figures 3.1 and 3.2).

3.2.2 Bougdahs standard obstructions

Bougdah* noted that McEwan's two obstruction configurations were
very similar in both shape and size of obsfruction, and that the effect of

either obstruction on the illuminance conditions on the desk was not

noliceably different. There was also some doubt as to whether the two

standard obstructions were capable of representing the range of contents

typically found in offices.

To overcome the limitations of McEwan's obstructions Bougdah

proposed several modifications to the standard obstructions. These
modifications were based on McEwan's investigation into the relative
importance of the influence of each of the individual obsfruction
components on the illuminance conditions on the desk and on an extensive

survey of furniture data provided by two major furniture manufacturers.

McEwan demonstrated that the human form was an important
obstruction as far as light loss was concerned. Bougdah, therefore, modified
McEwan'’s rather simplistic human form to the CIE Body Shadow used in the
Contrast Renderning Factor computationé. To determine the size and type of
the most common office furnishings, Bougdah statistically analysed furniture
data provided by two major European manufacturers - Steel Case Inc. and
Herman Miller, to find the most common arangements of office furnishing
components. This analysis showed that furniture used in modern offices
could generally be grouped in two main categories; those that project

greater than 0.5m above the working plane and those less than 0.5m
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paperrack 0.35m x 0.25m x 0.20m

desk 2.10m x 1.20m

human form

Hgure 3.3: Bougdah's light standard obsfruction case

paper rack 0.35m x 0.25m x 0.20m

desk 2.10m x 1.20m
0.50m

human form

RAgure 3.4: Bougdah's medium type 1 standard obstruction case
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paperrack 0.35m x 0.25m x 0.20m

desk 2.10m x 1.20m

filng
cabinet

0.60m X
0.60m x
0.60m

RHgure 3.5: Bougdah's medium type 2 standard obskuction case

partition 1.50m x 0.03m x 0.75m

| A
; desk 2.10m x 1.20m :
N.50m '

. 1.50m
filng :
cabinet
0.60m x I
0.60m X :
0.60m

Y

human form

Hgure 3.6: Bougdah's heavy case standard obstruction
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above the working plane. Typical obstructions that fell into the first category,

were items of furniture used for filing, storage and partitioning. The second

group contained obstructions such as YDU's, paper racks and typewriters.

Based on these findings, new obstruction configurations were put

forward with the density and size of obstruction used to identify the different

cases. The configurations were:

. Lightly obstructed case - human figure plus paper rack

or typewtiter type obstruction.
2. Medium obstructed case (type 1) - human figure plus

VDU and paper rack.
3. Medium obstructed case (type 2) - human figure plus

paper rack and filing cabinet.
4. Heavily obstructed case - human figure plus filing

cabinet and dividing partition.

The obstructions were now represented more realistically using

combinations of three dimensional blocks as opposed to a single surface for
each component as used by McEwan. Hgures 3.3, 3.4, 3.5 and 3.6 show

Bougdah's obstruction sizes and components.

3.2.3 Modifications to Bougdah's standard obstructions
Bougdah's standard obstructions also contained several conceptual
imitations. Frstly, the obstruction component that would realistically be

located on the desk (VDU, typewiter and paper rack) were “floating” by

the side of the desk. Secondly, the desk size of 2.1m by 1.2m was larger

than desks commonly found in modern offices, as was the filing cabinet size
of 0.6m by 0.6m. Thirdly, the two medium obstructions were essentially the

same and hence one was unnecessary. FRnally, Bougdah's interpretation of

the CIE Body Shadow was incorrect.

To overcome the aforementioned restrictions, several modifications

to the standard obstructions are proposed. These modifications would also
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allow the ability of standard obstfructions to represent the behaviour of real
office furnishings in field measurements, to be validated. The size and types
of obstruction components developed by Bougdah were also verified
against up to date versions of furniture data from the same two
manvufacturers. The proposed modifications are:

1. The alteration of the human form to a size and shape more
accurately representing the CIE body shadow. The human form
was also verified against the average size and shape of the
researchers who would be the actual human forms when the
obstructions were used in photometric surveys.

