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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 typical 

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 
illuminance 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 a 
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 major 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 1 

Chapter 1 

Introduction 

1.1 Background 

General lighting schemes are usually designed 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, Mll 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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INTRODUCTION 2 

Figure 1.1: Illustration of the effect of obstructions on the illuminance 

received on the working plane. 
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14TRODUCTION 3 

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 realistic 

assumptions in lighting design calculation techniques. Additionally, the 

recent changes to European lighting design standards towards 

specifying maintained illuminances at the task as opposed to the 

standard service illuminances 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 

I; ght 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 design guidance of 

other lighting bodies, such as the IESNA Handbook2 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 libraries4 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. 

t the illuminance at some point approximately half way between the new installation 

and the time when maintenance must be carried out. 
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INTRODUCTION 4 

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 stages5.6. The research has 

also been divided into two distinct areas. Firstly, 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 current 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 obstruction 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 

TFÜ NFLUENCE OF ROOM CONTENTS ON HORIZONTAL ILLUMINANCE 
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14TRODUCTION 5 

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 obstruction 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 c: ° 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. 
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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 current 

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 11 UENCE OF ROOM CONTENTS ON HORIZONTAL LLUMMANCE 
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Chapters Five and Six outline the development of the average 

illuminance design method. Chapter Ave 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 

suitable 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 

illuminance conditions in obstructed interiors. The various methods of 

determining Iuminaire 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. 
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ADVANCES IN LIGHTING DESIGN METHODS FOR NON-EMPTY INTERIORS 9 

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 simulation 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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ADVANCES IN LIGHTING DESIGN METHODS FOR NON-EMPTY INTERIORS 10 

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 

audience 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 

design 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 years. 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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ADVANCES IN LIGHTING DESIGN METHODS FOR NON-EMPTY INTERIORS 11 

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 design methods. Methods that are largely based on the "empty 

room" assumption. Maintained illuminance also enables the resulting 
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 Lighting3 notes that local reductions in 

illuminance 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 two 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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ADVANCES IN LIGHTING DESIGN METHODS FOR NON-EMPTY INTERIORS 12 

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 

light absorption by contents but, again, does not mention likely 

magnitudes. 

The CIBSE Lighting Guide 1, "The Industrial Environment"5, 

recognises that obstruction caused by machinery, overhead conveyors, 

pipe work, and the like, is a common feature of many industries. It 

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 Illuminating Engineering Society of North America 

The NAIES Handbook6 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 NFLUENCE OF ROOM CONTENTS ON HORIZONTAL LLUMNANCE 
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maintain the appropriate luminance ratios 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 

room7. 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 

Lighting8 and the Australian Interior lighting Standard9 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 modelling 

light dissipation and distribution within obstructed interiors are well 

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 method 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 difficult1°. 

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 travels from one surface to another. 

THE ULUENCE OF ROOM CONTENTS ON HORIZONTAL LLUMINANCE 
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The method uses the form factor concept between fully viewed surfaces 

in order to approximate the form factor between partially obstructed 

surfaces. The radiation travelling 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 space12. The 

research used a concept developed by Mistrick - the use of two 

superimposed finite element systems in order to reduce calculation 

time13. 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 arrangement 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 and 

indirect lighting systems and comparable results with reduced run time 

was claimed. 

Ikemoto and Isomura14 developed a number of simplifications to 

the finite element method, with the aim of reducing run time whilst 
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Figure 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 inter-reflection 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 weighting 

proportional to the luminous intensity 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 

particle path, taking into account the particle weighting value. In 

general, the accuracy of the simulation is proportional to 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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Tregenza15 and Stanger16 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 Kodaira'' 

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 traced back from the point of 

measurement to the source. Each ray of light acts as a luminance value 

resulting either directly from an emitting 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 a 

selected point18"19. To determine direct illuminance, rays are traced 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 
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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 

illuminance 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 written 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 systemss, %ch' 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 

DECEMBER 1995 



ADVANCES M LIGHTING DESIGN METHODS FOR NON-EMPTY INTERIORS 20 

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 applicat; ons 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 

suites 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 a 

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 to use free software for design purposes 

possibly without realising the consequences. 

The second type of program accurately simulates inter-reflected 

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 

currently 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 NAIES20). 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 treated 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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Lumen- Lurdcon3a Oasys- FACE 74 r Radiance 2.4 UoL Lighting 
M cro3?; 6EANS'C Analysis 

Hardware 486DX PC 486DX-50 PC 486DX PC 486OX PC UNIX UNIX 

Platform 2Mb Ram 12Mb Ram 2Mb Ram 2Mb Ram workstation workstation 

Data Formats IES/TM14 IES/Luxicon TM14 IES/TM14/ASCII radiance/IES UoL/TM14 

Maximum 500 >500 50 >100 unlimited 100 
Obstructions 

Room types rectangular rectangular complex complex complex rectangular 

Light sources Artificial and 

natural 

Artificial and 

natural 

Artificial and 

natural 

Artificial and 

natural 

Artificial and 

natural 

Artificial 

Surface types diffuse diffuse diffuse diffuse specular, diffuse 

and properties reflecting solids reflecting solids reflecting solids reflecting diffuse, reflecting 

or part solids dielectric, solids 
transmitting BRDF 

Obstruction single single complex complex complex orthogonal 
types orthogonal orthogonal orthogonal 3D boxes or unlimited 3D boxes 

surfaces surfaces surfaces (up to surfaces defining nodes 
10 defining 

nodes 

Calculation Lumen/point- Lumen/point- Lumen/point- Lumen/point- hybrid point-by-point 
technique by-point and by-point and by-point and by-point and combination and finite 

finite element finite element finite element finite element of Monte element 
techniques techniques techniques techniques Carlo and techniques 

deterministic 

ray tracing 

types of output report, contour report, contour numerical grids, report, contour photo-realistic report 

plots, plots, contour plots plots visualisations 
visualisation visualisation 

Table 2.1: Summary of some properties of lighting design computer 

programs that handle internal obstructions. 
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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 surfaces, 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 irregular 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 filing cabinets, could be modelled 

using some 240 vertical and 70 horizontal rectilinear surfaces' ý. It is 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 

treated 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 inter-reflected 

component is calculated us; ng 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 times (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-realistic 

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 time. 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. Illuminance 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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(a) 

(b) 

Figure 2.3: Examples of visualisation output from 

(a) Lumen Micro and (b) Radiance 2.4 
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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 capacity 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 used 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 

device21. 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- 

empty 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 array 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 V(LUENCE OF ROOM CONTENTS ON HORIZONTAL ILLUMINANCE 
CONDITIONS 14 ELECTRICALLY LIT COMMERCIAL INTERIORS 



ADVANCES 94 LIGHTING DESIGN METHODS FOR NON-EMPTY INTERIORS 29 

E 

ö 
x 

- 

x 

Id r 

ö I E 
ü 
p öE .ý 
W 
a - p 

x A 

N' Ö 

xx 
SEE 
o< 

E 

Eö 
öE ö 

x -E 0 
%' 
öE 

Eo 

Ö 0 
Ü 

Q 'öE 

W t 

0 
0. c rl 

LII ! 
N 

A 
ýý ýý 

___' 

0 E 
, co o cs EW 

Ep Ci- 
E 

N 
id 

0 
x 
E 

ö 
x 

d 
Y 
U 
v 

a 
v 
CL 

xx 

u ri öd 

ö 
x 
cl 
ö -94 ----- ---------- º- 
0 
x 
Q 

c 

o 

0 
. ö 

iö 

iyXX 

E0 10 10 
uooo Z 

1--04 ----»-r«o ----- º' 

59 9 
do 

Figure 2.4: Diagram of standard obstruction layouts and sizes. 
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end, Mth a person seated at the desk. For each SHR value of the 

preferred series, the program calculated the illuminance conditions 

within the central 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 

"light", "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 beloww. 

Light Standard Obstruction 

Medium Type 1 Standard 

Obstruction 

Medium type 2 Standard 

Obstruction 

Heavy Standard Obstruction 

-Person + Desk + Paper rack. 

-Person + Desk + VDT + Paper rack. 

-Person + Desk + Filing cabinet + Paper 

rack. 

-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 ratio, based on the ratio of 

minimum/maximum illuminance over the task area, excluding a 0.10m 
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Element Length (m) Width (m) Height (m) Vertical Surface Reflectance 

Area (m2) 

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 1.41 0.75 N/A 0.3 

Table 2.2: Dimensions and reflectances of Bougdahs standard 

obstruction elements. 

Configuration Lunuruure v pc 

I Prismatic 2 Surface mounted 3 Recessed broad- 4 Surface mounted S Recessed 6 Rcccsscd 
panel diffuser broadspan rcflcctor span reflector diffuser diffuser rcflator 

Position of 
workstation Pcrpcn" Parallel 11erpen" Parallel Perpen" Parallel Perpendicular Perpendicular Perpendicular 

relauve to lumi- duular dtcular dicular at parallel or parallel or parallel 

aale ails 

Empty case 1 70 1.70 1.90 1.90 2.08 2.14 1.75 1.32 1.80 

Light 140 1.00 1.52 100 1.56 1.51 1.40 1.17 1.66 
ubstructrun case 

Medium ub-VDU 1.40 - 1.50 - 1.51 1.00 1.40 1.17 1.55 

struatwa case R. 1.33 0.85 1.25 - 1.25 1.00 1.27 1.17 1.44 

Heavy obstruc- 1.27 - 1.23 - 1.25 100 1.25 115 1.29 
tion case 

Table 2.3: SHRmoix and SHRobs for standard obstructed 

interiors lit by different types of luminaire 

DECEMBER 1995 



ADVANCES IN LIGHTING DESIGN METHODS FOR NON-EMPTY INTERIORS 32 

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 TM5 were 

calculated for a number of examples. The results are summarised in a 

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. Results 

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 Light 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 SHRmax (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 equipment2. Bougdah demonstrated 
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Figure 2.5: Variation of uniformity ratio as a function of luminaire spacing 

for (a) point source luminaires and (b) linear prismatic panel diffuser. 
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that this program could be used to investigate the influence of different 

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 floor 

area occupied by the workstation, including associated circulation 

space. 

Raitelli and Carter extended the work of Bougdah in two different 

ways2ý. Firstly, the computer simulation was successfully carried 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 confirmed the major influence of 

obstruction type on light loss. 

2.3.3.2 Choi and Mistrick2' 

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 
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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 Illuminance 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 Mthin 

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 HiIP', L5 investigated the influence of obstructions 
located in the floor cavity on the illuminance distribution on the working 

plane. The work describes illuminance surveys of a number of large 

rooms, firstly empty, and then furnished with tables and chairs. For each 

condition, values of floor cavity reflectance were calculated jsing 

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 cavity 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 

illuminance 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 results, 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 simulations25 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 confirmed 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 influence of the obstructions. Table 2.4 illustrates some 

typical predicted values of OL for installations with linear luminaires 

installed near maximum SHR. 

Kajima et at undertook photometric measurements in a number of 

office buildings as part of an investigation of a variety of issues relating to 

the visual environment3D. In one building, three offices, each lit by 

regular arrays of fluorescent 40W x2 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 office 

furniture factor of 0.8 was put forward. 
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Luminaire type Degree of Obstruction 

Light Medium Heavy 

VFR r 0.1 VFR ow 0.25 VFR m 0.45 

Diffuser 2.5% 7% 14% 

Wide distribution 296 5% 1196 

reflector 
Narrow reflector 1.5% 596 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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actual mean = design mean illuminance x office furniture -Equation 2.1 
Illuminance 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 at to those of the Liverpool researchers. 

The three rooms of Kajima et at have estimated VFRs of 0.44,0.40 and 

0.51 respectively and these compare well with Bougdah's predicted 

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

Siminovitch et at 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 different 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 a 

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 2x2 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 array. Measurements of Contrast Rendering Factor and 
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Figure 2.7: Layout of test suite used by Siminovitch et at in 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 empty 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 luminaires 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 results 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 

DECEMBER 1995 



ADVANCES IN LIGHTING DESIGN METHODS FOR NON-EMPTY INTERIORS 44 

subsequent luminaire layout set out using the appropriate spacing to 

height ratio (SHR). 

UF(s) xNxFx MF E(s) = Equation 2.2 
Area of Surface 

where 

UF(s) is the Utilisation Factor for the reference surface, S 

N is the total number of lamps in the installation 

F is 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, a 

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. 

Steffy33 put forward a "partition factor", used as a multiplier to OF 

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) Partition Height (m) Approximate Partition factor 

Between 2.60 and 2.75 Less than 1.05 1.0 

1.05 to 1.35 0.95 

1.35 to 1.63 0.85 

1.63 to 2.0 0.75 

Between 2.75 and 2.90 Less than 1.05 1.0 

1.05 to 1.35 0.97 

1.35 to 1.63 0.90 

1.63 to 2.0 0.80 

Between 2.90 and 3.05 Less than 1.05 1.0 

1.05 to 1.35 0.97 

1.35 to 1.63 0.95 

1.63 to 2.0 0.85 

Table 2.5: Partition Factors according to Steffy. 
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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 at 

(described in Section 2.4.1) were also used to determine the value of a 

multiplier for the UF. The term, called the "office fL '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 LevinM put forward a number of calculation 

procedures for installations equipped Wth 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 plav. 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 

illuminance 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 secondly 

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 Handbook6. 

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 partitions35 The modification to the published 

maximum spacing is shown in Equation 2.3. 

Maximum Spacing = ((WS - WP) = WS) x SHR,,, a, x (H, n + Ld) - 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 

Ld = 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 Flynn3' and Loe, illustrated 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. Design guidance to acknowledge these 

factors, can be framed in terms of luminance distribution on the room 

surfaces. Loe et al concentrated on the effect of the luminance pattern 

in the field of view and showed that people preferred a space to have 

lightness 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 correlated 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 surface 

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 

Handbook6 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. 

! fi'tTI ..,.;; r. it 
is. is that, having identified Arguably the most mportance 
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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 

maintenance 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 modelling 

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 obstruction 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 

criticised 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 set. 

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 proposed 

method, based on the CIBSE TM5 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 arrangement 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 

clues 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 illuminance 

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 obstruction 

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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Chapter 3 

The components of an obstructed interior 

3.1 Introduction 

Chapter 2 detailed the "state of the art" regarding the treatment 

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 introduced 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 Methode 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 

ratio3 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 
illuminance4. 

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 

aligned 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 offices5. 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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Figure 3.1: McEwans "partition" standard obstruction case. 

Desk 

0.7m 

0.2mß 

riuman 

0.5m 

Firing 
Cabinet 

4 

r 

Figure 3.2 McEwans "firing 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, Wth either a filing 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 
Bougdah4 noted that McEwan's two obstruction configurations were 

very similar in both shape and size of obstruction, and that the effect of 

either obstruction on the illuminance conditions on the desk was not 

noticeably 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 obstruction 

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 Rendering Factor computation6. To determine the size and type of 
the most common office furnishings, Baugdah statistically analysed furniture 

data provided by two major European manufacturers - Steel Case Inc. and 
Herman Miller, to find the most common arrangements 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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Figure 3.3: Bougdah's light standard obstruction case 
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Figure 3.4: Bougdah's medium type 1 standard obstruction case 
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Figure 3.5: Bougdah's medium type 2 standard obstruction case 
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Figure 3.6: Bougdah's heavy case standard obstruction 
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above the mrking 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 VDU'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: 

1. Lightly obstructed case - human figure plus paper rack 

or typewriter 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. Figures 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 

limitations. Firstly, the obstruction component that would realistically be 

located on the desk (VDU, typewriter and paper rack) were "floating" by 

the side of the desk. Secondly, the desk size of 2.1 m 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. Finally, 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 obstructions 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 

manufacturers. 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 factor for determining each obstruction case. Based on this 

supposition and the above points, the following three obstruction cases 

have been put forward: 

" Light Case Obstruction - person, desk and VDU. 

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

" Heavy Case Obstruction - person, desk, VDU, filing 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 carried out 
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Element Length (m) Width (m) Height (m) Vertical Surface Reflectance 

Area (m2) 

Filing 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 

Consulting 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 
density 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 Ae 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 verify 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 area, 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 0.69, 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 replicating 
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 written 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 5 illustrates 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 obstruction 
right 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 a range of densities from 0 to 0.7, as classified using the VFR concept 
described earlier in section 3.3. 

To verify the applicability of generating design data using standard 
obstructions, a series of field measurements of obstruction 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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obstructions, and finally, in some cases, in their working state after 
occupation by the building users. Chapter 4 describes these surveys in more 
detail and shoves that the trends 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 obstruction 
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 reflectance7. 

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 
limits of working plane illuminance parameters which acts as the main 

validation device8. 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 partitions 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 

design 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 carried 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 
righting 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 current UK procedure for calculating the nominal and 

maximum spacing-to-mounting-height ratios (SHRn, on, and SHRm04 of a 
luminaire. The SHR is 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 SHRm. 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 fighting 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 photometric 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 

illuminance patterns and make informed decisions as to any necessary 
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design changes. In addition to the graphical output, a detailed text-based 

output file was also generated which presented information such as 

obstructed and unobstructed, direct and indirect, and total illuminance on 

a grid of points. 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 

section 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 ;`a room size and photometric 

properties, obstruction sizes and photometric properties and luminaire 

photometric 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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Figure 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 results of the vector cosine geometrical 

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

known as Unit Distance Illuminance Planes (UDIP), devised by Bracket et alp, 

allows direct illuminance to be determined by hyperbolic interpolation of 

pre-calculated values. The pre-calculated values, or UDIP arrays, were 

computed on the following basis. Firstly 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 100. This displacement allows effective use 

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

amongst the UDIP array corresponding to the geometrical relationship 
between source and receiver, and by applying a correction factor based 

on the actual distance between the two points. 

To calculate the indirect component, the technique of finite element 

analysis'O 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 contribute 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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Figure 3.9: The unit hemisphere created above the point P to calculate the 

illuminance 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 to non-technical parties. The 

program also created a text file as output, containing the input data, 

working plane illuminance grids for both empty and obstructed cases of 
direct, indirect and total illuminance. 

In order to validate the results of `hq 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% limit of the measured illuminance 

obtained using the CIBSE field survey method. 

Baugdah 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 arrays 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 override 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 arrays 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 corresponding 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 array 
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 overriding 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 correlation 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 inherited by the author 
in 1992. Mounted on an IBM 3083 mainframe computer system, the 

program required an executive control program, which linked the programs 

algorithms to all related libraries and specified the location of the 
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associated data files before it commenced the calculations. At this stage, a 

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 write the program. 

3.6.1 Transfer of software from mainframe to networked workstations 
Around the time 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 batch 

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; 

primarily, 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. Additionally, 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 vvas 

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 sib, 4icunt modification to the input routine was the 

adaptation of the program to enable luminaire data 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 option of including a more detailed description of 
the luminaire used and the analysis being carried out vvus included. To 

ensure that the intensity data was read into the correct 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 he 3> 
<label line 4> 
<label line 5> 
<label line 6> 
<label line 7> (linear or point source indicator) 
<label line 8> (luminaire group) 
<number of lamp s><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> 
<......... > 
I <.. etc.. > 
<......... > 

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

Notes: Apart fron: 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 a1 if the luminaire is a point source or a2 
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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utilised to contain the variables, used in the old format, to identify source 
type and the number of the CIBSE luminaire characteristic luminaire group12. 
The modified TM14 data file is shown in figure 3.10. 

The use of TM14 file also necessitated an extra input file containing 

additional lamp details. A second extra input file was used to contain data 

describing the simulation that was running, which was also written 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 obstruction loss (OL) of an installation is defined as the 

percentage reduction in average working plane illuminance occurring 

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 output. 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 obstructions 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 arrays 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 written bearing in mind the 

limitations 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 

rewrite 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 5 (data generation). 