2. The movement of all components that required support onto the
surface of the desk.

3. The reduction of the desk and filing cabinet dimensions to a size
found to be more common in modern offices.

4. The amalgamation of the two medium standard obstruction

cases into a single case.

As with Bougdah's obstructions the density of furniture was used as
the delineating tactor for determining each obstruction case. Based on this

supposition and the above points, the following three obstruction cases

have been put forward:

e Light Case Obstruction - person, desk and VDU.

¢ Medium Case Obstruction -  person, desk, VDU and filing cabinet.

e HeavyCase Obstruction -~ person, desk, VDU, fiing cabinet and
partition.

The size, disposition and reflectance of the individual elements and

obstruction cases are shown in figure 3.7 and table 3.1.

3.3 Quantifying obstruction density

The density of obstruction has been shown to be important in the

distribution of light within furnished interiors. The standard obstructions,
detailed in the previous section, have been shown to be a useful tool in

investigating this relationship. If the results of any investigation canried out

DECEMBER 1995



é8

THE COMPONENTS OF AN OBSTRUCTED SPACE

NOILVAiI13d INOJY4

. /////////////////////////////////// - éz,///////

1HOIN WNIQ3Iw AAVIH
M3IA NV1d
9‘.0
9.0% ﬂ % ﬂ ﬂ
ON 0
ow.o

Figure 3.7: Diagram illustrating the new proposed standard obstruction

configurations {all dimensions in metres)
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Element length(m) Width(m) Height(m) Vertical Surface Reflectance
Area (m?)
Fling Cabinet 0.64 0.48 1.35 1.34 0.3
Partition 1.50 0.025 1.75 3.06 0.6
VDU 0.40 0.40 0.40 0.64 0.3
Person - head 0.10 0.20 0.55 0.53 0.3
- body 0.10 0.50 0.34 - 0.4
Desk 0.76 1.41 0.75 - 0.3
Table 3.1 - Elements of Standard Obstructions
Installation Actual VFR
Shipping company general office 0.15
Health authority general office 0.28
Insurance company general office 0.34
Bank general office 0.34
Consulling engineers general office 0.38
Bank data processing office 0.42
University administration office 0.44
Insurance company general office 0.57
Consulting engineers design office 0.58
Electricity company general office 0.60
University accounts office 0.63
Transport authority engineering office 0.64
University computer unit 0.69

Table 3.2: VFR values for some actual furnished interiors.
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using standard obstructions were to be applied to the behaviour of
actual interiors, then some other method of expressing obstruction
densily is necessary, rather than the arbitrary light, medium and heavy
descriptions used for standard obstructions. McEwan proposed two
methods for assessing the density of furnishings in obstructed spaces,
both of which take the form of ratios of obstruction area and another

installation dependent quantity.

The first technique was the ratio of surface area of obstruction
above the working plane to mounting height (OHR). This ratio was
determined by calculating the total surface area of all obstructions
within the installation projecting above the working plane and dividing

this value by the mounting height of the luminaires.

The second tecnnique was known as the vertical surface area of
obstruction to installation floor area ratio (*'FR). This ratio was determined
by calculating the total vertical surface area of obstruction projecting

above the working plane and dividing this value by the floor area of the

installation.

Bougdah also used these two classifications of obstruction in his
analyses of obstructed space and he found the latter (vertical surface
area to floor area ratio) to provide the most reliable means of assessing

obstruction density.

To venfy that these standard obstructions, described in Section 3.2.3,
were representative of obstruction densities commonly found in commercial
buildings, a number of surveys of room contents in offices were conducted.
The surveys consisted of recording physical measurements of rooms and
their contents, from which vertical surface areq, floor areas and hence VFR
values were calculated. The results, shown in table 3.2, indicate a range of
VFR in actual interiors from 0.15 to 0.49, these being within the range that

can be created by the standard obstructions. In terms of this measure of
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obstruction therefore, standard obstructions are capable of replicafing

conditions found in actual furnished interiors.

3.4 Practical applications of standard obstructions

Standard obstructions were originally developed for use in the
calculation of luminaire spacing and light losses for use in the design of
lighting for obstructed interiors. They may also have a use as benchmark
validation tools for interior lighting analysis computer programs that have a
capacity to handle internal obstructions. This section describes these various

applications.

3.4.1 Measurement and prediction of light losses

To predict the obstruction light loss over the working plane, a
specially wiitten computer program was used to enable illuminance
conditions for specific combinations of room size, room contents and light
source to be determined (see section 3.6 for a detailed description of this
program). Chapter S illusirates how this program was used to calculate the

obstruction loss (OL), that is the percentage reduction in average working
plane illuminance caused by uniformly distributed standard obstructions, for
a range of interiors lit by point or linear source luminaires. The data
generated by this analysis was used in the development of a modified
lumen method capable of predicting and compensating for the obsfruction
ight loss over the working plane. The dominant factor in interior light loss was
the size and disposition of the room contents. Data was generated for a
modified lumen method using standard obstructions as ‘room contents'
having arange of densities from 0 to 0.7, as classified using the VFR concept

descrnibed earlier in section 3.3.

To venfy the applicability of generating design data using standard
obstructions, a sefies of field measurements of obsfruction light loss were
undertaken, in a range of interiors that contain lighting equipment that is
representative of good modern practice. The measurements were made in

the installations, firstly in their empty state, secondly filled with standard
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obsiructions, and finally, in some cases, In their working state after

occupation by the building users. Chapter 4 describes these surveys in more
detail and shows that the frends and the magnitudes of the measured and

simulated values are in good agreement.

On the evidence of the simulations and surveys of illuminance
conditions within obstructed spaces, it appears that the standard obsiruction
concept appears to have potential as a predictive tool for overall light loss
of an installation containing obstructions. Standard obstructions have also

been used for measurement of effective floor cavity reflectance’.

3.4.2 Computer program validation

Computer programs are increasingly used for appraisal of proposed
designs. With the many programs and algorithms available, there is a need
for a process of validation of the programs so that they may be used with
confidence by designers. The validation process includes review of the
underlying assumptions of the program, including data used, and also
testing of programs using standard ‘benchmark’ data. Some work has
already been done in this area to test programs based on the lumen
method, using as standard conditions, an empty office lit by defined
luminaires. The programs are evaluated against an acceptable range of
imits of working plane illuminance parameters which acts as the main
validation device®. The test models used to date have all assumed an
empty space, despite the fact, as shown in Chapter 2, section 2.3.2.1, that
many programs are available which have the capability to define internal
surfaces such as parlitions and to take account of these in the illuminance
calculation process. There exists no standard data for internal obstruction for
test purposes, and the standard obstructions put forward in this chapter are
suitable for this purpose. Standard obstructions are simple enough to create
using the orthogonal geometry systems that are common use in lighting
desigh programs, yet are capable of being used to predict light losses

caused by room contents.
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3.5 Two computer programs for obstructed interiors

Through the course of research that was caried out into lighting

design methods for obstructed interiors at the University of Liverpool, two

types of computer program were developed to assist in both the research
and design of obstructed spaces. The first program to be developed was a
lighting analysis program capable of calculating illuminance conditions on
room surfaces, taking into account the presence of obstructions between

the luminaire plane and the working plane.

The second category of program developed was based on a
modification to the curent UK procedure for calculating the nominal and
maximum spacing-to-mounting-height ratios (SHRrom and SHRma) of a
luminaire. The SHRis intended for use by designers as a guide to permissible
luminaire spacing that will achieve a set uniformity of illuminance criteria.
The assumption of an empty space, in the SHR calculation, was found to be
likely to cause reductions in illuminance uniformity when SHRmax Was used as

guidance to luminaire spacing in furnished spaces.

Both of the aforementioned computer programs were initially
developed by McEwan and then further refined by Bougdah. The following
sections describe this process of development and refinement. A further set

of modifications are proposed and detailed.