Finally, to reduce the number of mistakes due to operator error, 

expected in such a large project, additional error-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 obstructed 

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. 
McEwan13 developed a second computer program to address a 

limitation 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 (SHRnom). 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, for 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 introduced into the 

calculation process. 

Bougdah14 critically 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, 0.1 m 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 rewrote this section of the 

program to eliminate this error. 
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Figure 3.11 - SHRob, curve example 
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Bougdah's most significant modification to the SHRobs program 

was to introduce 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 uniformity ratios for a series of steps of spacing to 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 belowO. 7. The results of a number of SHRobs simulations are discussed 

elsewhere5.6 and a detailed investigation into the performance and use 

of the SHRob: concept is given in chapter 7. 

3.7.1 Modifications To The SHRob: 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 suit 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 SHRob: 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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Chapter 4 

Measured light losses in commercial interiors 

4.1 Introduction 
Previously, the main approach to the investigation of light loss due 

to room furnishings has been through the use of computer simulation. 
There are several advantages to the use of computer simulation, 

primarily there is the speed and ease at which different room 

configurations can be constructed and analysed. The use of 

photometric surveys to assess the relationship between light loss and 

room furniture is inefficient and impractical, particularly if the aim is the 

generation of design data. Gaining access to and measuring a large 

number of different room and furniture combinations would be a much 
too lengthy and complicated process to efficiently generate design 

data. Photometric surveys however, are a valuable aid in assessing the 

validity of computer generated design data. Additionally, some 
knowledge of the practical range of installation configurations, 

commonly found in commercial interiors, would be useful for devising 

the limits of data needed for design purposes. 
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This chapter is concerned with the field measurement of the 

amount of light absorbed by room contents in commercial interiors. The 

furniture, equipment and personnel that occupy a working office will 

cause light loss in terms of both local variation of illuminance uniformity 

across working areas and an overall reduction in average working plane 
illuminance. Extensive simulation studies to investigate the theoretical 

values, by other institutions, are described in chapter 2 and whilst 

chapter 5 describes a new, voider ranging, simulation technique used to 

generate light loss data for design purposes, previously little work has 

been undertaken to measure light absorption. A series of photometric 

surveys of illuminance within modern office buildings are described in this 

chapter, which were undertaken for an installation firstly in its empty 

condition; secondly, furnished with simulated standard obstructions; and 
finally, in its actual working state. The installations were selected so as to 

include examples of common types of luminaire and different types of 

room furniture systems. The results show typical magnitudes of light loss 

and give an insight into the relative importance of the various 

parameters that influence light absorption - notably obstruction type 

and size and luminaire type. The influence of the results on current 

practice are indicated. 

4.2 Review of previous field measurements 
Photometric surveys have been undertaken by a small number of 

researchers to investigate both lighting conditions in particular furniture 

configurations and overall light loss within a furnished space. 

Additionally, surveys have been carried out to investigate the effect of 

room furnishings on effective floor cavity reflectance. These surveys are 
described fully in chapter 2, section 2.4.1 "Measurement of light losses". 

The surveys reported by Briggs' described a series of 

measurements primarily intended as the basis of a new NAIES 

calculation technique for predicting illuminance levels in spaces 

equipped with uniformly distributed cellular partitions. Siminovitch et alp 3 
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analysed the reduction in working plane illuminance due to a number of 
different work station geometries using firstly a scale model of an office 
interior and secondly a full scale photometric simulation facility. The 

results indicated local light losses of up to 70% on task areas and put 

forward some general advice regarding the positioning of workstations in 

relation to the luminaire layout. Kajima et al4 and McEwan and Carters 

reported the results of surveys of measurements across the whole 

working plane of modern offices in empty and furnished conditions. The 

former reported losses of 20% in one room, the latter losses of between 

8% and 10% in four different installations. Cook and Hill6 7 used a series of 
photometric surveys to investigate the influence of obstructions located 

in the floor cavity on the illuminance distribution on the working plane. 

Light losses of up to 14% were found and the authors attempted to 

derive a relationship between horizontal working plane illuminance and 

effective floor cavity reflectance. 

Losses of the magnitudes quoted above have clear implications 

for the lighting designer, particularly when using the maintained 

illuminance concept. Surveys to investigate light losses are however, 

time consuming and are only able to address a limited range of 

geometric and photometric variables. Computer simulation overcomes 

this problem but designers need to be confident that data produced in 

this way is capable of representing real conditions. 

4.3 Field measurement in modern commercial interiors 

Any modifications to lighting design methods to take account of 

obstruction depends critically on the assumptions made. The 

modifications proposed in this document (chapter 6) are based on 

calculated values of OL for installations assumed to be occupied by 

standard obstructions. The field measurements described in this chapter 

were undertaken in order to assess light losses due to standard 

obstructions, which would enable comparison to be made with the 

calculated values, or to relate them to losses in actual interiors. 
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Measurements of these values are thus important for three reasons. The 

first is to add to the sparse information on the magnitude of measured 
light losses in commercial buildings. The second is the need to verify that 
the simulated and measured values of OL are of the same order of 

magnitude, and the third is to check whether illuminance conditions in 

actual installations in their working state can be replicated using the 

various standard obstruction configurations. 

The surveys investigated illuminance levels in a range of interiors 
that contained lighting equipment that is representative of good modern 
practice. Three of the installations were equipped with surface mounted 
diffusers, two with luminaires specifically intended for areas with VDT's, 

one with uplighters and one with a wall-washing luminaire system. The 

rest of the installations were lit using surface mounted or recessed wide 
distribution reflector luminaires with either wedge or cross-blade louvres, 

which are classified in the CIBSE Code8 as "surface modular" or 
"recessed modular". The surface reflection factors for all installations 

were within the CIBSE Code recommendations. The measurements were 
made in the installations firstly in their empty state, secondly furnished 

with standard obstructions and finally, in some cases, in their working 

state after occupation by the building users. A total of 24 surveys are 
reported in this chapter. 

4.4 Standard obstructions 
In general lighting terms an obstruction can be defined as an 

object which is between the luminaire plane and working plane. In an 

of ice this can be taken as VDT's, filing and storage cabinets, panels and 

screens used for dividing offices into work stations and users of the office 

when seated at desks. Work described in chapter 3 addressed the 

problem of the size and configuration of the elements of office 

obstruction and a series of "light", "medium" and "heavy" standard 

obstructions were put forward to represent the range of obstruction 
density in office interiors. The sizes of the standard obstruction elements 
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to be used for the simulation of OL data and for the photometric surveys 

are described in chapter 3, section 3.2.3. Figure 3.7 and table 3.1 shows 
the size, disposition and reflectance of the individual elements and 

obstruction cases. These standard obstructions can be used to represent 

obstruction densities having ratios of vertical surface area to floor area 
(VFR - see chapter 3, section 3.3) from 0 to 0.7. Typical values of VFR for 

modern offices were within the range 0.15 to 0.69 and thus the standard 

obstructions should be capable of simulating obstruction densities within 

most working interiors. For the purposes of the surveys the standard 

obstructions were constructed of painted cardboard, polystyrene, wood 

and were designed for ease of transport in small sections. 

4.5 Survey Locations 

Gaining access to suitable installations for measurement purposes 

was a major task. The problem was not only one of selecting suitable 
installations in terms of size and equipment content but also one of 

persuading building designers, owners and users to allow access at the 

various stages of the surveys. Information on the survey locations is given 
below and in table 4.1. 

Installations 1 to 4 

The single room, that was used in different configurations, to form 

the first four installations was a general purpose room located in the 

School of Architecture at the University of Liverpool. The room 
dimensions were 7.7m by 6.8m by 3. Om high and it was furnished with 
four standard obstructions. The room was lit by a regular array of ceiling 

mounted luminaires, switched such that two luminaire configurations 

could be used with different transverse spacing-to-mounting height ratios 

- 0.89 or 1.79. A choice of two different luminaire types was also 

available; a prismatic base, opal sided diffuser and a modular louvred 

reflector luminaire. These surveys formed part of research carried out by 

Raitelli and Carter9 and have been included in with the results in a form 

suitable for comparison with the rest of the data set. 
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installations 5,6 and 7 

A demonstration area owned by a luminaire manufacturer was 

used for installations 5 to 7. The room was 9.5m by 6.8m by 2.7m high. 

Only half of the room was used for an installation and each half was 

furnished by with four standard obstructions. Each room half could be lit 

in turn by regular arrays of three different types of luminaire - LG3 Cat 1, 

LG3 Cat 2 and recessed modular reflector, all having spacing-to- 

mounting-height ratios of 1.2 axial and 0.75 transverse. 

Installations 8 and 9 

A Medical Records Centre and a general purpose office, both 

equipped with recessed modular louvred luminaires, served as 

installations 8 and 9 respectively. Installation 8 measured 9.3m by 5.6m 

by 2.6m high and was lit by a regular 2 by 3 array of luminaires installed 

at an SHRNans of 1.6. For the second stage of the survey installation 8 was 

furnished with 4 standard obstructions, in its actual working conditions the 

room functioned as a medical file/record store and hence was 

equipped with three 2m high by 3m long file stacks. Installation 9 was 

8.4m by 8.5m by 2.6m high and lit by a3 by 3 array of luminaires, again 

installed at an SHRtrans of 1.6. This installation was furnished with six 

standard obstructions. In its working conditions installation 9 was a 

general purpose office used by approximately eight people. It 

contained general filing equipment and VDT's, but no dividing partitions. 

(See figure 4.1). The calculated furniture density, expressed in terms of 

the VFR, for installation 9 was 0.28, which falls just below the average 

density of furnishing expected in modern offices. 

Installations 10 and 11 

Installations 10 and 11 were representative sections of two very 

large open plan offices belonging to a national insurance company. 

The section of the first room, used as installation 10, measured 7.2m by 

13.1 m by 2.7m high. Installation 11 was a 11.2m by 8.9m by 3.1 m high 
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Figure 4.1: Installation 9 in its ,, r)rking condition. 

Figure 4.2: Installation 11 in its working condition. 
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Figure 4.3: Installation 12 in its working condition. 

Figure 4.4: Installation 13 in its empty condition. 
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section of the second room. In both cases the spaces were furnished 

with ten standard obstructions and in the working conditions both were 
busy administrative offices, with calculated VFR's of 0.57 and 0.34 

respectively. Installation 10 was lit by a7 by 3 regular array of recessed 

modular reflector luminaires installed at an SHRfºaºs of 1.1. Installation 11 

was lit by a3 by 3 regular array of surface mounted modular luminaires 

(SHRfraºs = 1.0) suspended between timber trusses at 3.8m centres below 

a white plastered void. (See figure 4.2). 

Installation 12 

Installation 12 was a ground floor office suite belonging to a 
Transport Authority and intended for use as an engineering office. It 

measured 13.5m by 7.4m by 2.75m high. The room was lit by a6 by 4 

regular array of recessed modular louvred luminaires installed at SHRnaºs 

of 1.0. The room contained two permanent supporting columns and, to 

simulate working conditions, was furnished with nine standard 

obstructions. In its working state the room contained a number of large 

obstructions - such as dividing partitions and large storage cabinets - 
providing a relatively high VFR of 0.64. (See figure 4.3) 

Installations 13 and 14 

Installations 13 and 14 were two rooms in the Show Suite of a new 

office development. Installation 13 was a representative section of the 

main open plan office area measuring 9m by 4.5m by 2.8m high. 

Installation 14 was a smaller (5.45m by 5.9m by 2.8m high) adjoining 

conference room. Both installations were lit by a 1.5m square array of 

recessed profiled reflectors with a 24W PL lamp (See figure 4.4). Four 

standard obstructions were used in each space to simulate working 

conditions, but the office was a show suite and it could, therefore, not be 

surveyed in its actual working condition. 
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Insfallatlon 15 

Installation 15 was a representative section of a large open plan 

office, occupied by an international shipping company. The section 

used for the survey measured 8.5m by 9m by 2.7m high and was lit by a 

regular array of semi-recessed prismatic base, opal sided diffusing 

luminaires, installed at SHRfºa, s of 1.33. To simulate working conditions the 

empty room was furnished with nine standard obstructions. In its actual 

working condition the room contained only a few large storage units and 
the furnishings consisted mainly of desks and visual display units. This is 

reflected in the relatively low measured VFR value of 0.15. 

Installations 16,17 and 18 

These three installations were part of a refurbished office building 

in the University of Liverpool. Installation 16 was a single person, 

executive type office; installation 17 was a general purpose filing area 

and installation 18 was a four person general administrative office. The 

ceiling height in all three of the installations was 3.9m and the plan 
dimensions were 7.4m by 5.4m, 8.2m by 4.5m and 7.5 by 5.4m 

respectively. All installations were lit by surface mounted louvred 

reflector luminaires and each installation was furnished with four 

standard obstructions. The transverse SHR of the three installations were 
1.02,0.91 and 1.03 respectively. In their working conditions installations 

16 and 17 had relatively low VFR's of 0.21 and 0.19 respectively, whilst 
installation 18 had a VFR of 0.37, which is approximately the average VFR 

for modern commercial interiors. 

Installations 19,20 and 21 

This room was the full scale experimental office space at the 
Lighting and Applied Vision section of the Building Research 

Establishment at Garston, UK. The room is a windowless space 6.8m by 

6.7m by 2.6m high. The room could be lit by three independent lighting 

systems: a regular 4 by 4 array of ceiling mounted twin lamp mirrored 
luminaires; four free standing uplighters and an arrangement of wall- 
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washing luminaires. These three luminaire types formed the three 

different installations and measurements were made under each system 
furnishing the room with four standard obstructions. As this is an 

experimental area the actual working conditions could not be 

measured. 

Installations 22,23 and 24 

These three installations were separate teaching and computer 

rooms in the refurbished Television Centre at the University of Liverpool. 

Installation 22 was a teaching room 7.6m by 5.5m on plan and 3.5m 

high. Installations 23 and 24 were computer rooms of the same plan 

area as installation 22 but with a floor to ceiling height of 2.9m. All three 

installations were lit by surface mounted louvred reflector luminaires. 

Installation 22 was surveyed furnished with four standard obstructions and 
installations 23 and 24 furnished with five standard obstructions. 

4.6 Survey Methods 

The first part of each survey consisted of gathering physical and 
photometric details of the installation and its lighting equipment. In the 

working case, the dimensions of all room furnishing were taken to enable 
the VFR of the installation to be calculated. Each survey consisted of 

measuring horizontal working plane illuminance on a square grid of 

points (usually 0.5m centres) over the whole room whilst empty, again 

when furnished with the three standard obstruction cases and finally in its 

actual working condition. All daylight was excluded during 

measurement by a combination of shielding windows and delaying the 

commencement of the surveys until after sunset. The cosine and colour 
corrected photcell of a LMT Pocket Lux illuminance meter was mounted 

on a tripod and positioned over the grid points at desk top height 

(approximately 0.75m above the floor). The average working plane 

illuminance was calculated as an area weighted arithmetic average of 
the grid point illuminance. The obstruction loss (OL) was calculated as 

the percentage reduction in average working plane illuminance of the 
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Installation luminalre 
type 

room 
Index 

SMIIransverse 
Maximum I actual 

obstruction type 
and VII 

obstruction 
loss (7t, ) 

1 diffuser 1.60 1.70 0.89 light 0.10 1.00 
medium 0.19 3.80 

-------- ---------- ----_ ------ ------- --hecvlL, --- 
O. SO__ 

__ 
7.70___ 

2 surface modular 140 1.80 0.89 light 0.10 1.20 
louvred reflector medium 0.19 3.70 

-------_ _--------_ __--_ ___--_ ______M - 
he°viL. 

_ _-ý 
7A0-_- 

3 diffuser 1.60 1.70 1.79 light 0.10 4.00 

medium 0.19 6.40 

--------- __--- -__--_ ___---- --he°vy- --- 
O. SO 

. .. 
111 

- 4 surface modular 1.60 1.80 1.79 light 0.10 1.30 
louvred reflector medium 0.19 290 

-------- --_-----_- _--_- --_-_- _-----M --he°vY.. --_ -9--SR- __- 5 VDT Cat 1 0.90 1.26 0.75 medium 0.34 9.20 

_------- ---------- _---_ ------ ------- ---he°vL' --- 
0.95__ 

__ 
110___ 

6 VDT Cat 3 0.90 1.67 0.75 medium 0.34 12.8 

-------_ ---------- ----- --___- ------- --he°'^L --_ 
0.95__ 

__ 
17.0 

___ 7 recessed modular 0.90 142 0.75 medium 0.34 15.8 
buvredrefleefa- 

-heaves --_ 
0.95 19.0 

8 recessed modular 1.80 1.87 1.30 light 0.11 4.00 
louvred reflector medium 0.23 8.00 

heavy 0.53 14.0 

-------_ ---------- _---_ ------ ------- -- actual 1.64 30.0 
9 recessed modular 220 1.87 1.60 light 0.09 3.00 

louvred reflector medium 0.21 7.00 
heavy 0.47 120 

-------- ---------- _---_ _--_-- --_-_-M _ actual 0.28 10.0 
10 recessed modular 230 1.25 1.10 light 0.12 0.00 

louvred reflector medium 0.27 2.00 
heavy 0.56 3.00 

-------- ---------- ----_ ------- ------ -- 
actual 0.57 11.0 

1 recessed modular 210 1.25 1.00 light 0.12 0.00 
louvred reflector medium 0.25 3.00 

heavy 0.54 8.00 

-. -----_ ---------- _---_ ------- ------ __a_ctual ___r __ 
8.00_- 

_. 12 recessed modular 1.74 1.25 1.00 light 0.10 0.00 
louvred reflector medium 0.23 5.00 

heavy 0.50 10.0 

_--_---_ --_------- _---_ ------- ---_-- - actual 0.64 12.0 
13 recessed modular 1.30 1.70 0.80 light 0.12 1.00 

louvred reflector medium 0.25 200 

--- --- ---- -- -- ---- - -- - 
h! O"Y.. 

--_ 
O. SS__ 

-_ 
8.00 

-- 14 recessed modular 1.20 1.50 0.80 light 0.15 5.00 
lovwedreflector medium 0.31 5.00--- 

15 semi-recessed opal 1.60 1.60 1.33 light 0.14 4.90 
side, prism. base medium 0.30 114 

heavy 0.66 20.0 
_--__--_ -_ -- - - ___ ------- ------ --_ 

actual 0.15 6.60 
16 surface mounted 0.88 1180 1.02 i ght 0.10 _-- 0.00 

louvred reflector medium 0.23 5.00 
heavy 0.50 10.0 

--- --_ -- -- - ._ ---- --- -- 
actual 

... 
0.21 9.00 

_ 17 surface mounted 0.99 1.80 0.91 light _ 0.12 3.00 
louvred reflector medium 0.26 12.0 

heavy 0.57 11.0 
_-- --_ ---- -- __ - _--- -___-- -_actuai 

0.19 4.50 
18 recessed modular 0.88 1.80 1.03 light _ 0.12 -_ _-- 3.00 

louvred reflector medium 0.25 4.00 
heavy 0.56 120 

-------- ---------- ----- ------- ------ cfual o 0.37 9.00 
19 up-lighters 1.80 - 

_ --- light- _ _ --- 0.10 - --- ---280 

medium 0.22 5.50 

--- --- -- ---- ._ ---- - -- - 
10.2 

-- 20 twin lamp 1.80 1.50 0.90 light 0.10 -2.60 
mirrored medium 0.22 -202 

--- --_ --- -- ._ _------ -----M 
heavý 0.48 

_ 
1.00 

21 wall washers 1.80 -_ light _ --_ 0.10 - 0.00 

medium 0.22 5.20 

-------- ---------- ----- ------- ------ 
he°v'L 

- 
0.48_ 

- - --5.30 --- 22 recessed modular 1.20 1.25 0.60 - light - _ 0.11 0.00 
louvred reflector medium 0.24 5.00 

--- ----- -------- -- ----- ---- --- .--- -- - 
heaves 

- --- 
0.53 

_ - 
9.00 

-- -- 23 recessed modular 1.50 1.25 0.60 light 0.15 0.00 
louvred reflector medium 0.32 3.50 

--- --- ---- -- -- ---- - -- - 
heLvL 

--_ 
0.69 13.0 

24 recessed modular 1.50 1.25 0.60 light 0.15 0.00 
louvred reflector medium 0.32 7.50 

heavy 0.69 17.0 

Table 4.1 Measured Obstruction Loss (OL) and installation characteristics. 
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furnished cases compared with the empty case. Table 4.1 shows the OL 

for each of the installations in the three standard obstruction cases and 
in the actual working case. 