3.6 A lighting analysis program for obstructed interiors

McEwan developed the lighting analysis program to be able to
model all of the physical parameters present in an actual interior. The user
was able to define all of the room dimensions and surface reflection factors,
the luminaire photomelric behaviour and obstruction dimensions, locations
and surface reflection factors. The output consisted of a graphical model of
the room showing the luminaire layout, the obstruction positions and the
resulting illuminance conditions over the working plane. This enabled the
program to be used as a design tool by allowing the designer to review the

lluminance patterns and make informed decisions as to any necessary
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design changes. In addition to the graphical output, a detailed texi-based
output file was also generated which presented information such as
obstructed and unobstructed, direct and indirect, and total illuminance on

a gnid of poinfs. This form of output was particularly useful for detailed

research into the components of obstructed spaces.

The analysis program could be divided into 3 main sections through
which the working plane illuminance was calculated. The first section dealt
with the input routines, in which all the user-specified data was transferred
from external files into arrays ready for use. The second section, and main
bulk of the program, dealt with the various calculation routines and the final
seclion dealt with the output routine. The flow chart shown in figure 3.8

graphically describes this series of processes.

The first part of the program reads in the details of the space from
external files. This includes information on '>2 room size and photometric
properties, obstruction sizes and pholomeftic properties and luminaire
photomefic data. One of the preliminary calculations undertaken by the
program was to determine the number of luminaires required according to
the conventional lumen method and automatically position the luminaires

using the specified SHR information. If linear luminaires were used then the

program represented them by splitting each luminaire into point sources.

Once the luminaires are positioned and divided into their constituent
components, the geometrical relationship between each component and
all the surfaces within the room was assessed. This assessment determines
whether the luminaire section and surface concerned can “see" each
other. The model used for evaluation was the vector cosine technique.
Normals of all surfaces are defined uniquely in relation to a consistent origin
dependant upon their size and orientation. The use of vector cosines allows

the line of sight between two points of interest (either luminaire and surface
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read In physical and
photometric properties of room

read in vtilsation lactor, SHR's, required llvminance,
malntenance factor and totallkamp output

P

calcukite number of umincires
required using basic lvmen method

position the least numbaer of
luminaires calculated previously
atspacings less than SHRmax

manuol

yeos,
positioning ¢

-P=-| readin luminake positions

calculate room surface vector cosines -
- - | readIn obsiruction data

calkcviate obstruction
surface vector cosines

calviate which bminagires each

obstruction can see and store resulls

read In luminous intensity data |-l

calcuiate the unit distance
Iluminance plaones

caicviote the diract component of lluminance on ol
surfaces in room,. Inclvding walk and cbstructions,
{poth with and without obstructions present)

calcviate the inter-reflection betwean aliroom
surfaces, using form factors and Ine of sight checks
{both with and without obstructions present)

caicviate the iluminance on all points on working
plkane grids using vnit hamisphere method

write out the cakulated iluminance grids [direct,
Indirect & total] for both obstructed ond empty.

write out caiculoted unilormities stc.

turn obstructionsthrough
he ... 90 degrees and repeat Ine
of sight caics and store resulls

have obstructions
been turnedc?®

Fgure 3.8: Flowchart showing the main procedures of the analysis program.
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for the direct component or surface and surface for the indirect

component) to be checked for intersection by an obstruction.

The direct component of the illuminance received on all the surfaces
was calculated using the resulls of the vector cosine geometrical

relationship as a guide to which surfaces receive direct light. A technique

known as Unit Distance llluminance Planes {(UDIP), devised by Bracket et aP,
aliows direct illuminance to be determined by hyperbolic interpolation of
pre-calculated values. The pre-calculated values, or UDIP arays, were
computed on the following basis. Frstly the luminaire, if not a point source,
was divided into sections small enough to be treated as a point source.
Secondly, the luminaire was located at unit distance from the plane to be
considered and illuminance was calculated over the surface, using the
Inverse square law, on a set of points located such that any two adjacent

points are displaced by roughly 10°. This displacement allows effective use

of all the intensity data. The third and final stage was to calculate the actual
direct iluminance at any point in the room. This was done by interpolation

amongst the UDIP amay comresponding to the geometrical relationship
between source and receiver, and by applying a comrection factor based

on the actual distance between the two points.

To calculate the indirect component, the technique of finite element
analysis'® was employed. The amount of flux received by a particular
surface from any other surface is dependant upon the geometrical
relationship between the two surfaces and the photometric properties of the
emitting surface. The finite element technique involves dividing all room
surfaces into discrete elements such that they may be considered to have
uniform photometric behaviour. Each of the discrete elements was then
analysed in turn and the overall contributions summed. The final stage
involved in the indirect component calculation, was the determination and
analysis of elements that confibute to the indirect illuminance on the

working plane. A unit hemisphere was created above each calculation

point (see figure 3.9) and using the vector cosine technique,
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Rgure 3.9: The unit hemisphere created above the point P to calculate the

lluminance received at the point from a uniform diffuser.
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the surfaces which intersect with lines passing through each equal area

section of the hemisphere were determined. The excitance of the point
intersected, which was obtained by interpolation amongst the stored

excitance calculated over every surface, was then used to determine the

excitance received on the calculation point.

McEwan intended the program to be used as a design tool and for
this reason, included output in graphical form. The actual graphics were a
plan view of the room, luminaire layout and obstructions, overlaid with isolux
contours. The program was purposefully developed this way to create
output suitable for conveying the results o non-technical parties. The
program also created a text file as output, containing the input data,

working plane illuminance grids for both empty and obsfructed cases of

direct, indirect and total illuminance.

In order to validate the results ot *he lighting analysis program,

McEwan compared the results of a series of office simulations to
measurements of their actual working counterparts. The results showed that
the program was capable of modelling illuminance conditions in

obstructed spaces to within a 10% Iimit of the measured illuminance

obtained using the CIBSE field survey method.

Bougdah found that the analysis program had several limitations that
restricted both the range of sizes of spaces that could be modelled and
their contents. The main limitations were, that the maximum allowable room
size could not exceed 14m by 12m and similarly that the number of
obstructions was restricted to a maximum of twenty-four. Also for each time
the number of obstructions or room size was different from the previous

simulation, the user had to redefine the various amrays within the software

code.

An additional problem associated with the input data was the lack of

flexibility available to the user. For instance, the user could not overide the
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program's automatic positioning of the luminaires. A third problem
concerned with the luminaire positioning routine was also discovered. The
routine checked to satisfy SHR requirements but did not check whether the

luminaires physically fitted into the room.

Bougdah redefined the amays containing the obstruction and room
size data as a function of certain variables within the code. Essentially this
meant an increase in maximum permissible room size that could be
modelled to 16m by 15m and similarly, the comresponding number of
obstructions that could be modelled was increased to a maximum of 80.
The limiting conditions of these values was imposed by the maximum aray
size allowable, which was in turn a condition imposed by the compiler and

the computer memory available.

Concerning the problem with the luminaire positioning, Bougdah
added a routine that checked whether the luminaires physically fitted into
the room specified and automatically modified the spacings accordingly.
The possibility of oveniding the automatic luminaire positioning was also

added, enabling the user to specify luminaire positions from an external file.

McEwan validated the analysis program by direct comparison of
measured and simulated results. To further validate the software., Bougdah
compared the same two sets of measured and simulated results using a
statistical analysis method. Bougdah applied the Spearman rank correlation
test and the results showed comrelation coefficients ranging from 0.665 to
0.941, with 99% confidence levels. These results demonstrated that the
analysis program was capable of simulating the lighting conditions in

interiors where photometric and physical characteristics are known.

This was the state of the program when it was inhetited by the author
in 1992. Mounted on an IBM 3083 mainframe computer system, the
program required an executive confrol program, which linked the programs

algorithms to all related libranes and specified the location of the
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associated data files before it commenced the calculations. At this stage,
complex simulation would take several hours to complete and, due to the

necessity of keyboard input, required the user to be present for at least the
first few minutes. This was identified as a characteristic of the IBM version of

Pascal used to wite the program.