4.7 Discussion of results 
The results for all installations show the same general pattern in 

that OL rises as VFR increases. Figures 4.5,4.6 and 4.7 show a statistical 

analysis of the light loss data in terms OL/VFR for increasing room index 

for modular louvred luminaires. The results were processed using the 

same method employed in chapter 5 to analyse the large simulated 
data set, a linear regression technique assuming a true zero. These 

trends and the average OL values of 1.52%, 6.25% and 12.01% for the 

light, medium and heavy standard obstruction cases are comparable to 

the average values predicted using the computer simulated design 

data described in chapter 5. Table 4.2 shows the predicted values. For 
the eight interiors measured in their actual working conditions the 

average measured OL was 8.76%. (Installation 8 was excluded on the 

grounds that it was a storage room, furnished solely with large shelf units 

and hence out of the VFR range typically found in commercial interiors). 

It thus appears that the methods of simulation and prediction of light 

losses for obstructions described in chapter 5 could be the source of 

realistic design data for actual interiors. 

The results also agree with the trends found in previous research'O, 

which showed that different luminaires have varying propensity for light 

loss for a similar degree of obstruction. It is apparent from the results for 

installations 1 to 4 that the diffusing luminaires have higher OL for a given 
VFR than the modular louvred luminaires and similarly that the LG3 Cat 3 

and modular louvred luminaires have higher light loss than the LG3 Cat] 

luminaire (installations 7 to 9). The results for installation 15 also support 
this conclusion. The reason for this is presumably that light from 

luminaires with direct light distribution is not intercepted to the same 
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Regression Summary 
SURVEY RESULTS / ROOM INDEX 1 vs. V. F. R. 
Count 13 
Num. Missing 0 
R . 944 
R Squared . 891 
Adjusted R Squared . 882 
RMS Residual 3.606 

ANOVA Tabl. 
SURVEY RESULTS / ROOM INDEX 1 vs. V. F. R. 

rr- Ally� Al Armiran Mn Sauarg F. Va(ua P-Value 

Regression 
Residual 
Total 

1 1273.640 1273.640 97.972 <. 0001 
12 156.000 13.000 
13 1429.640 

Regression Coefficients 
SURVEY RESULTS / ROOM INDEX I vs. V. F. R. 

Coefficient Std. Error Std. Coeff. t-Value P-Value 

V. F. R. 23.1141 2.335 1.098 9.898 I <. 0001 

RoQresslon Plot 
20 

18 
x 
ö16 

5-14 

12 
110 

CD 
8 

6 

4 

2 

0 

t23 .4 .5 .6 .7 .8 .91 
V. F. R. 

Y. 0+23.114' X; R"2=. 891 

Figure 4.5: Linear regression of survey results for room index 1.0 

DECEMBER 1995 



MEASURED LIGHT LOSSES IN COMMERCIAL INTERIORS 106 

Regression Summary 
SURVEY RESULTS / ROOM INDEX 1.5 vs. V. F. R. 
Count 9 
Num. Missing 0 
R . 989 
R Squared . 978 
Adjusted R Squared 

. 976 
RMS Residual . 742 

ANOVA Table 
SURVEY RESULTS I ROOM INDEX 1.5 vs. V. F. R. 

OF Sum of Squares Mean Sauare F-Value P-Value 
Regression 
Residual 
Total 

1 198.114 198.114 359.744 <. 0001 
8 4.406 . 551 
9 202.520 

Regression Coefficients 
SURVEY RESULTS / ROOM INDEX 1.5 vs. V. F. R. 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
V. F. R. 14.280 . 753 . 912 118.967 I c. 0001 

9 

u? 8 
X 
W'] 
0 z 

26 

8 cc 5 

ý] 4 
D 
CA 
w3 
cc 
} 
>2 
cc 
D 

0 

Regressfon Plot 

. 05 .1 . 15 .2 . 25 .3 . 35 
.4 . 45 .5 . 55 .6 

V. F. R. 
Y=0+14.28'X; RA2=. 978 

Figure 4.6: Linear regression of survey results for room index 1.5 
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Regresston Summary 
SURVEY RESULTS / ROOM INDEX 2 vs. V. F. R. 
Count 16 
Num. Missing 0 
R . 952 
R Squared . 906 
Adjusted R Squared . 900 
RMS Residual 3.306 

ANOVA Table 
SURVEY RESULTS ! ROOM INDEX 2 vs. V. F. R. 

CF Sum of Squares Mean Sauare F-Value P-Value 
Regression 
Residual 
Total 

1 1585.053 1585.053 145.021 <. 0001 
15 163.947 10.930 

. 
16 1749.000 

Regression Coefficients 
SURVEY RESULTS / ROOM INDEX 2 vs. V. F. R. 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
V. F. R. 18.569 1.542 . 948 112.042 <. 0001 

Regression Plot 
35 

N 30 
x 
w 025 

20 

015 
t5 D 
w 10 

} 
w5 
¢ 
D 
(n 0 

-5 

0 
0 

o0 

0 ........................................................................................................................................... 

0 .2 .4 .6 .81 V. F. R. 
Y=0+18.569"X; R"2=. 906 

1.2 1.4 1.6 1.8 

Figure 4.7: Linear regression of survey results for room index 2.0 
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luminaire Type Degree of Obstruction 

light (VFR = 0.1) Medium (VFR = 0.25 Heavy (VFR = 0.45) 

Diffusing luminaire 3.6 9.0 16.2 

Modular Louvred 3.1 7.8 13.9 

Luminaire 

VDT Luminaire 2.7 6.8 12.2 

Table 4.2: Predicted OL values for installations with linear luminaires. 
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extent by vertical obstruction than that from luminaires with pronounced 

sideways intensity distributions. 

The results for installations 19,20 and 21 (the BRE experimental 

office space) illustrate a number of interesting points. The first is that in 

some cases (light and medium standard obstruction with twin lamp 

mirrored downlighters and light standard obstruction with uplighters) the 

addition of obstructions causes a net increase in average working plane 
illuminance. There are a number of possible explanations for this. The 

downlighter luminaires are under-spaced relative to their maximum 

permitted SHR. The uplighters were positioned in the room in their most 
favourable location, namely adjacent to the partition element of the 

standard obstruction. Under these circumstances the vertical 

obstructions would be expected to intercept little downward direct light 

and in both cases the high reflectance partitions act to channel light at 
a glancing angle downwards onto the measurement points leading to 

higher values of point illuminance than would be expected in the empty 

room. In general the magnitudes of light losses are greater for the 

uplighter and wall-washer system than for the downlighters. In the 

uplighter and wall-washer systems a large proportion of the total working 

plane illuminance is indirect via the room surfaces. Where light reaches 
the working plane from directions other than the downward vertical the 

various obstructions will act to intercept this light and cause higher light 

losses than for the downlighter systems, where the main component of 
working plane illuminance is direct downward light. 

There also appears to be some evidence that OL varies with SHR. 

The results for installations 1 to 4 indicate that higher OL values occur 

when the luminaires are spaced nearer to their SHRmcx and that under 

spacing the luminaires reduces obstruction light loss. Installations 13 and 
14, which are equipped with a large number of small lumen output 
luminaires installed at well below their SHRmax, had lower than average 
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OL values. The relationship between luminaire spacing and OL requires 
further research and chapter 7 attempts to undertake this investigation. 

Some indication of the effect of room index can also be seen 
from figures 4.5,4.6 and 4.7 which show linear regressions of the OL/VFR 

relationships, with each graph representing an increased room Index, for 

modular louvred luminaires. From the graphs it can be determined that 

a room with a VFR of 0.35, exhibits an OL of 8% at room index 1.0, 

decreasing to 5% at room index 1.5 and increasing to 6% for room index 

2.0. OL is a function of luminaire type and it is possible that the effect of 

room index on OL could also be a function of luminaire type, but more 
data is required before this can be fully investigated. Chapter 5 uses the 

ranges of room index and luminaire type to generate a large set of data 

intended for design purposes. The effect of luminaire type and room 
index will be further examined at this stage. 

The magnitude of OL for installations 5 to 8 is higher than for the 

other installations and a number of factors may be responsible. It is 

unlikely that the luminaires account for the differences since installations 

7 and 8 are photometrically similar to other installations lit by modular 
louvred luminaires, but give very different results in terms of OL. The 

rooms used to create installations 5 to 7 are, however, smaller than the 

rest of the installations and the smaller floor area per workstation gave 
higher VFR values. Additionally, installation 8 contained the medical 

record racks. There was thus not only more obstruction vertical surface 
area in these rooms which served to intercept light but also a greater 

proximity of the room wall surrounded each work station which also 

served to absorb light. Luminaires in installations 5 to 7 were all greatly 

under spaced and it is conceivable that the OL values could have been 

higher had they been spaced nearer their maximum SHR. On the other 
hand, those room with room indices of greater than 2 (installations 9 to 
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12) generally had lower than average values of OL. Clearly, there is a 

need for further evidence to determine the influence of room index. 

The extent of VFR values created for the measurements using 
standard obstructions, ranged from 0.09 to 0.95. Results of the surveys of 

modern office buildings cited earlier, indicated that typical values of VFR 

for room contents ranged from 0.15 to 0.64. Hence the measurements 

could be considered to be made under conditions that ranged from the 

current design condition of an empty room, through that of the actual 
finished state for a typical office, to that of a grossly over obstructed 

space which is unlikely to occur intentionally in a commercial building, 

but which could occur in an industrial environment. On the limited 

evidence of eight surveys of real interiors, it may be concluded that the 

VFR and OL for offices in their working state could best be represented 
by the Medium Standard Obstruction. OL values of up to 15% might 

reasonably be expected in commercial interiors, given a particular 

combination of luminaire and contents. Losses of this magnitude have 

clear implications for the lighting designer when trying to meet a 

specification written in terms of average working plane illuminance. 

4.8 Conclusion 

It would be foolish to attempt to draw up general rules based 

upon the results of a limited number of surveys but the results of the work 
do point to some tentative conclusions, which could be useful in the 

generation of design data and the derivation of a new design 

technique. The range of the magnitude of the measured values are 

generally similar to those of the predicted values produced using the 

University of Liverpool Lighting Analysis program described in the previous 

chapter. Simulation of design data for real interiors is thus feasible and 

chapter 5 describes the process through which this has been 

undertaken. It may also be worth noting that the range of luminaires in 

the surveyed installations is limited, in that the majority of luminaires were 

some form of modular louvred reflector downlight. There is a clear need 
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for surveys in rooms illuminated by a wider range of luminaires to provide 
additional information to support the surveys detailed in this chapter. 

The major factor influencing OL is size and density of obstructions. 
Luminaire type is the next most important factor but there are differences 
in performance between types of luminaire in obstructed interiors. The 

room index also appears to be of influence, with large rooms generally 
displaying higher OL values than small rooms, although this is an area 
which requires further investigation before a conclusive answer regarding 
the effect of room index can be ascertained. 

The maximum influence of obstructions on OL appears to be when 
luminaires are spaced nearer their SHRmax and light loss can be 

reduced by under spacing the luminaires, although this effect appears 
to be more prominent for certain luminaires. It may be tentatively 

concluded that the medium standard obstructions are capable of 

replicating illuminance conditions in office interiors. 
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Chapter 5 

Computer synthesis of obstructed spaces 

5. I Introduction 

One of the main conclusions that can be drawn from the review 

of published literature on lighting design methods for obstructed interiors, 
discussed in chapter 2, is the need for a general design method capable 

of predicting and compensating for obstruction light loss for a practical 

range of design conditions. This method must be capable of being 

employed by a designer, quickly and easily, to estimate the effect of 

obstruction on light loss at the initial stage of the design process. 

Previous research has demonstrated the relative importance of 
the different factors influencing light loss. A detailed investigation was 

carried out by Bougdah', using an early version of the analysis program 
described in chapter 3, in order to isolate the relative effect of each of a 

range of parameters, viz. - room index, room surface reflection factor, 

obstruction density, obstruction reflection factor, luminaire type and 
luminaire spacing. 
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The results of this research showed that obstruction density had by 

far the largest influence on light loss and the second most important 

factor was the luminaire type, which had a smaller, but significant, effect 

on obstruction light loss. The effect of room and obstruction surface 

reflectance caused a negligible effect on the reduction in average 

working plane illuminance. The variation in average working plane 

illuminance attributable to changes In room index proved to be 

impossible for Bougdah to interpret from the number of cases 

investigated. Following this investigation Bougdah concluded that it 

would be possible to use the trends he found as the basis to generate 
data for a general lighting design method for obstructed interiors, but the 

results of his work formed a data set that was too big to be conveniently 

used by designers, even though it only applied to a limited number of 

cases. Some form of reduced dataset based on the trends found by 

Bougdah was therefore necessary. 

Another investigation by RaiteIiP demonstrated, using 

commercially available lighting design software, that the OL/VFR 

relationship found for standard obstructions held good for a limited 

range of other obstruction sizes and shapes. This further reinforced the 

belief that VFR (section 3.3) could be used as part of a general design 

method to assess furniture density and hence to predict obstruction light 

loss. The research detailed in chapters 3 and 4 has already shown the 

applicability of the use of the standard obstruction concept to represent 

the range of furnishings found in modern commercial offices. Both 

Raitelli's investigation and the results of photometric surveys described in 

chapter 4, therefore, reinforce the belief that standard obstructions are 

suitable for use in generating OL/VFR data. 

Raitelli also further investigated the relationship between luminaire 

characteristics and obstruction loss by simulation and measurement. 
Firstly, a series of computer simulations were carried out using nine 
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different luminaires. The simulated interiors were lit by three examples of 
batswing, narrow beam and diffusing luminaires installed at or near their 

maximum SHR values. Secondly, a series of field measurements were 
undertaken. The measurements utilised a room switched in such a way 
that permutations of two luminaire types (batswing or diffusing) and two 

magnitudes of transverse spacing-to-mounting-height ratio (0.89 or 1.79) 

could be made. The simulated and measured results were comparable 

and also enforced the hypothesis, previously presented by Bougdah, 

which stated that luminaires having similar physical and photometric 

properties have a similar OL/VFR relationship. 

Assuming that Bougdah's hypothesis regarding luminaire type and 
OL is correct and the OL/VFR relationship is valid over the whole range of 

practical room sizes and room surface reflection factors, then a large set 

of OL/VFR data can be generated on this basis. From this dataset it will 
hopefully be possible to devise some general techniques that will enable 
the designer to reliably predict OL. 

This chapter describes the process through which the 
aforementioned dataset was generated. The results are verified against 
the trends and magnitudes of simulated OL/VFR data found by Bougdah 

and Raitelli, against the measured values found by McEwan and against 
the measured data detailed in chapter 4. The large set of results was 
then converted to a form suitable for use by designers via a statistical 

analysis technique. The OL/VFR data was generated using the analysis 

program described in chapter 3 for a representative range of luminaires, 

obstruction densities and room indices. 

5.2 Factors influencing light loss 

In section 5.1 previous research was cited that investigated the 

effect of the various design parameters on light loss. The most significant 
parameters were found to be obstruction density and luminaire type. 
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The effect of room index was undetermined. The results of a series of 

photometric surveys (chapter 4) indicate that room index may be also a 

significant factor. To investigate the room index effect fully and to ensure 

the data is applicable to the range of room sizes commonly found in 

lighting design, it was necessary to generate data over a practical range 
for all of these three variables. The design method is intended primarily 

for use in commercial interiors and the range of the primary variables 

was selected to be representative of modern practice in commercial 

interiors. 

5.2.1 The effect of obstruction density 

Obstruction density has been shown to be the primary factor 

influencing the reduction of average working plane illuminance. The 

surveys in chapter 4 indicate that the furniture conditions in modern 

commercial offices will typically have densities in the range 0.15 to 0.69, 

when classified using the VFR concept. Combinations of standard 

obstructions were distributed evenly across the floor areas of the rooms 

to create VFR's ranging from 0 (empty) to 0.7 (heavy). To make the 

large obstruction dataset, requires as input to the simulation, easier to 

create, the standard obstruction configurations were arranged in 

modules. Three modules, each with a different floor area, were used 

and this enabled three different VFR's for each standard obstruction 

configuration (light, medium and heavy) to be created. Table 5.1 shows 

the VFR for each of the modules when furnished with a single standard 

obstruction. 

5.2.2 The effect of luminoire type 

A selection of generic luminaire groups, based on physical and 

photometric characteristics, was made using the classification system 

detailed in the CIBSE Code for Interior Lighting, section 3.3.2 "Luminaire 

characteristics" 3 as this was the most up to date published data on the 

classification of commonly used luminaires. Eighteen categories of 

THE MUENCE OF ROOM CONTENTS ON HORIZONTAL LLUMNANCE 
CONDMONS IN ELECTRICALLY Lff COMMERCIAL INTERIORS 



COMPUTER SYNTHESIS OF OBSTRUCTED SPACES 119 

interior luminaire were identified using this method and a selection of 
examples were made for each category, from four multinational 

manufacturers (Toshiba, Thorn Moorlite and Philips). In most cases there 

were at least two examples in each class but in class 6 there was only a 

single example. The class 6 luminaire was essentially a Japanese type of 
luminaire that is very popular in Japan, but not so in the UK. (The data 

was provided by Toshiba Lighting and Technology). Where shortfalls in 

the number of luminaires in each group occurred, the gaps were filled 

with data from other manufacturers Care was taken to ensure that the 

luminaires selected from each category, had similar luminous intensity 
distributions and spacing characteristics. Table 5.3 shows the division and 

names of the luminaires used the investigation. 

The OL/VFR calculations were undertaken for sixteen out of the 

eighteen classes. The full OL/VFR calculation was not undertaken for 

classes 13 (high bay) and 14 (low bay) since these are luminaires 

intended for industrial applications and hence would not be used with 

office type obstructions. 