3.6.1 Transfer of software from mainframe to nelworked worksiations

Around the fime of the commencement of this project considerable
advancements in computer hardware were appearing on the market. The
use of mainframes was becoming an obsolete idea and being replaced by
the use of networked groups of workstations. It was necessary to port the
analysis program from the University of Liverpool IBM 3083, which was to be
decommissioned, to its replacement, a UNIX based Sun workstation. This
had the advantages of a potential increase in operating speed and baich
processing possibilities. The difference between the syntax of the IBM Pascal

compiler and the Sun Pascal Version 2.1 compiler required that several

modifications had to be made to the program before it could be operate.

Amongst other modifications, this conversion required the removal of
several obsolete external file handling commands and the removal of the
graphics routines. These modifications offered several advantages;
primanly, they allowed the program to run independently of any of the user

interaction expected from the IBM version. The subroutines that constructed
the graphics were developed with the original version of the program and
were now considerably out of date. Additionally, the Sun system had

several sophisticated graphics packages which were capable of presenting
the results in a visual form. Hence, the removal of the graphics routines was

not felt to be disadvantageous. Addifionally, the program was intended to

be used as a research tool, so as long as the relevant quantitative results

were readily discerned, graphical presentation was a luxury, not a necessity.

The combination of Sun Pascal and a workstation offered several

other options. Sun Pascal enabled the program to be compiled, with all of
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the necessary libraries statically linked to the executable file. This meant the
program itself could be used on systems without a Pascal compiler and
associated libraries. It also meant that only a single command was
necessary to run the program. The Sun workstation allows extensive
background processing and multitasking, which enabled the user to
analyse a number of different situations at the same time. Additionally,
once all the data files are defined and in place, the whole set could be
processed overnight as a batch job. The time for the most complex analysis

was also reduced from several hours to under one hour.

3.6.2 Modifications To The Input

The program requires input from external files describing the room,
furniture and luminaires, as described earlier. There were no detailed
descriptions of the contents of these input files available, so an exercise to

assess this was undertaken by tracing the steps of the data input in the
program code. The results of this exercise are contained in Appendix One,

along with an example of the revised form of output from the program,.

Some of the quantities being read into the program were found to be

redundant and hence were removed from both the program itself and the

input files.

The most sgniﬁfﬂﬁﬂt modification to the input routine was the
adaptation of the program to enable luminaire daia to be read in from the
file format accepted as the British Standard format for luminous intensity
data, i.e. CIBSE TM14 format''. As the intention was to use the program to
generate data for a large number of luminaires and this is the format used
by the major British luminaire manufacturers, this was seen as a necessary
step. As well as this, the opfion of including a more detailed description of
the luminaire used and the analysis being camied out was included. To
ensure that the intensity data was read into the comect array, two of the

eight available label lines provided by the CIBSE TM14 data format were
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CIBSE/1

<label line 2>

<label line 3>

<label line 4>

<label line 5>

<label line 6>

<label line 7> (linear or point source indicator)

<label line 8> (Tuminaire group)

<number of lamps><photometric type><width><length><height>
<ballast lumen factor><input power><input VA>

<design attitude>

<number of vertical angles><number of horizontal angles>
<vertical angles>

<horizontal angles>

<intensity values for all vertical angles at 1st horizontal angle>
<intensity values for all vertical angles at 2nd horizontal angle>

Sorerenons >
<..etc..”
< >

lllllllll

<intensity values for all vertical angles at last horizontal angle>
<glare shape code><luminous area of base><luminous area of side><luminous area of
end>

Notes: Apart from the specified modifications to label lines 7 and 8 the file remains
completely as specified in CIBSE Technical Memorandum No. 14. The key to the
identifiers used in label lines 7 and 8 is the same as the University of Liverpool format
outlined in Appendix 1, where line 7 contains a 1 if the luminaire is a point source or a 2
if it is a linear source and line 8 contains the number of the luminaire characteristic

group as outlined in the CIBSE Code for Interior Lighting.