5.2.3 The effect of room Index 

The effect of room index has not yet been fully determined, but 

other research (chapter 4) indicates that it may be a significant 
influence. To further investigate the effect of room index data was 

generated for the full range of room indices over which Utilisation Factor 

is calculated - that is up to room index 5.0. The modules described in 

section 5.2.1, each containing a single standard obstruction, were 

combined into "rooms" of different sizes to vary room index. Table 5.2 

shows the range of room indices and sizes that could be created under 
the current limitations implied by the use of the analysis program. The 

range of room indices was limited to a maximum of 2.0. This problem is 

discussed and a solution proposed in section 5.3. 
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Obstruction Module type 

Case 8m2 module 10m2 module 12m2 module 

light 0.15 0.12 0.10 

Medium 0.31 0.26 0.21 
Heavy 0.70 0.56 0.46 

Table 5.1: VFR's created using single module standard obstructions 

Room Size 

Room 8 m2 module 10 m2 module 12 m2 module 
Index (LxWxH) (LxWxH) (LxWxH) 

1.00 4m x 6m x 3.15m 4m x 5m x 2.97m 4m x 6m x 3.15m 
1.25 4m x 6m x 3.15m 8mx5mx3.21m 8mx6mx3.49m 

1.50 8mx8mx3.41m 8m x 7.5m x 3.33m 12mx6mx3.41m 

2.00 12m x 12mx3.15m 12m x 7.5m x 3.06m 12mx9mx3.32m 

Table 5.2: Room index and room sizes for single module standard obstructions. 
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Table 5.3a: Luminaire classification groups. 
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Table 5.3b: Luminaire classification groups (cont. ). 
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5.3 Data generation technique 

The analysis program, discussed in chapter 3, was used to 

generate OL/VFR data for the sixteen classes of luminaire, over the full 

range of room indices and obstruction configurations -a total of 7644 

cases. For each room index an installation was constructed using a 

combination of modules of 8 rr-P, 10 m2 or 12 m2 floor area. This gave 

three different installations for each room index. Figure 5.1 shows an 

typical room constructed from 4m by 3m modules, furnished with heavy 

standard obstructions. This technique required rooms containing up to 

360 obstructions. Under the limitations of the analysis program the 

maximum number of obstructions permissible is 110. This meant it was 

only possible to generate OL/VFR data up to room index 2.0 for the 

single obstruction module (see table 524. 

To overcome this problem the concept of the double standard 

obstruction was introduced. In this case either 20m2,22m2 or 24m2 floor 

area modules were furnished with two standard obstructions positioned 

back-to-back. This double standard obstructions module could be 

constructed from only seven individual obstructions as opposed to the 

ten individual obstructions required to construct two single standard 

obstructions (see figure 5.2). Using this new combination of double 

standard obstruction and module size enabled data to be generated for 

room indices up to 5.0. Tables 5.4 and 5.5 show the range of VFR's, room 

indices and room sizes created using the double module standard 

obstructions. The use of this technique also had the advantage of 

generating an additional set of data for the smaller, and arguably more 

common, range of room indices (i. e. from 1.0 to 2.0), which could then 

be combined with the data generated using the single standard 

obstructions. 
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} 

10 

4 IN- 

12 metres 

Figure 5.1: Typical room configuration used for generation of OL/VFR 

data. (Room index 1.50, furnished with heavy standard obstructions 

arranged in 4m by 3m modules). 

0ý 
Figure 5.2: Illustration of single and double standard obstructions. 
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The OL/VFR results for the lower range of room indices 
, generated 

using the single standard obstructions, were also used to validate the 

results in the same range of room indices found using the double 

standard obstructions. The two sets compared favourably and hence 

the use of the double standard obstructions was proven. The two sets of 

results were combined for use in the final statistical analysis and 
derivation of general rules. Table 5.6 shows a comparison of the OL/VFR 

characteristics for the single and double obstruction modules for class 1 

and class 10 luminaires. 

5.3.1 Use of the analysis program 
Before each run of the analysis program, several thousand input 

files had to be created. These included room data files, obstruction data 

files and a luminaire data file. In each room case, the number of 

luminaires required and their spacing was determined, using the 

conventional lumen method and calculated to give an average 
horizontal illuminance of 500 lux on the working plane. For each 
luminaire used in the simulation (table 5.1) the necessary files were 

created to enable all room variations (63) for that luminaire to run as a 
batch process, controlled by a macro program. To eliminate any effect 

of luminaire orientation relative to the obstructions, each simulation was 

undertaken for two different luminaire orientations - parallel and 

perpendicular to the partitions. 
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Obstruction Module type 

Case 20 m2 module 22 m2 module 24 m2 module 
Light 0.10 0.09 0.08 

Medium 0.20 0.18 0.17 

Heavy 0.54 0.49 0.45 

Table 5.4: VFR for double standard obstructions. 

Room 
Index 

20 m2 module 
(LxWxH) 

Room Size 

22 m2 module 
(LxWxH) 

24 m2 module 
(LxWxH) 

1.00 4m x 5m x 2.97m 4m x 5.5m x 3.06m 4m x 6m x 3.15m 
1.25 8m x 5m x 3.21m 8m x 5.5m x 3.36m 8m x 6m x 3.49m 

1.50 12m x 5m x 3.1 Om 12m x 5.5m x 3.26m 12m x 6m x 3.42m 
2.00 8m xl Om x 2.97m 8m x 11 mx3.06m 8m x 12m x 3.15m 
3.00 12m x1 Om x 2.56m 16m x 11 mx2.92m 12m x 12m x 2.75m 
4.00 16mx 15mx2.67m 16mx 11mx2.78m 12mx 18mx2.55m 
5.00 20m x 15m x 2.46m 20m x 16.5m x 2.56m 4m x 6m x 3.15m 

Table 5.5: Room index and room sizes for double module standard obstructions. 

Room Obstruction Loss Characteristic 
Index Class 1 Luminaire Class 10 Luminaire 

single double single double 
1.00 31.4 34.3 27.7 28.9 
1.25 31.5 35.9 22.2 26.6 
1.50 34.2 39.6 23.9 27.8 
2.00 38.7 40.0 24.7 26.7 

Table 5.6: Comparison between simulated OL/VFR characteristics using single 

and double standard obstructions for class 1 and class 10 luminaires. 
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The OL/VFR data from this analysis was initially collated, in table 

form (see table 5.7). Each room index had nine variations of VFR, each 

with two variations of luminaire orientation and this was repeated for four 

variations of luminaire manufacturer. The dataset was then analysed 

using a linear regression technique, assuming a true zero - i. e. no 

obstruction (VFR) implies no light loss (OL). The results of this analysis 

confirmed that a straight line passing through the origin could be fitted to 

the data with a measure of fit (r2) in the order of 0.98. The trends and 
implications of the results of this analysis are discussed in the following 

section. 

5.4 Discussion of the results of the simulation 
OL/VFR relationships were analysed in terms of luminaire type and 

room index. Figures 5.3 to 5.8 are samples of the OL/VFR regression for 

group 1 (bare batten) luminaires and group 10 (VDT) luminaires. The full 

set of regression analyses are contained in Appendix Two. From these 

graphs it can been seen that it is possible to translate the OL/VFR 

relationship into a mathematical expression of the form y= mx + c. It has 

already been established that the point of intercept (c) is zero. This 

means that the OL/VFR (or y/x) relationship in its simplest form is purely a 
function of the slope of the graph (m). 

The greater the slope of the linear regression graphs the greater 
the value of OL for a given value of VFR and hence the greater the 

propensity for light loss. Table 5.8 shows a summary of the slopes of the 

graphs for all luminaire types and room indices. The slopes of the graphs 

vary considerably for the different luminaire types and room indices. 

From the results in figures 5.3 to 5.8 and table 5.8 a number of points of 
interest can be noted. 
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Luminaire - Toshiba Class 9A 

Room Index Obstruction Average Illuminance OL VFR 
Case (empty) (obstructed) 

1.00 light 718 693 3.48% 0.06 
1.00 medium 718 651 9.33% 0.17 
1.00 heavy 718 628 1253% 045 
1.25 light 628 604 3.82% 0.59 
1.25 medium 628 574 8.60% 0.78 
1.25 heavy 628 542 13.690/6 0.96 
1.50 light 637 617 3.14% 1.14 
1.50 medium 637 569 10.68% 1.32 
1.50 heavy 637 541 15,07% 1.50 
1.75 light 699 659 5.72% 1.68 
1.75 medium 699 646 7.58% 1.86 
1.75 heavy 699 616 11.87% 2.04 
2.00 light 736 696 5.16% 2.22 
2.00 medium 736 688 6.52% 2.40 
2.00 heavy 736 663 9.92% 2.58 
2.25 light 961 911 5.20% 2.76 
2.25 medium 961 889 7.49% 2.94 
2.25 heavy 961 814 15.30% 3.13 
2.50 light 942 895 4.98% 3.31 
2.50 medium 942 876 7.01% 3.49 
2.50 heavy 942 804 14.65% 3.67 

Room Index Obstruction Average IlaumInance OL VFR 
Case em t (obstructed) 

1.00 light 711 681 4.22% 0.06 
1.00 medium 711 644 9.42% 0.17 
1.00 heavy 711 605 14.91% 0.45 
1.25 light 627 607 3.19% 0.59 
1.25 medium 627 578 7.81% 0.78 
1.25 heavy 627 535 14 67% 0.96 
1.50 light 638 613 392% 1.14 
1.50 medium 638 590 7.52% 1.32 
1.50 heavy 638 536 15.99% 1.50 
1.75 light 700 657 6.14% 1.68 
1.75 medium 700 645 7.86% 1.86 
1.75 heavy 700 588 16.00% 2.04 
2.00 light 736 695 5.57% 2.22 
2.00 medium 736 685 693% 2.40 
2.00 heavy 736 621 15.63% 2.58 
2.25 light 960 912 5.00% 2.76 
2.25 medium 960 892 7.08% 2.94 
2.25 heavy 960 824 14.17% 3.13 
2.50 light 940 896 4.66% 3.31 
2.50 medium 940 879 649% 349 
2.50 heavy 940 810 1383% 3 67 

Table 5.7: Sample results from OL/VFR simulation 

for Toshiba class 9A luminaire, 4m x 6m modules. 
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Regression Summary 
group I OL (room Index 1.00) vs. VFR 
Count 108 
Num. Missing 0 
R . 982 
R Squared . 965 
Adjusted R Squared . 965 
RMS Residual 2.17 7 

ANOVA Table 
group 1 OL (room Index 1.00) vs. VFR 

FF Sum of Squares Mean Sauare F-Value P-Value 
Regression 
Residual 
Total 

1 14002.500 14002.500 2953.602 <. 0001 

107 507.268 4.741 
108 14509.768 

Regression Coefficients 
group 1 OL (room index 1.00) vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
VFR 34.368 

. 632 1.179 54.347 <. 0001 I 

Regression Plot 
30 

25 

ö 
0 

x 20 
(1) v c 
o15 
0 

J 
0 

X10 
a 
0 
rn 

5 

0 Jr 

0 

Y=0+34.368' X: R^2=. 965 

Figure 5.3: OL/VFR linear regression for class 1 luminaires, room index 1.0 
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Regrosalon Summary 
group 1 OL (room Index 1.5) vs. VFR 

Count 108 
Num. Missing 0 
R . 983 
R Squared . 966 
Adjusted R Squared . 966 
RMS Residual 2.480 

- ANOVA Table 
group 1 OL (room Index 1.5) vs. VFR 

CF Sum of Squares Mean Square F"Value P-Value 
Regression 1 18623.217 18623.217 3028.493 <. 0001 
Residual 107 657.979 6.149 
Total 108 19281.195 

Regression Coefficients 
group 1 OL (room Index 1.5) vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
VFR 39.636 . 720 1.095 55.032 J <. 0001 

Regression Plot 
25 

20 
LQ 

x m 
15 

E 
0 0 

1 1o 

0 
°f 5 

0 
0 .1 .2 .3 .4 .5 .6 VFR 
Y=0+ 39.636' X; R^2 --966 

Figure 5.4: OL/VFR linear regression for class 1 luminaires, room index 1.50 
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Regresston Summary 
group 1 OL (room Index 5.0) vs. VFR 
Count 64 
Num. Missing 8 
R . 989 
R Squared . 978 
Adjusted R Squared . 978 
RMS Residual 1.860 

ANOVA Table 
group 1 OL (room Index 5.0) vs. VFR 

CF Sum of Squares Mean Square F-Value P-Value 
Regression 1 9638.341 9638.341 2786.090 <. 0001 
Residual 63 217.945 3.459 
Total 64 9856.286 

Regression Coefficients 
group 1 OL (room Index 5.0) vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
VFR 45.253 . 857 1.132 52.783 <. 0001 

Regression Plot 
25 

20 
0 
tri 
x m 
c15 
E 
0 
0 I- 

010 
I- a 
0 
°' S 

0 
0 .1 .2 .3 VFR 
Y=0+45.253'X; 8%2=. 978 

4 .5 .6 

Figure 5.5: OL/VFR linear regression for class 1 luminaires, room index 5.0 
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Regresston Summary 
group 10 OL (room Index 1.00) vs. VFR 
Count 108 
Num. Missing 0 
R . 968 
R Squared . 938 
Adjusted R Squared . 937 
RMS Residual 2.478 

ANOVA Table 
group 10 OL (room Index 1.00) vs. VFR 

CF Sum of Squares Mean Square F-Value P-Value 
Regression 1 9908.584 9908.584 1613.742 <. 0001 
Residual 107 656.994 6.140 
Total 108 10565.578 

Regression Coefficients 
group 10 OL (room Index 1.00) vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
VFR 28.911 . 7201 1.050 40.171 I <. 0001 

Regresston Plot 
25 

9 20 

V- 

X15 
E 
0 0 

10 0 
0 
CL 
0 a) 5 

0 

0 
0 

08 0 o° 90 
0@ 

°®o 
®®ý ®0 

00 

0 .1 .2 .3 .4 .5 .6 VFR 
Y: 0+28.911 " X; R^2=. 938 

Figure 5.6: OL/VFR linear regression for class 10 luminaires, room index 1.0 
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Regression Summary 
group 10 OL (room index 1.5) vs. VFR 
Count 108 
Num. Missing 0 
R . 972 
R Squared . 945 
Adjusted R Squared . 944 
RMS Residual 2.236 

ANOVA Table 
group 10 OL (room index 1.5) vs. VFR 

rF Sum of Snunraa Mclean Amara F. Valua P-Value 

Regression 
Residual 
Total 

1 9161.729 9161.729 1832.053 <. 0001 
107 535.086 5.001 
108 9696.815 

Regression Coefficients 
group 10 OL (room Index 1.5) vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
VFR 27.800 . 6491 1.043 42.802 <. 0001 

Regression Plot 
25 

20 In 
r- 
x m 
v 
G15 
E 
0 0 

010 
0 r 

CL 
0 
0) 5 

0 
0 .1 .2 .3 .4 .5 .6 

WA 
Y-0+27.8'X; R^2s. 945 

Figure 5.7: OL/VFR linear regression for class 10 luminaires, room index 1.5 
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Regression Summary 
group 10 OL (room Index 5.0) va. VFR 
Count 56 
Num. Missing 16 
R 

. 955 
R Squared 

. 912 
Adjusted R Squared . 911 
RMS Residual 2.008 

ANOVA Table 
group 10 OL (room Index 6.0) vs. VFR 

CF Sum of Squares Mean Square F-Value P-Value 
Regression 
Residual 
Total 

1 2309.768 2309.768 573.101 <. 0001 
55 221.667 4.030 
56 2531.435 

Regression Coefficients 
group 10 OL (room Index 5.0) vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
VFR 26.490 1.107 . 963 23.940 <. 0001 

Regression Plot 
25 

20 
0 
ui 

. 15 
E 
0 0 I- 

J 
010 
0 
V- 
a 
0 
C) 5 

0 

9 ° 
0 

8 

0 .1 .2 .3 .4 .5 .6 VFR 
Y=0+26.49*X; RA2=. 912 

Figure 5.8: OL/VFR linear regression for class 10 luminaires, room index 5.0 
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The first point of interest is the difference between the two 

extremes of OL/VFR slope. This is between the bare batten luminaires 

(group 1), which have the greatest slope and hence highest propensity 
for light loss, and the VDT luminaires (group 10), which have the lowest 

slopes. Translating this into actual magnitudes of OL from figure 5.4 

(group 1 luminaire, room index 1.50) and figure 5.7 (group 10 luminaire, 

room index 1.50) for a VFR of 0.25 the following OL's can be predicted. 

For a group 1 luminaire an OL of approximately 10% will be expected, 
but for a group 10 luminaire an OL around 7% will be expected. The 

reason for this is that light from luminaires with direct light distributions is 

not intercepted to the same extent by vertical obstructions than that 

from luminaires which have a more pronounced sideways intensity 

distribution. This trend is reproduced by similar luminaires in other groups. 

For instance, the modular louvered luminaires in group 9A behave 

similarly to the group 10 luminaires, whereas the bare batten with opal 

diffuser group 2 luminaires behave similarly to the group 1 luminaires. The 

rest of the luminaires investigated, which have an OL/VFR slope between 

the extremes of battens and VDT, are semi-direct luminaires that have a 
degree of optical control using prismatic controllers or painted reflectors. 

The effect of room index on the magnitude of OL can be more 

easily discerned from table 5.8 than from the limited range of results 

previously generated by Bougdah. It can be seen that the effect of 

room index is also dependent upon luminaire type and it was only due 

to the large number of cases analysed that this effect can be finally 

determined. Broadspread luminaires, such as those in groups 1,2 and 8, 

exhibit an OL/VFR characteristic significantly influenced by room index. 

However, the OL/VFR characteristics of luminaires with a direct 

downward light distribution, such as groups 7,9A and 10, are not 

significantly affected by room index. In fact for the latter luminaire type 

OL tends to decrease slightly for an increase in room index. 
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Room Class Class Class Class Class Class Class Class Class 
Index 12345678 9A 
1.00 34.7 33.4 33.2 33.9 33.7 32.6 25.6 32.1 28.8 
1.25 35.9 34.4 34.3 34.6 33.9 35.1 25.0 33.1 28.9 
1.50 39.6 38.0 35.9 36.3 34.6 38.6 26.3 37.1 30.5 
2.00 40.0 39.9 35.7 35.6 39.1 38.1 21.9 36.6 27.3 
3.00 43.2 42.1 39.5 37.0 36.8 39.6 22.6 39.9 28.2 
4.00 42.3 42.4 39.8 36.9 35.4 38.1 21.5 39.3 28.3 
5.00 45.3 45.8 41.2 37.8 35.3 39.9 22.8 40.6 27.0 

Room Class Class Class Class Class Class Class Class Class 
Index 9B 9C 10 11 12 13 14 15 16 

1.00 28.9 32.3 28.9 31.7 33.5 - - 29.7 33.9 
1.25 29.8 33.9 26.6 31.7 34.7 - - 28.0 35.2 
1.50 31.4 36.4 27.8 33.9 38.4 - - 30.2 39.1 
2.00 31.7 35.5 26.7 32.7 40.1 - - 26.9 38.6 
3.00 31.3 38.1 28.5 36.8 39.0 - - 28.5 41.7 
4.00 31.9 36.5 25.9 32.6 40.5 - - 26.5 39.5 
5.00 33.0 38.4 26.5 36.8 42.2 - - 26.5 42.4 

Table 5.8: Summary of slopes of regression analysis for all luminaires 

classes up to room index 5.0 
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To illustrate the effect of room index, some magnitudes of OL for 

the two extremes of room index can be predicted using figures 5.3,5.5, 

5.6 and 5.8. For a group 1 luminaire and a furniture density VFR of 0.2, an 

OL in the order of 7% can be expected for an installation of room index 

of 1.0; whereas an OL of around 9% can be expected for the same 

combination of luminaire and VFR for an installation of room index of 5.0. 

In the case of a group 10 luminaire under the same conditions, OL's in 

the order of 6% and 5.5% respectively could be expected. 

5.5 Validation of results 
Both the magnitude and trend of all the OL/VFR relationships 

found in this simulation, agree with the results found in the photometric 

surveys detailed in chapter 4. Table 5.9 compares some values of 

measured with predicted results for actual installations. The results also 

compare well to the magnitudes and trends found by previous 

researchers, Bougdah' and RaiteliP. Table 5.10 compares the OL/VFR 

characteristic found by Bougdah and Raitelli for a surface mounted 

diffusing luminaire, with the results for the same luminaire type found in 

this investigation. 

f 
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Installation Obstruction loss 1%) 
Measured 

Health authority general 10 11 
office 

Insurance company 11 14 
general office 

Insurance company 88 
general office 

Transport authority 12 16 
engineering office 
Shipping company 75 

aeneral office 
Table 5.9: Comparison of measured and predicted results. 

Bougdah's Results Raitelli's Results New Results 

VFR OL VFR OL VFR OL 

0.1 3 0.1 5 0.1 3.7 

0.2 6 0.2 9 0.2 7.3 

0.3 11.5 0.3 12 0.3 11 

0.4 15.5 0.4 14 0.4 14.6 

0.5 18.5 0.5 16.5 0.5 18.3 

Table 5.10: Comparison of Bougdah's, Raitelli's and new OL/VFR results 

for room index = 2.00, mounting height = 2.5m, surface mounted diffuser 

(class 8) luminaire. 
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5.6 Conclusion 
Using the results of this series of simulations, it has been possible to 

deduce some general trends regarding the OL/VFR relationship and the 

factors influencing that relationship. It was also possible to use the results 
to predict the magnitude of expected light losses, based upon a 
knowledge of furniture density. The dataset generated is extensive 

enough to form the basis of a lighting design method for obstructed 
interiors covering the practical range of cases encountered in modern 
commercial interiors. In its present form, however, it is too voluminous for 
this purpose. Some form of presentation of the results, of practical use by 

designers to predict OL for a given VFR, is required. 

The following chapter proposes and critically discusses several 
methods through which this presentation and dissemination of the design 

data can be achieved. The most viable of the proposed solutions is then 
developed into a fully fledged design method. 
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5.7 References 

1. Bougdah H, "The design of lighting installations for obstructed 
interiors", Ph. D. Thesis, University of Liverpool, pp. 139-164 (1991). 

2. Raitelli MR and Carter D J, "A designers guide for electric lighting in 

obstructed interiors", Proc. Lux Europa 1993, Edinburgh, UK, pp. 220- 

232 (1993). 

3. CIBSE Code for interior lighting, "Section 3.3.2 luminaire 

characteristics", Chartered Institution of Building Services Engineers, 

pp. 108-124 (1994). 

DECEMBER 1995 



AN AVERAGE ILLUMINANCE LIGHTING DESIGN METHOD FOR OBSTRUCTED INTFRIORS 142 

Chapter 6 

An average illuminance lighting design method 
for obstructed interiors 

6.1 Introduction 

The likely effect of obstructions on the distribution and absorption 
of light is acknowledged in such documents as the CIBSE Code for 
Interior Lighting (1). This acknowledgment, however, only appears in the 
form of a warning that reductions in illuminance due to room furnishings 

may occur - no numerical guidance is offered to enable the designer to 

predict these reductions and hence to make an informed design 

decision. 

This chapter presents a modification to the lumen design method, 
as described in the CIBSE Code for Interior Lighting, that takes account of 
the likely losses under working conditions caused by the contents of a 

room. In office buildings, typical room contents may include furniture or 

partitions, which project above the working plane and may cause the 

measurable illuminance levels in the installation to be lower than those 

predicted, using the "empty room" assumption. To overcome this 
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limitation, the modified lumen method includes a multiplier to the 

Utilisation Factor (UF), which increases the installed flux to compensate 
for light absorbed by typical room contents. 

The Obstruction Factor was based upon the results of the extensive 

computer simulation described in chapter 5. The Obstruction Factor (OF) 
data is general enough to acknowledge the range of luminaire types, 

room sizes and obstruction configurations likely to be found in modern 
commercial interiors. It is also in a form suitable for development into a 
design method. 

In addition to detailing the development and use of the modified 
lumen method, this chapter also acknowledges and discusses the 

commercial implications of the results. Additionally, the problems 

associated with the use and dissemination of the method are critically 

reviewed. 

6.2 Data presentation 
The dataset developed in the previous chapter consists of a 

measure of the OL/VFR relationship for a generic group of luminaires 

over a range of room indices. This measure of the OL/VFR relationship 

was termed the Obstruction Loss Characteristic (OLC) of the luminaire 

and may be transformed into an expected light loss by multiplication by 

obstruction density. It was also shown in chapter 5 that the intensity 

distribution of the luminaire is the primary influence on the Obstruction 

Loss Characteristic. It was found that luminaires with a large downward 

intensity component (e. g. VDT luminaires) had a lower propensity for light 

loss (and hence OLC) than luminaires with a pronounced sideways 

intensity distribution (e. g. bare batten). 

However, in its present state the dataset is in a form not suitable for 

use as a design tool. A simplified form of presentation is required to 

DECEMBER 1995 



AN AVERAGE ILLUMINANCE LIGHTING DESIGN METHOD FOR OBSTRUCTED INTERIORS 144 

enable designers to quickly and easily deduce Obstruction Loss (OL) 

using information readily available. It was decided that some graphical 

form of presentation would probably be the optimal solution. 

One initially attractive solution, was to reduce the dataset to a 
manageable size by grouping the luminaires based on their propensity 

for light loss. The results indicated that three separate groups were the 

optimum number and the classifications of these three groups enabled 
all the 16 classes of luminaire to be described as high, medium or low 

light loss luminaires. The luminaire types contained in each group are 

shown in table 6.1. The corresponding graphical presentation of these 

results is shown in figure 6.1. Included in this presentation method was an 
indication of the ranges of furniture densities likely to be encountered in 

typical commercial interiors and also for the standard obstruction 

configurations. 

To use this graph, the designer must first decide to which group 

the design luminaire belonged. This would necessitate reference to 

either the CIBSE Code for Interior Lighting and table 6.1, or the provision 

of a list of typical luminaire types and their respective light loss groups 

with the graph. The next stage is the determination of the correct VFR 

value. The problems associated with the calculation and interpretation 

of VFR are dealt with in section 6.3. Once the correct VFR is determined, 

however, the designer can read the correct Obstruction Factor from the 

graph. The Obstruction Factor can then be used as a direct multiplier to 

the Utilisation Factor in the standard lumen method. 

Although this is one possible solution to the presentation and use 

of the data generated in chapter 5 for lighting design in obstructed 

spaces, it is not ideal. Its use requires the designer to refer to other 
documents to make a decision as to which light loss classification group 

the luminaire belongs. Additionally the groupings and divisions of the 
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Typical average Type of luminaire 

slope of graph (OLC) 

High loss 38 - 40 1,2,6,12,16 

Medium loss 34-37 3,4,5,8,9c, 11 

Low loss 24 - 28 7,9a, 9b, 10,15 

Table 6.1: Division and contents of high, medium 

and low loss Iuminaire groups 

Obsfrueflon 
Factor 

1.00 

0.95 

0.90 

0.85 

0.80 

0.75 
$ 

U. 1 U. Z U3 U. 4 0.5 0.6 0.7 0.8 VF R 

Figure 6.1: Linear plot of obstruction factor for high, medium and low loss 

luminaires and VFR, with an indication typical commercial range of VFR. 

DECEMBER 1995 



AN AVERAGE ILLUMINANCE LIGHTING DESIGN METHOD FOR OBSTRUCTED INTERIORS 146 

three groups were essentially arbitrary and thus open to debate as to 

where the limits should fall. 

A much more advantageous method of grouping luminaire 

photometric characteristics was to use the maximum spacing-to- 
mounting-height ratio. By its nature this is a quantity unique to each 
individual luminaire, dependent upon the intensity distribution of the 

particular luminaire. All the luminaires used in the data generation had 

their own particular SHRm0* and in the final presentation of the data each 
luminaire group was classified as a numerical average of the SHRmax for 

the actual luminaires in the group, as used in the data generation (see 
table 6.2). This technique of classification had a further advantage in 

that manufacturers provide SHRmax information as a standard part of the 

published luminaire data. Hence the need for the designer to refer to 

other documents, to determine the light loss group of any particular 
luminaires, was eliminated. 

An additional advantage of using this method of presentation was 
the ease at which it could be converted for inclusion into the relevant 

codes of practice in other countries. For instance to convert the data to 

IESNA format the only modification necessary would be conversion 
factors between the IESNA spacing criterion and CIBSE SHRmax and 
between CIBSE Room Index and IESNA Room Cavity Ratio. 

The most expedient method of presenting the data in table 6.2, in 

graphical form, was to derive a contour plot of Obstruction Loss 

Characteristic (OLC) for the various room indices and spacing-to- 

mounting-height ratios. Figure 6.2 shows the data presented in this 

manner. To determine Obstruction Loss from figure 6.2, the designer 

requires knowledge of three variables: the room index of the installation, 

the maximum SHR of the design luminaire and the density of the room 

contents. Two of these variables, the room index and the maximum SHR, 

are necessary to determine the OLC from figure 6.2 and these two 
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Room Index SHRmax I 
0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50 

0.75 26.1 27.9 29.9 31.8 33.5 35.0 36.0 36.8 
1.00 25.9 27.7 29.9 31.9 33.8 35.3 36.4 37.3 
1.25 25.6 27.6 29.9 32.0 34.1 35.8 36.9 37.8 
1.50 25.4 27.3 29.9 32.1 34.5 36.2 37.4 38.3 
2.00 25.1 27.2 29.9 32.3 34.9 36.8 38.0 39.0 
3.00 24.2 26.8 30.0 33.2 36.6 39.0 40.8 42.0 
4.00 23.9 26.6 30.1 33.9 37.4 40.3 42.2 43.6 
5.00 23.9 26.7 30.3 34.2 38.0 40.9 42.9 44.3 

Table 6.2: Obstruction Loss Characteristic as a function of Room Index 

and maximum spacing-to-mounting-height ratio. 
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Figure 6.2: Contour plot of obstruction loss characteristic for typical 

range of SHRmax and room indices 
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variables are readily found. The third variable, the density of room 
contents, could have proven to give an unfavourable impression of the 
design method unless straight forward guidance was set out for 

calculating and estimating obstruction density. 

6.3 Estimation of furniture density 

In the case of some design schemes the size, nature and layout of 
furniture may be known. However for most lighting designs knowledge 

of the room contents is at best speculative and for design purposes a 

number of assumptions must be made. In either case the contents or 
furnishings must be quantified in terms of their 'density' in the room. This 

can be achieved by expressing the vertical surface area of furniture and 

other room contents above the working plane as a ratio of the floor area 
of the room, a ratio termed the Vertical surface area to Floor area Ratio 

- VFR. 

Generally for offices, or other commercial buildings, interiors may 
be described as falling into one of three categories of obstruction 
density; light, medium or heavy. 

Light obstruction density -a typical commercial interior in the light 

category would contain mainly desks equipped with computer terminals 

(VDT's), with approximately 12m2 of floor space per workstation. Each 

workstation would have a minimum of other equipment and the office 

as a whole would contain few filing cabinets and partitions. Executive 

and financial offices using computer terminals are good examples of a 
lightly obstructed office. (Figure 4.1, chapter 4, shows an office with a 
light density of obstructions and a measured VFR of 0.15). 

Medium obstruction density - in this case each individual user of the 

office would typically have one or more computer terminals. The office 

may also contain a small number of movable partitions, filing cabinets, 
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drawing boards or other large pieces of equipment. Most modern 

offices fall into this category. (Figure 4.2, chapter 4 shows an office with 

a medium desnity of obstructions and a measured VFR of 0.34). 

Heavy obstruction density - an office in this category would typically be 

divided into individual workstations by the use of partitions and each 

person would generally have a filing cabinet and VDT at their 

workstation. Examples which fall into this category include drawing 

office and densely populated administrative offices. (Figure 4.3, chapter 
4, shows an office with a heavy density of obstructions and a measured 
VFR of 0.57). 

In the case where there is no information available regarding the 

ultimate use of the room, default values of VFR may be assumed. For 

example, a VFR of 0.35 will apply to most c, ̀fice interiors in the UK, as long 

as they do not contain cellular dividing partitions. This is the VFR of the 

medium case standard obstruction, which was shown by the field 

measurements described in chapter 4, to be most represenative of 
furniture density in modern commercial interiors. 

6.4 Use of obstruction factor In a modified lumen method 
The standard lumen method formula, equation 6.1, enables the 

designer to predict average working plane illuminance or, by 

rearranging, the number of a particular type of luminaire necessary to 

achieve a desired illuminance. The core of this method is the Utilisation 

Factor, which is the ratio of flux received by the working plane (both 

directly and reflected) to the total lamp flux installed, taking into 

account properties such as luminaire optics and room surface 

reflectance. For design purposes, the UF is determined from tables 

supplied by luminaire manufacturers, which cover a standard range of 

room dimensions and surface reflectances. 
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E(s) _ (UF. N. F. MF) f (Area of surface, s) Equation 6.1 

where: 

E(s) is the average planar illuminance, for the working plane, s. 

UF is the utilisation factor. 

N is the total number of lamps in the installation. 

F is the bare flux of each lamp. 

MF is the maintenance factor of the installation. 

In order to compensate for reduction in average working plane 
illuminance attributable to room furnishings, an additional Obstruction 

Factor, OF, must be introduced into equation 6.1. Using the maximum 

permitted luminaire spacing and room index for the proposed 
installation the Obstruction Loss Characteristic (OLC) for the design 

luminaire may be determined from figure 6.1. The OLC can then be 

converted to Obstruction Factor by applying knowledge of the 

expected furniture density, VFR, in equation 6.2: 

OF = 1-((VFR x OLC) + 100) Equation 6.2 

The resultant obstruction factor may then be used as multiplier to 

the Utilisation Factor in equation 6.1. 

6.5 Modred lumen method lighting design examples 
The following example calculations illustrate the procedure used 

to calculate VFR and OL for some typical commercial offices, using real 

or speculative contents as appropriate. 

Design Example 1-A company is relocating their general administrative 

office to a newly built office. The complete contents of the old 

c ommcdatio� are to be moved into the new premises and thus the 

quantity and size of the furnishings is known. 
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Design Details: 

Room Size - 8m xl Om x 3m high. 

Working Plane Hieght - 0.75m. 

Reflectance - ceiling 70%, walls 50%, floor 20%. 
Furniture Details -8 desks, 12 filing cabinets, 7 VDT's, 2 large bookcases 

adjacent to walls, 13 paper trays, 5 dividing partitions, 3 printers, 8 

_ occupants. 

Luminaire information - VDT LG3 Cat 2 luminaire, SHRm0x = 1.23 (1.0 nom), 
twin lamp, lamp lumen output 3700, recessed, 1.5m x 0.297m. 

Design Illuminance = 500 lux. 

Design Solution: 

Step 1: Quantifying furniture density. 

No. Of Furniture Item Length (m) Width (m) Hieght (m) 
above w p. 

Vertical Surface 
Area m2 

8 Desk 1.41 0.8 0 0 
12 Filing Cabinet 0.64 0.48 0.60 16.128 
7 V. D. T. 's 0.38 0.35 0.37 3.7814 
2 Bookcases' 0.90 0.30 0.95 2.85 
13 Paper trays 0.38 0.26 0.10 1.664 
5 Partitions 1.50 0.025 1.00 15.25 
3 Printers 0.36 0.38 0.15 0.666 
8 Occupants- 4.24 

Total Vertical Surface Area - 44.57 rr2 
Installation Floor Area - 80 rr-P 
V. F. R. - 44.57 =80 = 0.56 (heavy category) 

Step 2: Determine UF, MF & OF. 

Mounting Height, Hm = 3.0 - 0.75 = 2.25m 

Room Index, k= (L x W) + ((L + W) x Hm) = 1.98 

From Figure 6.2; using SHRmax = 1.23, k= 1.98; OLC = 30 

0 One side of each bookcase is against the wag and therefore does not figure in the VFR calculation. 

.. Assuming a V. S. A. of 0.53 m2 for a typical person. 
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Equation 6.2: OF = 1- ((VFR x OLC)/100) =1- ((0.56 x 30) +100) = 0.83 
From manufacturers information; UF = 0.64, Operating factor, Z=0.85 

As office is air conditioned a MF of 0.85 is assumed. 

Ste12 3: Determine number of luminaires required. 
Equation 6.1: E= (UF(s) xZxNxFx OF x LLF) + Floor Area 

500 = (0.64 x 0.85 xNx 3700 x 0.83 x 0.85) + 80 
N= (500 x 80) + (0.64 x 0.85 x 3700 x 0.83 x 0.85) 
N= 28 lamps (or 14 luminaires) 

Design Example 2- Relocation and expansion of an international 

shipping company to a new office building. Designers have a general 
knowledge of projected number of occupants and some details of likely 

working methods and equipment. 
Design Details: 

Room Size - 12m x 10m x 3m high. 

Working Plane height - 0.75m. 

Reflectance - ceiling 70%, walls 50%, floor 20%. 

Furniture Details - approx. 13 occupants, main office function - data 

processing and filing. 

Luminaire information - VDT LG3 Cat 2 luminaire with PLL lamp, SHRmax = 
0.97 (0.75 nom), 2x 36W PLL lamps, lamp lumen output 2900, recessed, 
0.5m x 0.5m. 

Design Illuminance - 500 lux. 

Design Solution: 

Step 1: Quantifying furniture density. 

Assumptions - one VDT terminal per person, two filing cabinets per 

person, four shared printers, two paper trays per person. 
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No. of Furniture Item Length (m) Width (m) Height (m) 
above w p. 

Vertical Surface 
Area (m2) 

26 Filing Cabinet 0.64 0.48 0.60 34.95 
13 V. D. T. 's 0.38 0.35 0.37 7.02 
26 Paper trays 0.38 0.26 0.10 3.33 
4 Printers 0.36 0.38 0.15 0.89 
13 Occupants" 6.89 

Total Vertical Surface Area - 53.08 rr)2 
Installation Floor Area - 120 rr2 
V. F. R. - 53.08 + 120 = 0.44 (medium category) 

Step 2: Determine UF, MF & OF. 

Mounting Height, Hrt, = 3.0 - 0.75 = 2.25m 

Room Index, k= (L x W) + ((L + W) x Hm) = 2.42 

From Figure 6.2; using SHRmc. = 0.97, k=2.42; OLC = 27.4 

Equation 6.2: OF = 1-((VFR x OLC), 100) = 1-((0.44 x 27.4) + 100) = 0.88 

From Manufacturers info.; OF = 0.61 , Operating factor, Z=0.85 

Air Conditioned Office; MF = 0.85. 

Step 3: Determine number of luminaires required. 
Equation 6.1: E= (UF(S) xZxNxFx OF x LLF) + Floor Area 

500 = (0.61 x 0.85 xNx 2900 x 0.88 x 0.85) + 120 

N= 53 lamps (or 27 luminaires) 

Design Example 3- Speculative office building. No details of likely 

tenants or ultimate use available. 

Design Details: 

Room Size - 6m x 7m x 3.2m high. 

Working Plane height - 0.75m. 

Reflectance - ceiling 70%, walls 50%, floor 20%. 

** Assuming a V. S. A. of 0.53 m2 for a typical person. 
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Furniture Details - not available. 
Luminaire information - Twin lamp prismatic luminaire, SHRmax = 1.78 (1.75 

nom), lamp lumen output 5000, surface mounted, 1.55m x 0.21m x 
0.01 M. 
Design Illuminance - 500 lux. 

Design Solution: 

Reg 1: Quantifying furniture density. 

Assumptions - No data available so assuming the default value for UK 

commercial interiors, (see section 6.3), VFR = 0.35. 

Step 2: Determine UF, MF & OF. 

Mounting Height, Hrn = 3.1 - 0.75 = 2.35m 

Room Index, k= (L x W) + ((L + W) x Hm) = 1.38 

From Figure 6.2; using SHRmax = 1.78, k=1.38; OLC = 36.0 

Equation 6.2: OF = 1-((VFR x OLC) + 100) = 1-((0.30 x 34.5) + 100) = 0.9 
From Manufacturers info.; OF = 0.52 , Operating factor, Z=0.85 

Air Conditioned Office; LLF = 0.85. 