Figure 3.10: Description of Modified CIBSE TM14 File Format Luminaire

Photometric Data.
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utiised to contain the variables, used in the old format, to identify source

fype and the number of the CIBSE luminaire characteristic luminaire group'2.
The modified TM14 data file is shown in figure 3.10.

The use of TM14 file also necessitated an exira input file containing
additional lamp detaqils. A second exfra input file was used to contain data
descnibing the simulation that was running, which was also witten to the
output file to enable easy identification of the results. This also ensured that
when a large number of scenarios were processed as a batch job, the

results were easily sorted.

3.6.3 Modifications to the calculation procedure

The intended use of the analysis program was for the generation
of obstruction loss data for a range of luminaires, representative of
modern lighting practices, installed in rooms with varying furniture
conditions. The obsfruction loss (OL) of an installation is defined as the
percentage reduction in average working plane illuminance occuring

when furniture is installed in a previously empty space. The calculation of
OL had to be carried out by hand, once the program had determined
the illuminance conditions. A routine to overcome this was developed
and the calculated OL for the installation is now included as a standard

part of the outputl. Additionally, routines were added to calculate the

furniture density of the simulated interior in terms of its VFR (see section
3.3) and also the actual spacing-to-mounting-height ratio of the installed

luminaires.

To generate a dataset that was large enough for practical
purposes, it was necessary to simulate installations up to room index 5.0,
furnished with modules of standard obstructions. This would necessitate
a large increase in both the maximum number of obsiructions that could
be handled by the program and the maximum allowed room size. This
required a major investigation into the techniques used to handle the

data within the program structure. The amrrays modified by Bougdah
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were further modified to increase the limits to those available using Sun

Pascal and a workstation. The result of these modifications was an
increase in the maximum number of obstructions to 110 and an increase
in the maximum room size to 25 metres by 25 metres. The number of
obstructions was still short of the required 360 needed for the largest
rooms due to problems associated with the actual method of coding
used in the initial program. The code was wiitten bearing in mind the
imitations of the original system and due to the complexity of the
program, could not be greatly expanded outside these limits. After
consultation with the University of Liverpool Computing Services
Department it was decided that the ideal solution would have been to
rewite the program in a more flexible language (such as C++) but this
would have delayed the work to such an extent that it was not a viable
solution. An alternative solution to this problem was found and this is

detailed in chapter § (data generation).

Finally, to reduce the number of mistakes due to operator error,
expected in such a large project, additional emror-check routines were
added to the program. These routines were capable of detecting and
alerting the user to any possible discrepancies in the input data. For
instance, range checks were applied to luminaire data and also checks

were applied to ensure the correct number of entries were contained in

the intensity fields.

3.6.4 Modifications to the output

Bougdahs program output consisted of detailed illuminance grids
for all combinations of direct and indirect illuminance and obstructead
and unobstructed conditions. Whilst this is ideal for using the program for
a limited number of investigations and making detailed checks of the
output to trace errors, the majority of the output is superfluous to the
requirements of the data generation involved in this project. For this
reason, the output was completely restructured and streamlined to

include only what was necessary, plus the additional quantities such as
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VFR and Obstruction Loss. The long format data, however, was not
totally removed and can easily be reinstated by changing a single
variable in the code and recompiling the program. An example output

file is included in Appendix One.

All of the modifications to the input, output and calculation
procedures resulted in a streamlining of the programs operation that
corresponded to a 15% reduction in operating time for each individual

simulation.

3.7 A computer program for the calculation of obstructed spacing-to-

mounting-height ratio.

McEwan'? developed a second computer program to address a
imitation of the standard UK method of calculating maximum
permissable spacing-to-mounting-height ratio. The limitation was the
lack of treatment of obstruction. The program used the standard UK
method, described in CIBSE Technical Memorandum No. 53, as its basis.
This method involves calculating the illuminance in the central area of
an array of 16 luminaires, the spacing of which is increased in a preferred
series of steps. The ratio of minimum to maximum illuminance at each
step is determined and the process stops when this ratio falls below 0.7.
The exact value of the SHR at the point of failure is the maximum
permissable spacing-to-mounting-height ratio (SHRmax), and the value of
the step below this is known as the nominal spacing-to-mounting-height
ratio (SHRrom). This information is calculated and published for all
luminaires by the manufacturer and intended for use by the designer in
planning his luminaire layout. The CIBSE Code for Interior Lighting
recommends that an installed luminaire spacing less than the quoted
SHRmax, tor that particular luminaire, should ensure that the required
uniformity standard will be achieved, but this will only hold true if the
room remains unfurnished. The Code also suggests that the presence of

obstructions within the room will adversely effect the uniformity and
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suggests smaller spacings, but it does not give any guidance as to the

magnitude of the spacings or the main factors influencing the spacing.

The obstructed SHR program and concept was developed to
overcome this limitation. It achieves this by introducing a “standard
obstruction” into the calculation zone at the centre of the luminaire array
and repeating the SHR calculation described for the empty room. The
program calculates the illuminance received directly on a grid of points
over the desk top. The effect of the obstructions is determined by a line
of sight check between each point on the desk and the luminaires, or

part thereof.

McEwan developed two programs - one for linear sources and
one for point sources - in which a combination of either human figure
and partition or human figure and filing cabinet were infroduced into the

calculation process.

Bougdah'4 ciritically evaluated McEwan’'s SHR programs and
found certain areas needed further development and modification. The
first problem that needed addressing was the size of the grid of points
across which the uniformity was assessed. In McEwan's model the grid
size increased as the luminaire spacing increased and this was leading to
an inaccurate assessment of uniformity. Bougdah decided to
implement a fixed grid of points, 0.1m apart in both directions, covering

the whole desk top except a 10 cm edge strip.

A second conceptual error was found in the routine that checked
for obstruction in the line of sight between points on the grid and the
luminaire. This routine compared two incompatible angles and hence
was fundamentally flawed. Bougdah rewtote this section of the

program to eliminate this error.
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Figure 3.11 - SHRobs curve example
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Bougdah's most significant modification to the SHRebs program
was to intfroduce new standard obstruction configurations (detailed in
section 3.3) into the program algorithms. This resulted in a suite of eight
programs, one for each of Bougdah's three proposed obstruction cases
(light, medium and heavy) plus the empty case and each of these
versions had two variations - they either considered a point or linear

source.

The output from the SHRobs programs takes the form of illuminance
grids and uniformily ratios for a series of steps of spacing {o mounting
height ratio. Once converted to graphical form, (see figure 3.11) the
results are readily interpreted. The obstructed SHR value for each
particular standard furnishing case, is the point were the uniformity ratio
falls below 0.7. The results of a number of SHRobs simulations are discussed

elsewhere’>¢ and a detailed investigation into the performance and use

of the SHRobs concept is given in chapter 7.

3.7.1 Modifications To The SHR.-s Programs.
As with the analysis program, it was necessary to convert the
SHRobs program from IBM Pascal to Sun Pascal and again this involved
the transformation of the program syntax to suvit the new Pascal version.
This conversion offered the same improvements in operating speed and
batch processing options and the program is now fully developed and
proven ready for use for the generation of SHRows data for a large body

of luminaires.

3.8 Conclusion

All the previous research related to the design of artificial lighting
installation for obstructed interiors has shown that the role of obstruction
needs to be included in the lighting design process. The difficulties
associated with quantifying and predicting the density of obstruction
have led to the development of a set of standard obstructions and the

concept of VFR as a measure of obstruction density. The proposals in this
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chapter detailed modifications to the standard obstruction capable of
redefining them into a form in which they could be proposed to the
lighting community as a useful design tool. Other uses for the standard
obstruction are suggested, such as, data generation and a benchmark

validation tool.

The development of two computer programs for obstructed
interiors is also detailed in this chapter. The lighting analysis program now
has a proven track record and is ready to be used in conjunction with
the standard obstructions to generate design data. The obstructed
spacing-to-mounting-height ratio computer program is now in a form
whereby it can be used as an aid to the lighting design process. It is also

ready to be used to generate design data.
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