Step 3: Determine number of luminaires required. 
Equation 6.1: E= (UF(s) xZxNxFxOFxLLF)+Floor Area 

500 = (0.52 x 0.85 xNx 5000 x 0.9 x 0.85) + 42 

N= 12 lamps (or 6 luminaires) 

6.6 Dissemination of the new design method 
Although there is some scope for dissemination of this design 

method via the distribution of an in-house document, detailing the use of 
the new technique, this could only be implemented on a limited scale. 
However, this limited method of dissemination would be ideal for gaining 
feedback on the practical use of the technique. Following this, the 

publication of the method in a relevant peer-reviewed journal or 
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conference proceedings would be the ideal second stage. Due to the 

associated commercial implications, the eventual goal, however, has to 

be the inclusion of the modified lumen method into the relevant codes 

of practice, such as the CIBSE Code for Interior Lighting. 

Another method of dissemination that could be considered useful 

would be the inclusion of the obstruction factor into the various average 

illuminance computer packages, such as those distributed freely by 

luminaire manufacturers. This would ensure the problem was given some 

acknowledgment by the large body of designers who use the 

aforementioned software. The data in the form of table 6.2 would 

probably be the most suitable for inclusion in this type of software. 

6.7 Commercial Implications 

One of the main points of contention regarding the new method 

of design is that the inclusion of the obstruction factor may place the 

designer at a commercial disadvantage since the method involves the 

specification of more luminaires, which usually means higher initial and 

operating costs. Three things need to be borne in mind relating to the 

commercial implications of this new design method: 

I. It is hoped that the results of this research will, in time, be included in 

interior lighting Codes and Standards and will thus be available to 

designers, manufacturers and users. Once this information is in the 

public domain, it is likely to become the de facto standard and thus 

no commercial disadvantage will accrue. 

ii. All room furnishings absorb light. Installations designed using the 

conventional "empty space" assumption and subsequently filled with 

furniture will have lower than predicted average working plane 

illuminance and areas of local shadow which may cause user 

dissatisfaction. To maintain a specified average illuminc e level 

under these circumstances requires increased installed flux, 

distributed to make good the effects of the obstructions, with an 
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accompanying increased load. The quality of lighting has long been 

linked to user productivity, satisfaction and visual comfort. The use of 
the method could be "sold" on the grounds of contributing 

significantly to lighting quality, particularly since staff costs far exceed 

any other operating costs within a typical commercial building. 

iii. With careful planning and design, the costs of an installation 
designed using this method increase roughly in line with the level of 

light loss. In the course of the research, it has been established that 

certain types of luminaire perform better than others in terms of 

obstruction loss. By exploiting this fact, alternative design solutions are 

possible. 

6.8 Validation of design method 
The validation of the techniques used for the generation of this 

design data has been carried out as an integral part of the work (see for 

instance: chapter 3, section 3.2 "Development of standard obstructions"; 

chapter 3, section 3.6 "A lighting analysis program for obstructed 

interiors" and chapter 5, section 5.5 "Validation of results"). Therefore the 

validation of the design, by any of the methods used previously, would 

be ambiguous, as all the individual components have been validated 

during their development. An alternative method of validation is by 

comparison of the University of Liverpool design method with other 

published techniques. Both of the design methods that follow operate 

under the limitation that the rooms are furnished with a uniform 
distribution of single height partitioned workstations. The new design 

method is able to handle this special case in the same way as a 

complex distribution of variable size room contents. 

6.8.1 Comparison with Steffey 

In his text "Architectural Lighting Design" 2 Steffey describes a 

series of partition factors that can be used in a similar fashion to the 

obstruction factor. In order to validate the use of the modified lumen 
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method, a test situation was used and the resultant "furniture" factors 

from the two techniques were calculated and compared. The test 

installation was a simple rectilinear room 4 metres by 2.5 metres by 3 

metres high, lit by a luminaire with SHRmax of 1.50 and furnished with a 

single partitioned workstation. The workstation partitions are 1.524 metres 

high and have a VFR of 0.271. Table 2.5, in chapter 2, shows Steffeys 

partition factors and according to this table a partition factor of 0. S6is 

required. 

To calculate the obstruction factor using the new design method 

the designer needs to determine the obstruction loss characteristic from 

figure 6.2. Using room index 0.7 and SHRmax 1.50, figure 6.2 gives an 

OLC of 25.4, which enables an obstruction factor of 0.915 to be 

calculated using equation 6.2 and the aforementioned VFR. 

6.8.2 Comparison with IESNA 

The IESNA Handbook 3 describes a calculation strategy that can 

be used to take account of light losses and shadowing caused by 

uniformly distributed partitions. The procedure is illustrated by an 

example, of which the main points are set out below. The units used are 

converted into metric values and to enable comparison with the 

modified lumen method the luminaire used in the IESNA example 

luminaire was replaced with a twin lamp luminaire with a lumen output 

of 3700 and SHRmax of 1.23, although for ease of calculation the original 

UF table specified in the IESNA Handbook was still assumed to be correct 

for this fictitious luminaire. 

An office of 11 metres by 9.15 metres with a 2.9 metre floor-to- 

ceiling height is furnished with workstations 3.7 metres by 3.7 metres floor 

area, surrounded by 1.525m high partitions. The room is shown in plan in 

figure 6.4. The IESNA calculation technique involves treating the zone 
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Figure 6.3: Plan of installation used in IESNA lighting calculation for 

partitioned spaces example. 
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between the top of the partitions and luminaire plane as well as the zone 

between the working plane and the top of the partitions as individual 

cavities. The technique was fully explained in chapter 2, section 2.4.2, 

"Empirically based design methods". 

The results of the example outlined in the IESNA Handbook, with 

the aforementioned modifications, are: 

No. of luminaires = (Eave x A, %p) + (N x LLO x CU x LLF) 

where: 

Eave = average working plane illuminance 

A, , = area of working plane 

N = number of lamps 

LLO = lamp lumen output 

CU = coefficient of utilisation 

LLF = light loss factor 

No. of luminaires = (500x 11 x9.15)+(2x 3700x0.72x0.771) 

= 12.3 luminaires 

Performing the same calculation Wth the modified lumen method 

gives the following results: 

Room Index = 2.3 and SHRmax = 1.23. 

From figure 6.2 OLC = 30 

VFR = 0.229 

From equation 6.2; OF = 0.93 

Using equation 6.1; 

No. of lums = (500 x11 x9.15) + (2 x 3700 x 0.71 x 0.771 x 0.93) 

= 13.4 luminaires 

The agreement between both of the two published calculation 

techniques and the modified lumen method outlined in this chapter is 

encouraging. This validation exercise augments the validation exercises 
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carried out at the various stages of development of this design method, 
all of which have indicated that the new design method is capable of 

predicting OL for a variety of installations. 

6.8.3 Validation of design method by Industry 

To further validate the design data and the use of the design 

method, two national luminaire manufacturers were approached and 
asked to assess, use and validate the design method. The two 

manufacturers were Thorn Lighting Limited and Moorlite Electric Limited. 

6.8.3.1 Moorlite Electrical Umited 

Moorlite Electrical Limited used the Obstructed design method to 

devise a "shadow" design for a live project, that was to be designed 

using the empty room assumption. The project was a 29.2 metre by 10.2 

metre section of a large open plan office intended for occupation by a 
financial organisation (See figure 6.4). 

Using conventional techniques it was determined that 42.4 

luminaires were the required minimum needed to achieve an average 

working plane illuminance of 500 lux. The spacing constraints of the 

installation necessitated that a4 by 12 array of luminaires was required 

and it was predicted that this would result in an average working plane 
illuminance of 567 lux. The design used a 600mm x 600mm LG3 Cat 3 

recessed louvred luminaire with two compact fluorescent lamps. (See 

figure 6.5). 

Using the obstructed design method, the designer assumed a VFR 
for a typical commercial interior, i. e. 0.35. Based on the Room Index, 

SHRmax of the luminaire and the assumed value of VFR the designer 

predicted that an obstruction loss of 13% was likely and hence an OF of 
0.87 was included in the conventional lumen calculation. The result of 

using the obstruction factor indicated that 48 of the same type of fittings 
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used in the initial design were required to give an average illuminance 

of 500 lux. Hence, the same number of luminaires were used in the 

conventional and obstructed design schemes. In this case the 
obstructed design method was used to devise a lighting scheme that 
incurred no penalties in cost or energy use compared with conventional 
techniques, but the designer could specify the illuminance that may be 

measured by the client, in the final furnished interior, with greater 
confidence. 

6.8.3.2 Thorn Lighting Limited 

Thorn assessed the validity of the design data by comparing 

predicted values of obstruction loss found using figure 6.1 with simulated 

values of obstruction loss found using their in-house computer program, 
the Lighting Visualisation System (LVS). This program can include any 

specified object into a space and calculaic- the illuminance distribution 

over all surfaces. The program then generates a pictorial visualisation to 

which the calculated values of illuminance can be linked. 

To generate OL data that could be used to compare with the 

results detailed in Chapter 5, Thorn Lighting Limited set up, in LVS, a series 
of rooms furnished with heavy, medium and light standard obstructions. 
The analysis was undertaken using three different levels of subdivision of 
room surface - firstly "adaptive" subdivisions, i. e. according to the 

luminance gradient, and secondly two fixed subdivisions of 0.25m by 

0.25m and 1m by 1m elements respectively. Table 6.5 shows the results 

of the simulations compared with the predicted OL values for the same 
installations found using figure 6.1. The results found using the adaptive 
subdivision method compare most favourably with the results predicted 

using the obstructed design method, with the difference increasing as 
the number of subdivisions decreased. The level of agreement between 

the Thorn results and the design method results is very encouraging and 
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Figure 6.4: Installation floor plan and proposed luminaire layout for 

Moorelite electric "empty room" design scheme. 
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Figure 6.5: Moorlite design luminaire - 600 x 600 LG3 Cat 3 

recessed louvred luminaire. 
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Furniture Design Method LVS Simulated Values 

Density Prediction Adaptive Fixed Fixed 

sub-division sub-division sub-division 
(0.25 x 0.25) (1.0 x 1.0) 

High 0.82 0.77 0.73 0.70 

Medium 0.85 0.83 0.77 0.75 

Low 0.94 0.94 0.88 0.87 
Table 6.5: Comparison of Thorn Lighting Limited LVS simulated obstruction 

factors and obstructed design method predicted obstruction factors. 
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appears to reinforce the applicability of the use of this method as valid 

design tool. 

6.9 Conclusion 

The research detailed in this chapter has described the 

development of an easily implemented method for the prediction of 

light loss for a representative range of interior luminaires for installations of 

different sizes and containing varying degrees of interior obstruction. 

There was encouraging evidence that the results of this new method and 

other similar methods give comparable results. Validation exercises 

undertaken by industry also demonstrated the practicality and 

applicability of the new design method as a useful lighting design tool for 

obstructed interiors. 

The main areas of this work requiring further development is the 

field testing of the method and the successful dissemination of the new 

technique. The dissemination and field testing will hopefully result in the 

inclusion of this method in the relevant documents, such as the CIBSE 

Code for Interior Lighting. The inclusion of the new method in the code is 

particularly pertinent due to the associated commercial penalties, 
discussed in section6.7. The new design method allows the designer to 

devise a lighting design which provides higher quality visual conditions, 

albeit at an increased financial cost. 
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Chapter 7 

The influence of SHR on illuminance conditions in 

obstructed interiors 

7.1 Introduction 

One of the criteria set out in lighting standards, which must be 

adhered to in order to achieve a "satisfactory" lighting design, is the correct 

spatial distribution of illuminance over the working plane. In a commercial 

environment, this usually means a limit to the diversity of illuminance 

distribution over the working plane throughout the entire space. This not 

only effects the user perception of the space, but also the number and 

location of luminaires that must be installed and hence the energy 

consumption of the installation. Recent research into illuminance variation 

has shown that excessive variations in illuminance between desks can 

contribute to user dissatisfaction' and it has addressed the limits of 

acceptability of the various measures of uniformity2. The results of this 

research support the CIBSE code for interior lighting, which states that 

"excessive variations of illuminance within an interior may affect comfort 

levels and visual performance by causing transient adaptation problems". 

This statement is further enforced by the IESNA Handbook, which states that 
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"in general, the more uniform the light distribution in the visual field, the 

better one sees the visual task". 

There are two measures recommended in the CIBSE Code for Interior 

Lighting3 that can be used to quantify and assess the Illuminance variation in 

an installation. They are the Uniformity Ratio and the Illuminance Diversity. 

The CIBSE code recommends that the Uniformity Ratio, when calculated as 

the ratio of minimum to average illuminance over the task area, should not 

fall below 0.8 and states that this is normally achieved if the ratio of 

minimum to maximum direct illuminance is greater than 0.7. The diversity is 

defined as the ratio of the maximum to minimum illuminance over the "core 

area" of the installation, excluding any point within 0.5m of obstructions or 

walls. The limiting value of this variable is 5: 1. 

In an unfurnished room, the spatial distribution of horizontal 

illuminance is primarily a function of the luminaire layout and the 

photometric distribution of the individual luminaires. To enable the lighting 

designer to quickly judge whether his choice of luminaire and layout will 

satisfy the uniformity requirements, he compares the actual luminaire 

spacing-to-mounting-height ratio (SHR) to the maximum SHR recommended 

by the luminaire manufacturer. If this limiting value is not exceeded, the 

designer is assured that his design will satisfy uniformity requirements. 

Unfortunately, the process by which the SHR for a particular luminaire 

is derived, contains one assumption which could influence the uniformity 

achieved in a fully functioning commercial installation. As with the Lumen 

Method for lighting design, the SHR calculation procedure (set out in CIBSE 

Technical Memorandum No. 54) assumes the volume between the luminaire 

plane and the working plane is empty. Therefore, the SHR can only give a 

indication of uniformity performance of a particular arrangement of 

luminaires when they are installed in an empty room. The likely effects of 

obstructions are acknowledged in standards such as the Illuminating 
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Engineering Society of North America Handbooks and CIBSE Lighting Guide: 

The Industrial Environment6. The CIBSE Code for Interior Lighting7 suggests 

that some reduction in luminaire spacing may be necessary to achieve the 

required uniformity in heavily obstructed spaces. There is no guidance to 

magnitude of this reduction, nor information regarding the principal 

variables influencing this reduction. These could include luminaire type and 
furniture size and disposition. 

The problem of working plane uniformity reduction can only become 

more significant when one considers the current awareness of the need for 

energy efficient designs. One superficially attractive solution to reducing 

energy use is to use broadspread distribution luminaires at wide spacings to 

replace a larger number of conventional luminaires. SHRmax describes the 

maximum spacing at which luminaires can be installed to achieve 

acceptable uniformity, so that the nearer luminaires are installed to SHRmax 

the closer the uniformity of illuminance will be to the lower end of the scale 

of acceptability. This move to towards the lower end of the scale of 

acceptability will be further affected by the introduction of furnishings. Some 

numerical guidance is required to assist the designer in ensuring the 

proposed luminaire layout will give the required uniformity of horizontal 

illuminance in an obstructed space. 

One method to overcome this problem has been proposed to the 

lighting community - the concept of obstructed spacing-to-mounting-height 

ratio (SHRobs)8. This chapter attempts to assess the relative performance of 

conventional SHR and obstructed SHR in a furnished interior. It will also 

address the problems associated with SHRobs and discuss why the 

technique has yet to gain wide acceptance by the industry. Finally, it will 

use the data generated to develop guidance that can be used by 

designers to predict modifications in luminaire spacing required in 

obstructed interiors. 
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7.2 Calculation of SHR for empty Interiors 

The current UK procedure for calculating conventional SHR Is detailed 

in CIBSE Technical Memorandum No. 54. Briefly, the 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 starting at an 
SHR of 0.75 and moving apart in increments of 0.25 SHR. Only the direct 

component of the illuminance is considered. The ratio of minimum to 

maximum illuminance at each step is determined and the process stops 

when this ratio falls below 0.7. The luminaires are assumed to be installed in 

an empty space. The central area is at working plane height and varies in 

size as the luminaire spacing changes, with the outer corners remaining 

always below the centres of the four innermost luminaires. This procedure 

yields two spacing-to-mounting-height ratios: the maximum spacing-to- 

mounting-height ratio, the point at which the uniformity ratio falls below 0.7 

and the nominal spacing-to-mounting-height ratio, which is the value of SHR 

in the preferred series of steps before failure occurs. 

The main point of contention about this method is the empty room 

assumption. Other standard techniques to calculate similar ratios - such as 
the IESNA Spacing Criteria' and the Japanese spacing-to-height ratio1° - 
also contain the same assumption. The basis of these American and 
Japanese methods are outlined in section 7.2.1 and 7.2.2. The "empty 

room" assumption, inherent in all three of the aforementioned spacing 
techniques, could lead an inexperienced designer, unaware that there will 
be an influence on the illuminance due to the presence of obstructions, to 

base his design around empty SHR values without considering the 

obstruction effect. 

7.2.1 The IESNA spacing criterion 

The IESNA Handbook9 describes the luminaire spacing criterion as the 

maximum luminaire spacing at which horizontal illuminance will be 

reasonably uniform. The spacing criterion is intended to be informative, 
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rather than prescriptive, in the lighting design process. It is recommended 

that luminaires must be installed at some spacing-to-mounting-height ratio 
less than the luminaire spacing criterion, particularly when other criteria such 

as shadowing and luminaire overlap are considered. In Installations where 

uniformity is particularly important, the IESNA Handbook suggests that a 

value of 1.5 be assigned as the luminaire spacing criterion for any luminaire. 

The handbook also notes that any spacing-to-mounting-height ratio 

recommended by the luminaire manufacturer, supersedes the IESNA 

spacing criterion. It is the responsibility of the manufacturer, however, to 

determine and specify the procedure through which this value is decided. 

7.2.2 The Japanese spacing-to-height ratio 
The Japanese equivalent of CIBSE SHR is the spacing-to-height ratio 

(S/H ratio) and can be calculated by the following method. A single 
luminaire is mounted at height 'H' above the working plane (see figure 7.1). 

The horizontal illuminance is calculated on the working plane firstly for a C- 

angle of 0° (i. e. the transverse plane). This determines the distance, 'do', 

where the illuminance 'Ea' is half of the illuminance 'Eo'. A similar 

calculation is performed in the axial (C = 90°) plane to find the distance 'db', 

the point where 'Eb' is half of 'ED'. The transverse S/H ratio is determined as 2 

x da +H and similarly the axial S/H ratio is determined as 2x db + H. In Japan, 

some luminaire manufacturers adopt the above-mentioned definition and 

provide the S/H ratio for their luminaire range, but, the use of the S/H ratio to 

determine luminaire spacing is not included in the code of practice. 

7.3 Obstructed spacing-to-mounting-height ratio 
The obstructed SHR (SHRobs) has been proposed as an alternative to 

the conventional SHR. SHRobs takes as its basis, the conventional SHR 

calculation procedure and introduces some modifications. The most 
important of which is the addition of obstructions into the central task area. 
The procedure for calculating obstructed SHR is fully documented and 

published by Bougdah et alb and also outlined in chapter 3. A computer 
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Figure 7.1: Illustration of Japanese spacing-to-height ratio 
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program has been developed to calculate SHR for luminaires for use in 

installations with various degrees of internal obstruction and the results 
highlight a significant difference between the empty and furnished cases. 
See section 3.7 for a detailed description of SHRobs concept and program. 

The industry has not accepted this technique as the standard which 

could be due to several factors. Firstly, there is the problem of providing 
designers with SHRobs data. One solution could be for the luminaire 

manufacturers to generate SHRob: data for their luminaires. This, however, 

would require a considerable amount of expense for the manufacturers, as 

all existing data would need to be processed as well as any new data. Add 

to this the commercial implications should some manufacturers decide not 
to proceed with the generation of SHRobs data, and it is quite easy to see 

why this option has nol been used. An alternative solution would be for the 

designer to generate the SHRob: dakn for the luminaire they were 

considerir3 before including them in their design, but this would 

necessitate all designers having access to a copy of the relevant computer 

software. The outstanding reason for the non-implementation of the SHRob: 

method is its lack of inclusion in the relevant codes of practice and hence, 

the lack of awareness of the existence of the problem. In order for either of 
these proposals to become the defacto standard in the UK, CIBSE would 
have to incorporate obstructions into documents such as Technical 

Memorandum No. 54 and the Code For Interior Lighting7. 

Guidance available to date indicates that there may be a problem 
but does not provide a solution that is suitable for designers. Some 

recommendations need to be developed which the designer can readily 

apply to a number of situations. 

The limited amount of numerical guidance that is available regarding 
luminaire spacing and illuminance conditions in obstructed spaces is usually 

limited to special cases. For instance, the CIBSE Lighting Guide for the 
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Industrial Environment6 recommends that "typically a one-third reduction in 

the maximum spacing-to-mounting-height ratio is required". Steffey" and 
WiIliams12 have also addressed this area and attempted to provide some 

general guidance, apparently developed using the authors' practical 

experience. Both Williams and Steffey's techniques are detailed in chapter 
2, section 2.4.2. However, neither Steffey nor Williams provide any evidence 
to either support the improved illuminance conditions achieved, nor do they 

validate the use of their respective techniques. 

7.4 Experimental Method 

To ensure that any general rules regarding the relationship between 
the variation in horizontal illuminance and luminaire spacing are applicable 
to a vide range of situations encountered in modern commercial interiors, 

an investigation based on of a significant number of cases is necessary. To 

this end, a series of computer simulations were decided to be the most 

expedient means of achieving this goal. A computer simulation would 

allow single variables to be changed and the results of the changes 

assessed individually. More importantly, the use of a computer simulation 

meant a large number of cases could be investigated with considerably 
less effort than with other techniques, such as scale models or field 

measurement. A commercially available computer package - Lumen 

Micro from Lighting Technologies Inc. - was used to compute horizontal 

working plane illuminance in an installation over a large 'core area' and 
two smaller task area's. This computer package had several advantages 

over the other software available. Firstly, illuminance could be calculated 

over the three areas (two tasks and the core area) without the need to run 
the program three times. Also, luminaire spacing and type was easily varied 

within the program. 

The modelled space was intended to represent a typical open plan 

office. From its empty condition, it was furnished with several arrangements 

of standard obstructions which have been proven capable of simulating 

DECEMBER 1995 



THE INFLUENCE OF SHR ON ILLUMINANCE CONDMONS N OBSTRUCTED NTERIORS 174 

actual working conditions13. To streamline the model and reduce 

computation time to within practical limits, several assumptions were 

applied to the model. Firstly, to eliminate the influence of the walls on the 

lighting calculation and to prevent the need for the room size to be 

increased with each increase in luminaire spacing, an oversized room was 

used with only the core area, as shown in figure 7.2, considered in the 

illuminance calculations. To ensure consistency throughout the 

investigation, the task area grids and core area grids remained in the some 

position and the same size during the simulation. However, the luminaire 

grid increased to facilitate the change in SHR, although the luminaires 

always remained symmetrical around the centre axes of the room. 

To reduce the calculation time for each of the 544 cases (by a factor 

of three to an average of 1 hour per case, on a 486DX-33 PC) only direct 

light was considered. This could give rise to a slight underestimation of the 

uniformity. It is reasonable to assume however, that the inter-reflected 

component may be the same for the points of maximum illuminance as 

well as for the points of minimum illuminance. If this is accepted then this 

small underestimation in uniformity could be justified on the grounds of 

engineering safety. Additionally, it meant that the results were calculated 

under the same basis as both the conventional TM5 SHR and the University of 
Liverpool obstructed SHR described earlier. 

The task and core area horizontal illuminance was calculated for 6 

different types of luminaire (classes 1,4,8,9a, 9b and 10 as specified in the 

CIBSE code14 and chapter 5). These groups were selected as being 

representative of luminaires used in modern office lighting practice. To 

avoid the influence of any particular characteristic associated with a single 

manufacturer on the results, data was taken from three major 

manufacturers (see table 7.1 and figure 7.3). Task illuminance was 

calculated on a 0.25m2 grid, as recommended by the CIBSE Code, at two 
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Figure 7.2: Experimental Room Layout (for 1.75 SHR, furnished Wth heavy 

case standard obstructions). 
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simulation. 
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locations in the room. One on a desk located centrally in relation to the 

luminaire layout and one on an edge desk (also shown on figure 7.2). This 

served to ascertain the influence of task position in relation to the luminaire 

layout. 

The CIBSE Code states that when calculating diversity, the grid of 

points should "normally be at a spacing of 1 metre" but also that "a 

calculation grid size of less than 1 metre may be necessary for installations 

where abrupt variations in working plane illuminance may occur, for 

instance those using luminaires with batwing or narrow distributions. Care 

must also be taken to ensure that the luminaire and calculation grid do not 

coincide and this may also necessitate a small change in the size of the 

calculation grid". To this end, a 0.75m spaced grid was used, with points 

within 0.5m of obstructions ignored, which ensured that all points that in 

reality would not be used as a task location (i. e. close to partitions or filing 

cabinets) were not included in the calculation. 

Using the horizontal illuminance results, several quantities could be 

calculated and assessed. Uniformity Ratio for the task illuminance for the 

two positions was calculated as the ratio of minimum-to-maximum 
illuminance, because this measure of uniformity closely resembles the Mid 

Area Ratio (MAR) specified for when considering direct light only in the CIBSE 

CODE For Interior Lighting and Technical Memorandum Number 5. This 

quantity gives a good indication of the results likely to be achieved in the 

final installation when inter-reflected light is taken into account. By not 

assuming the same degree of symmetry implied in the use of the MAR and 

the empty room assumption, the ratio of minimum to maximum illuminance 

as the uniformity criteria can be applied to this situation. Additionally, all 

previous research at Liverpool related to obstructed SHR8,13 had used 

minimum to maximum as the measure of uniformity and hence the new 

results would be comparable Mth all previous research. 
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Luminalre SHRnom SHRmax SHRmax SHRobs 
axial transverse Ught Medium Heavy 

Philips single batten (INR 1.75 1.99 2.77 1.70 1.30 
6019) - class 1 

Philips surface modular 1.5 1.66 1.66 1.32 1.29 
(INR 2060) - class 8 

Philips recessed mod. 1.25 1.36 1.75 1.50 1.30 
louvre (INR 2385) - class 9a 

Philips recessed mod. 1.5 1.52 1.52 1.20 0.95 
prismatic (INR 2150) - class 
9b 
Philips twin VDT (INR 2321) - 1.0 1.22 1.26 1.12 1.07 
class 10 

Thom twin batten (pp236) - 1.75 1.85 2.47 1.38 1.31 
class 1 

Thom twin opal prismatic 1.5 1.73 2.00 1.51 1.37 1.26 
(fclz258 + fcle25) - class 4 

Thom single diff. pack (fpp 1.5 1.65 2.16 1.42 1.33 
158) - class 8 

Thom modular louvred- 1.25 1.3 1.39 1.25 1.25 
(fta236 + ftx2312) class 9a 

Thom modular prism. 1.50 1.69 1.97 1.29 1.29 
(fta236 + ftp312)-class 9b 

Thom twin VDT (fraz236 + 1.00 1.40 1.40 
frv2312) - class 10 

Moorfite trimpak twin 1.75 1.79 2.24 1.50 1.35 
batten (ps/s/155)-class 1 

Moorfite twin opal 1.50 1.64 1.89 1.40 1.28 
prismatic (psd/s) - class 4 

Moorfite surface modular 1.50 1.61 1.80 1.32 1.27 
prismat. (12/rrrp) - class 8 

Moorfite rec. mod louvred 1.50 1.59 1.79 1.30 1.26 
(300/b 13rt) - class 9a 

Moorfite rec. prismatic 1.50 1.71 1.95 1.37 1.34 
(300/mm) - class 9b 

Moorfite twin VDT- class 10 1.25 1.31 1.35 1.12 1.12 

Table 7.1: Luminaire descriptions and derived photometric data. 
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Diversity was calculated as the ratio of maximum to minimum 
illuminance in the core area, excluding all ineligible points. Additionally, the 

average reduction in illuminance, due to the introduction of furnishings into 

a previously empty space, was determined for the two task areas and the 

core area. 

7.5 Results 

Tables 7.2 to 7.7 show the complete set of results obtained for each 

of the luminaires used in the investigation. The results of the various 

simulations were analysed in graphical form, with the dependant variable 

plotted against SHR, which increased in the CIBSE TM5 preferred series of 

steps. On each of the graphs the following points of interest are indicated: 

1. The nominal and maximum SHR's of the luminaires. 

2. The obstructed SHR. 

3. The CIBSE limiting value for the dependant variable. 

To determine the obstructed SHR for each Iuminaire, the University of 
Liverpool SHRobs computer program was used15. The SHRob: values are also 

shown in table 7.1. To rationalise the large dataset to some extent, the 

results from luminaires in the same classification group were expressed as an 

numerical average of the three manufacturers. 

DECEMBER 1995 



THE INFLUENCE OF SHR ON ILLUMINANCE CONDITIONS IN OBSTRUCTED INTERIORS 180 

Lunn re Group I 

Menuficwrer SHR Empty 
Ede Dm"k Whole Room Cnmr k dun k WIN t" (nn mitt k 

Moahte 0.75 
(/Re 
0.99 

few 
2210 

Div 
1.20 

F. ' 
1b0 

I/Rr 
0,99 

fever 
780 

00 4. 
p 

(y Poor (it ORr Of 

Ptrh 0.75 0.99 1200 1.24 1170 0.99 1230 0 85 1611% 1.7 4 0 tool 1013% 
Tbnrn 0.75 0 99 1380 1 73 13 Nl 0 44 1410 1 eH 000- 114% 13 10% 0 71 11,11% 
Aviv e 094 1.71 044 to FN 16H% 171 J1% 011) 1N1% 
Mornlne 1 00 0.98 1260 1. >0 1 3h) t 00 1210 0.10 1 b.; ./ 14,114 ), /1 11'0% 
I hh s 1.00 0.98 618 1.20 611 0,99 699 0 60 19 IN 1.2 J. 1% 0464 15,8% 
Thron 100 0.48 777 1 70 707 0 99 7q1 0 91 in b% 17 3(11% 0 10 It, 4% 
Avrv e 098 1 7p 044 0HH In 1% 1 9i b 1% U, lo It, 4% 
Moorpo 1.26 0.91 832 1. J0 140 0 9" )H5 U. S- is 4 1J J b% 0 . 04 14 N9', 
I'hb s 1.25 0.98 453 1.30 4" 0.98 440 0 68 19.0% 0 16 
Thxn 1.75 0.97 519 130 401 0 ON 404 OS? 14 1% 17 34% 0 96 11', 4% 
Avow e 091 1 all (1414 to 5N IN 9% 1 40 3 /% to HI Iti 7% 
Moabte 1. bO 0.94 bad I. bO b2ö 0.91 612 0 55 194% 14 J 11% U. bt 15.1% 
VNI s 1.50 0.94 301 1.40 287 0.98 291 0.58 19.9% Li .2 0.7 15 b% 
tfx n 1.50 0.93 333 1,50 377 0 qö 371 06% "4% .. __ _ 15 40% 0 55 is A% 
Avwm e 064 141 04H 0bb 144% 141 40% Uhf 154% 
Moahte 1. lb 0.92 364 1.6b 4UJ 009! 3811 0.13 14 J% 1, / 7. /% U4/ 18.1% 
PtO s 1.75 0,94 208 1.50 221 0.98 

- 
208 0.89 15.0-b b 0.41 19. ö 

ttrorn 1 75 0.97 777 1,70 753 047 770 0 71 15 4% 17 7 8% 041 11 1% 
Avm 093 187 04/ 011 144% 1o1 7/% 04N IN 4% 
Moalge 2.00 0.89 24! 2.40 290 0.91 244 0.84 12.9% 22 28% O, J4 1 /. 1% 
Phh s 2.00 0.94 132 2.30 155 0.91 142 0.152 1 t1 2 . 0% 39 1J 9% Thorn 7.00 0 42 148 2 40 1 74 0 96 157 0 67 14 2% 74 20% O 'IA 11 8% 
Awn e 097 23/ 041 063 136% 230 71% 0J8 1/5% 
Moorkita 2.25 0.82 208 2.40 244 0.9/ 180 0.92 12.0% 14 2.9% 0.36 16.3% 
11h, s 2.25 0.83 111 2.40 132 0.97 107 O el 1 . 1% 

,i -30% 
0.35 19.0% 

lllnrn 225 079 128 2.50 151 097 114 054 133% 71, 29% 030 14d% 
Avm e 081 743 (141 081 171% 231 7H% 0JN 1N4% 
Moothte 2.50 0.70 204 3.20 195 0.96 lib 0 59 68% 32 2 6% 0.31, 19.3% 
Phh s 2.50 0.75 109 2.76 107 0.97 81 080 108% 29 9% 0.35 19. b% 
Than 250 0.70 130 320 121 098 81 058 108% 33 25% 033 199% 
Avwa e 0.72 305 041 O 54 10 1% 3 13 7 8% 0 d4 14 h% 

evws 15 4 4~020 33 evws 16.9% 
Key. minimum 8 8% minimum 2 5% minimum 

-14.8%- 01V Diversity Ratio merMwm 7(1 4% msafmum 9 1% nnrimum 14 9% 
uni Vr fl y nnio leaps aee[1 
URc Unlarmty Ratio (centri desk) 
Eeve Average Ilunenenc. 

OL Obstruction Lon (%) 

Table 7.2a: Illuminance, uniformity, diversity and obstruction loss results for 

group 1 luminaires, empty and light cases. 
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Medium Heavy 
Ede Desk Whole Room Centre Desk Ede Desk Whole Room Centro Desk 

URe OL Div OL URc OL URa OL Dow OL UAW OL 
0.69 24.0% 1.2 7.4% 0.70 23.7% 068 28.1% 1.2 11.6% 0.67 30.3% 
0.67 24.6% 1.2 8.5% 0.69 23.8% 0.63 28.6% 1.3 12.8% 0.65 30.6% 
0.68 24.6% 1.2 7.5% 0.70 23.4% 0.64 28.6% 1.3 12.0% 0.68 29.8% 
0.68 24.4% 1.21 7,846 0.70 23.6% 0.64 28.4% 1 28 12.2'k. 001 30.245, 
0.70 22.3% 1.3 13.6% 0.71 21.3% 0.67 25.8% 1.3 17,4'16 0.69 25.8% 
0.66 23.3% 1.2 8.0% 0.70 22.2% 0.84 27.0% 1.5 12.4% 0.68 26.516 
0.87 22.9% 1.2 8.0% 0.71 21.7% 0.64 26.5% 1.5 12.4% 0 68 25.8% 
0.68 22.8% 1.23 9.9% 0.71 21,7% 0.65 26,4% 1,43 14.1% 0.68 26,0% 
0.59 26.9% 1.3 8.1% 0.66 19.5% 0.53 34.6% 1.6 12.7% 0.63 22.46 
0.59 27.4% 1.4 8.6% 0.68 20.2% 0.53 35.3% 1.8 13.3% 0.63 23,4% 
0.59 27.4% 1.4 8.6% 0.66 20.0% 0.52 34.7% 1.6 13.4% 0.64 23.0% 
0.59 27.2% 1.37 8.4% 0.66 19.9% 053 34.9% 1.60 13.1% 0.63 23,0% 
0.47 29.1% 1.4 8.1% 0.53 19.9% 0.45 31.7% 1,8 13,1% 0.40 27,5% 
0.48 29.6% 1.4 8.7% 0.53 20.6% 0.45 32.2% 1.7 13,9% 0.41 28.9% 
0.48 29.7% 1.5 8.8% 0.57 19.6% 0.45 32.4% 19 13.8% 0,48 28.3% 
0.48 29.5% 1.43 8.5% 0.54 20.1% 0.45 32.1% 1.77 13.6% 0.42 28.3% 
0.56 25.0% 1.6 7.1% 0.48 23.1% 0.55 28.6% 2.0 11.1% 0.37 36,7% 
0.55 25.2% 1.6 7.7% 0.48 23.1% 0.54 2762% 2.0 11.8% 0.38 37.5% 
0.56 25.1% 1.7 7.5% 0.45 23.0% 0.55 26.9% 2.1 11.5% 0.32 36.7% 
0.56 25.1% 1.63 7.4% 0.47 23.0% 0.55 26.9% 2.02 11,4% 0.36 31.0% 
0.54 25.9% 2.4 7.2% 0.39 24.6% 0.44 49.0% 3.3 11.7% 0.35 39.3% 
0.58 26.9% 2.2 7.7% 0.40 23.9% 0.41 47.8% 2.5 12.3% 0.35 39.2% 
0.57 27.7% 2.4 7.3% 0.38 24.3% 0.40 48.2% 3.3 12.3% 0,29 38.7% 
0.56 26.8% 2.33 7,4% 0.38 24,3% 0.42 48.3% 3 03 12.1% 0.33 39.1% 
0.36 26.4% 2.8 6.6% 0.37 26.1% 0.29 37.5% 3.9 11.996 0.29 41.116 
0.40 27.1% 2.6 6.8% 0.36 26.1% 0.33 37.7% 3.3 12.1% 0.29 41,4% 
0.38 27.8% 3.2 6.6% 0.35 25.9% 0.32 37.9% 3.4 11.9% 0,29 40.9% 
0.38 27.1% 2.87 6.7% 0.36 26.0% 0.31 37.7% 3.54 12.016 0.29 41.1% 
0.17 17.2% 3.9 7.2% 0.35 27.3% 0.16 21.6% 6,1 12,3% 0.29 41.7% 
0.21 18.7% 3.4 7.3% 0.34 26.7% 0.20 23.5% 5.1 12.3% 0,29 41.1% 
0.55 15.4% 4.0 7.4% 0.33 26.7% 0.60 20.0% 5.9 12.4% 0.30 40.9% 
0.31 17.1% 3.77 7.3% 0.34 26.9% 0.32 21.7% 5.70 12.3% 0.29 41,2% 

averse 25.0% ever e 7.9% aver 23.2% averse 32.1 % aver e 12.6% aver e 33.2% 

minimum I 15.4% minimum .6 

! n, 
ini 19.5% minimum 20.0% minimum 11.1% minimum 22.4% 

maximurril 29.7% maximum 13.6% maximum 27.3% maximum 49.0% maximum 17.4% maximum 41.7% 

Table 7.2b: Illuminance, uniformity, diversity and obstruction loss results for 

group 1 luminaires, medium and heavy cases. 
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Lunili. 0m4 4 

Manufacturer SHR Emotv bunt 
d Desk 

UR* Few Der Fever URc IF 8v0 URe OL Ow OL URn Ol 
w 

Thorn 0.75 0.99 2050 1.10 2020 1,00 2070 0.70 12 2% 1,1 20% 0.71 12,1% 
Aver e 0 99 1.10 1 00 0439 17 8% 1,15 2.2% 0,78 12.5% 

Moorfit. 1.00 0.98 937 1110 939 0,99 952 71 12,4% 7 
Thorn 100 0.99 1140 1.09 1150 099 1180 072 11,4% 1.1 2 6% 0.76 10 3% 
Average 0.99 1,10 0,99 0.72 11,9% 1,17 2,4% 0,74 10,9% 
Moorlite 1.25 0.95 647 130 501 0.97 500 1 0.59 1 0 12-216- 
Thorn 1.25 0.99 767 1.20 733 0.98 720 0.01 15,9% 1.2 2,9% 0,67 10.5% 
Average 0.97 1,25 0.98 0.80 16,1% 1.20 2.9% 0,66 11.4% 
Moorfite 1.50 0.87 400 1.50 405 0195 58 5 1B 10 3 50 

-1.3.4' Thorn 1.50 0.92 504 1.40 499 0.97 467 0.52 17.3% 1.4 2,6% 0,50 120% 
Averse 0.90 1,50 0,96 0,51 17,9% 1,50 2,9% 0.50 12,7% 
Moorfite 1.75 0.83 244 

.. 
L12... 307 0.94 233 0.70 

-13,116 
1 2.376 40 15.5%, 

Thorn 1.75 0.88 313 1,60 374 0,96 302 069 10.9% 1.9 1,9% 0,40 13.9% 
Aver e 0488 1,95 0,95 0.70 12.0% 200 2,1% 0,40 14,7% 
Moorlite 2.00 0.83 157 3.20 230 0.94 147 

-0,54- 
115 33 2.2116- 0 16 3 

Thorn 2.00 0.85 205 2.70 283 0.93 168 0152 88% 29 1,8% 0135 156% 
Average 0.84 2.95 0,94 0,53 10,1% 3.03 2,0% 0,36 18,0% 
Mcorlite 2.25 0.66 146 3.80 189 0 95 103 51 9 

.9 
16 0.34 10.0% 

Ti__ 2.25 0.86 187 3.75 232 0.93 119 0.52 70% 39 1.7% 0,30 17.8% 
Averse 0 87 3,78 0 94 0 52 7 9% 3 89 1,7% 0.32 17 89. 
Moorhis 2,50 0.80 168 5.40 146 0,90 70 0.53 6,5% 5.4 1% O 34 19 4% 
Thorn 2.50 0.63 211 6.00 177 0.93 78 0 58 47% 00 1.7% 0.32 18,6% 
Averse 0.81 5,70 0,94 054 5.6% 5,70 1,9% 0.33 19.0% 

average 11.0% rauere e 2.3% ever. e 14.4% 
Key: mlrimum 4,7 ni mum 1,6% n inwm 10 3 
Did Diversity Ratio 

rms"I olm 185% rn. etnujn. 3.2% 111ee{, nom 19,4% 

UNS Vnnonllny naao IWlS CUik1 

URo Uniform'ty Ratio (enntrN dwkl 
Love Avor. gs Murnunano. 

OL Obstruction Loss (%) 

Table 7.3a: Illuminance, uniformity, diversity and obstruction loss results for 

group 4 luminaires, empty and light cases. 
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Medium Heav 
Edge Desk Whole Room Centre Desk Ede Desk Whole Room Centre Desk 

URe OL Div OL URo OL UR* OL Div OL URO OL 
0.70 20.1% 1.2 6.7% 0.74 19.4% 0.67 23.1% 1,2 10.3% 0.71 24.7% 
0.72 19.0% 1.2 5.9% 0.77 19.8% 0.68 22.0% 1.2 9.4% 0.71 25.1% 
0.71 19.8% 1.20 8.3% 0.76 19.6% 0.68 22.6% 1.20 9.9% 0.71 24,9% 
0.73 17.8% 1.2 6.6% 0.74 16.8% 0.70 20.6% 1.5 10.1% 0,72 20.1% 
0.74 16.8% 1.1 6.1% 0.77 15.9% 0.71 19.5% 1.5 9.8% 0.73 190% 
0.74 17.3% 1.15 6.3% 0.76 16.4% 0.71 20.0% 1.50 9 8% 0,13 19. b% 
0.60 22.9% 1.5 7.0% 0.67 16.0% 0.54 29.1% 1,6 11.1% 0,65 18.3% 
0.63 23.5% 1.4 6.5% 0.69 14.0% 0.58 30.8% 1.4 10.8% 0.68 18.0% 
0.62 23.2% 1.45 6.8% 0.68 15.0% 0.55 29.8% 1.50 10.9% 0.66 17.1% 
0.43 26.4% 1.6 8.9% 0.51 17.0% 0.41 28.6% 1.7 11.4% 0.40 25.1% 
0.45 25.8% 1.4 6.2% 0.51 15.2% 0.43 27.8% 1.6 10.4% 0.40 23.1% 
0.44 26.1% 1.50 8.6% 0.51 16.1% 0.42 28.2% 1.66 1019% 0.40 24,1% 
0.52 23.0% 2.2 5.9% 0.47 21.9% 0.50 24.6% 2.6 9.1% 0.35 35.6% 
0.50 21.4% 1.9 5.3% 0.47 19.5% 0.49 22.7% 2.2 8.0% 0.34 33.1% 
0.51 22.2% 2.05 5.6% 0.47 20.7% 0.50 23.6% 2.40 8.8% 0.35 34.4% 
0.50 26.8% 3.4 5.7% 0.39 23.1% 0.35 50.4% 4.9 9.1% 0.33 37.8% 
0.44 24.9% 3.0 4.9% 0.37 22.0% 0.28 52.6% 4.4 8.5% 0.30 36.0% 
0.47 25.8% 3.20 5.3% 0.38 22.6% 0.31 51.5% 4.65 8.8% 0.32 36.9% 
0.26 26.7% 3.9 5.3% 0.34 25.0% 0.19 38.3% 6.5 9.0% 0.27 39.9% 
0.22 22.5% 3.8 4.7% 0.33 24.7% 0.13 34.2% 8.9 8.6% 0.24 38.2% 
0.24 24.6% 3.85 5.0% 0.34 24.9% 0.16 35.3% 6.70 8.8% 0.26 39.1% 
0.50 11.3% 5.4 6.2% 0.33 26.5% 0.52 14.9% 1.9 11.0% 0.28 40.6% 
0.48 10.0% 5.9 5.6% 0.32 25.9% 0.51 14.2% 12.8 9.8% 0.25 38.9% 
0.49 10.6% 5.65 5.9% 0.33 26.2% 0.52 14.5% 7.25 10.3% 0.27 39.7% 

averse 21.2% l everage 6.0% averse 20.2% average 28.2% averse 9.7% l everage 29.5% 
minimum 10.0% minimum 4.7% minimum 14.0% minimum 14.2% minimum 80% minimum 16.0% 
maximum 26.8% maximum 7.0% maximum 26.5% maximum 52.6% maximum 11.4% maximum 40.6% 

Table 7.3b: Illuminance, uniformity, diversity and obstruction loss results for 

group 4 luminaires, medium and heavy. 
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Lunvnane troup 8 

Manut. otr SHA EmDtv Light 
Ed Dwk Whale Room Cenve os dw Whole Room I snp Desk 

UR. Hve Div Fw. URn Fw. URe OL Oh, OL URn OL 
Moorlite 

Philips 0.75 0,99 1150 1,20 1120 0,99 
-1179 4, 

Thorn 0.75 0.99 1110 1.13 1090 0.99 1120 0 69 12.3% 17 1 8% 0 75 120% 
Aver e 0,99 1.14 0,99 0,71 12,3% 1 20 2,1% 011 122% 
Moorlits 1.00 099 052 1.07 051 0.99 050 0.70 9.2% IA 0.76 7,8% 
Philips 1.00 0,98 049 1.16 643 0.99 055 0.67 1513% 3 25 0.15-- 13.7% 
Thorn 1 00 0.99 624 110 622 0 99 630 0.72 11 5% 1.1 2,1% 0.73 110% 
Average 0.99 1.11 099 072 120% 1,17 2,1% 0.19 108% 
Mochte 1.25 97 430 1.20 417 0.90 401 QA2 14.9% L2 0.00 9.2% 
Philp s 1.25 0.93 439 1,30 413 0 97 392 0.50 1610%, 13 34 OA 1 14,5 
Thorn 1.25 0.95 420 1 20 399 0.97 380 0 59 15.76 12 3 0% 0,89 11 6% 
Aver e 0,95 1,23 097 0,59 16,2% 1.29 2.8% 0.85 11 8% 
Moahb 1.50 0.86 272 1,50 283 0.94 237 0.45 17.0 0 5 3 11.8% 
Philips 1.50 0.90 209 1.70 276 0.95 40 0.49 20. a% / 0 45 15.4 
Thorn 1 50 0.88 204 1.00 289 0,95 234 0.49 17,8% 16 2.6% 0.49 128% 
Avery e 0.88 1.03 0.95 0.48 188% 1.63 2,9% 044 13,4% 
Moahts 1.75 0.75 153 2.00 212 0,91 137 0.02 10.5 S 14 0 40 14 
Phih 1.75 0.60 178 1,90 212 0.95 172 0 01 14.0 .0 6 0 39 10 9 
Thorn 1.75 0.82 160 2.10 203 0.94 151 0 69 11,9% 22 2.0% 0.45 14 6% 
Aver s 0,81 2.20 093 0.65 12 1% 2 23 2,1% 0,41 15 3% 
Moahts 
Philips 

2.00 
2.00 . _Q22... 0.90 

101 
122 

4,50 
6.35 

166 
154 

0.88 
0.99 

73 
123 

0.40 
0.63 

61 
13.1% 

41 

,0 

1 
21816 

0.34 
0,26 

15-826- 

--17.9%- Thorn 2.00 0.83 104 310 154 094 98 054 106% 31 1.9% 0.37 19,7% 
Average 081 4,65 0.94 0.52 10.6% 360 1.9% 0.33 16,4% 
Moorfite 2,25 0.54 103 6.60 133 0.89 40 0,44 5.3 00 0.8 31 19 
Ph he 2.25 0.73 106 2.99 126 0.99 90 0,53 

-12,1% 
3.0 23 0,211 16,0% 

Thorn 2.25 0.64 97 3.60 126 0.94 Be 0 50 03% 38 1.6% 0.33 17.5% 
Aver e 0 84 4 48 0 94 0,49 06% 4 41 1 6% 0.31 16 0% 
Nbahts 2.50 0.54 132 10.50 99 0.92 31 0,50 3,0 10.5 15% 0.30 19.5% 
Phil, e 2.50 0,62 112 3.90 101 0.98 71 0.53 7.1 % 3.8 2.6 0.27 19,0% 
Thorn 2.50 0.57 112 5.52 96 0.95 48 0.51 45% 56 1 9% 0.33 188% 
Averse 0,58 8,64 0,95 O 51 4 946 6 63 20% 0,30 19 1% 

eva " 11,9% swr e 2.2% ewn " 14.6% 
Key: minimum 3.0% minimum 0.6% mlrimu� 7.8% 
Div Divinity Ratio ýd'mem 200% medmrým 3,6% nwdnn, m 19,5% 
UKS urnrormigr naao ledge desk) 
URc Uniformity Ratio (central desk) 
Eavs Average IAumnanca 
OL Obstruction Los, (%) 

Table 7.4a: Illuminance, uniformity, diversity and obstruction loss results for 

group 8 luminaires, empty and light cases. 
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Medium Hea 
Edge Desk Whole Room Centre Desk Edge Desk Whole Room Centre Desk 

URe OL Div OL URo OL UR* OL Div OL URo OL 
0.74 16.7% 1.2 5.2% 0.80 16.9% 0.71 19.0% 1.3 8,7% 0.76 21.4% 
0.74 21.2% 1.3 7.1% 0.78 20.4% 0.71 24.1% 1.3 10.7% 0.75 25.4% 
0.71 18.9% 1.2 6.4% 0.75 18.3% 0.68 21.5% 1.2 9.4% 0.72 23.1% 
0.73 19.0% 1.23 6.3% 0.78 18.6% 0.70 21.5% 1.25 9.6% 0.74 23.3% 
0.77 13.7% 1.1 5.5% 0.78 12.2% 0.75 15.8% 1.2 8.0% 0.75 14.4% 
0.69 19.9% 1.3 7.0% 0.77 18.8% 0.65 22.5% 1.8 10.4% 0.74 21.7% 
0.74 16.3% 1.1 6.3% 0.74 15.6% 0.71 18.8% 1.5 9.3% 0.79 18,3% 
0.73 16.6% 1.17 6.3% 0.76 15.5% 0.70 19.0% 1.43 9.2% 0. /6 18.1% 
0.62 20.9% 1.5 6.0% 0.69 12.2% 0.56 26.1% 1.5 9.4% 0.67 14,0% 
0.58 24.6% 1.5 7.7% 0.62 17,9% 0.48 31.4% 1.7 11.4% 0.61 19.6% 
0.60 21.9% 1.5 6.8% 0.66 14.7% 0.55 27.9% 1.6 10.5% 0.64 41.1% 
0.60 22.5% 1.50 6.8% 0.68 14.9% 0.53 28.5% 1.61 10.4% 0.64 24,9% 
0.40 24.6% 1.5 5.3% 0.54 15.6% 0.38 26.1% 2.2 9.2% 0.43 22.4% 
0.45 29.0% 1.6 7.6% 0.46 18.7% 0.43 30.9% 2.0 12.0% 0.28 27.2% 
0.43 25.8% 1.6 6.3% 0.50 16.2% 0.41 27.7% 2.1 10.4% 0.40 23,9% 
0.43 26.5% 1.57 6.4% 0.50 16.9% 0.41 28.2% 2.12 10.5% 0.37 24.5% 
0.46 20.3% 2.4 4.2% 0.42 21.2% 0.45 22.2% 2.8 00% 0.27 33.6% 
0.50 22.5% 2.0 6.6% 0.40 20.9% 0.49 23.6% 2.5 9.9% 0.27 34.3% 
0.50 21.3% 2.2 5.4% 0.47 20.5% 0.49 22.5% 2.6 7.9% 0.35 34.2% 
0.49 21.3% 2.20 5.4% 0.43 20.9% 0.48 22.8% 2.64 8.1% 0.30 34.0% 
0.33 26.9% 4.9 4.2% 0.37 22.7% 0.17 54.2% 6.9 6.6% 0.24 36.0% 
0.56 24.4% 3.1 6.5% 0.28 22.2% 0.47 44.7% 44 10.4% 0.28 28.8% 
0.50 25.8% 3.3 5.2% 0.38 22.2% 0.35 49.5% 4.9 8.4% 0.33 36.7% 
0.46 25.7% 3.77 5.3% 0.34 22.4% 0.33 49.4% 5.40 8.5% 0.28 33.2% 
0.15 26.5% 6.7 3.8% 0.34 25.8% 0.09 34.5% 11.8 6.8% 0.24 39.5% 
0.33 26.3% 3.9 5.5% 0.28 24.0% 0.27 35.0% 5.1 10.2% 0.27 36.8% 
0.24 25.7% 4.1 4.8% 0.33 24.7% 0.18 34.9% 6.7 8.7% 0.26 38.7% 
0.24 26.2% 4.90 4.7% 0.32 24.8% 0.18 34.8% 7.80 8.6% 0.26 38.3% 
0.46 9.1% 10.4 5.2% 0.28 27.7% 0.47 11.4% 21.3 9.4% 0,26 41.0% 
0.17 16.0% 5.0 6.6% 0.27 25.2% 0.17 18.8% 7.7 10.8% 0.25 37.3% 
0.49 9.8% 6.3 5.7% 0.32 25.7% 0.51 12.6% 11.8 9.9% 0.26 38.9% 
0.37 11.6% 7.24 5.8% 0.29 26.2% 0.38 14.2% 13 52 10.0% 0.26 39.1% 

averse 21.5% average 5.9% go 20.0% average 27.3% average 9.4% averse 29.4% 
minimum 9.1% minimum 3.8% minimum 12.2% minimum 11.4% mirormim 6.6% minimum 14.0% 
maximum 29.0% maximum 7.7% maximum 27.7% maximum 54.2% maxmrrm 1 2.0% maximum 41.1% 

Table 7.4b: Illuminance, uniformity, diversity and obstruction loss results for 

group 8 luminaires, medium and heavy cases. 
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Luminaws Coup 9A 

Manufacturer SHR m Licht 
Ed Desk Whole Room Cent "s d Desk Is Room en es 

UR* Eav ON Eav URc Esve URS OI. Div 01 4,440 1 OL 
Nbahts 0.75 1.00 2010 1.0 2000 

- 
1.00 2010 0.72 7.3% 1.1 0.190 1.3% 

Phili 0.75 0.98 1880 .0 1870 0,90 1840 0,79 8 
Thorn 0.75 0.98 1820 1.1 1770 0 96 1780 01,3 8 7% 11 1.7% 0,81 79% 
Avv s 0.99 1 03 0.98 0.72 7 S% 1.08 1,41% 0 61 7.2% 
Noah 00 0.99 4 0.99 1430 0.75 all% 1.1 OJ 0 
Phih 1.00 0.95 997 1.2 1050 0.94 1030 0,72 7.4% 0 80 3.516 
Thorn 1.00 0.97 950 1.1 998 0.96 984 0.78 8.1% 11 1.3% 0.75 6.1% 
Avsr e 0.97 1.12 0.96 0 74 7 2% 1.13 1 2% 0.76 40% 

aha 1.25 Q. 95 1 
Phil. s 1.25 0.88 755 1.4 670 0.90 059 0102 14. 1A 1 59 4 9% 
Thorn 1 25 0.95 699 1.3 636 0.95 600 0.53 134% 1.3 7,2% 0.67 73% 
Aver e 0.93 1.30 0.94 0.58 130% 1.32 2A% 0.64 6.0% 
Mo lute 1.50 0.04 852 1.5 649 0.90 515 

-0.42- 
15.316 1,5 2.0% 45 9.1% 

Phllps 1.50 0.87 498 1.5 457 0.94 423 39 15.9 1S 37 01516 
Thorn 1.50 0.84 431 0.7 437 097 371 045 1015% 15 2.1% 054 10 1%6 
Average 0.85 1.23 0.94 0.42 15.9% 150 2.7% 045 9.3% 
Moallts 1.75 0,71 32 20 471 0105 83 39 11 
Philp s 1.75 0.05 259 2.2 339 0.98 257 0.39 5.4 ,3 12 O1I7 12.1 
Thorn 1.75 0.81 241 2.4 323 0.94 223 060 79% 04 1.5% 0.39 130% 
A~e 0.79 2 48 0.92 0 50 70% 1 81 1 3w. 0 39 170% 
Moahle 2.00 0,70 191 5.5 386 0.04 140 0.35 5. 5 OB 0.33 13,0% 
Philips 2.00 0,77 169 4.0 273 0.96 147 0 38 4.11% 4,1 1 2i 6 13.0% 
Thom 200 0.80 162 4.1 256 0.90 128 0.42 56% 41 1.2% _.. . _ 0 33 108% 
Average 0.76 453 0.90 0.38 50% 4 56 1 O% 0.28 143% 
Moorfes 2.25 0.47 203 9.9 307 0903 09 0.38 115N 9.9 07 0.23 150 
Philips 2.25 0.82 166 6.3 218 0.95 4 0,45 4.2 03 05 0.15 15,7% 
Thorn 2.25 0.60 160 6.2 205 0.90 73 0.46 S 0% 62 1.0% 0.27 16 7% 
Avers s 0.56 7 48 0.69 0.43 3996 7 47 0.7% 0.22 15 0% 
Nbahts 2.50 0.47 287 27.6 220 0.80 30 0,40 0.3% 4,0 09 0.22 J! 
Phih s 2.50 0.54 200 16.0 5 f9 O. 32 0,50 1,0 15.0 0.8 0,13 10.2% 
Thom 

- 
2.50 

- 
0.57 195 11.61 150 0.93 43 0.52 3.1% 11.4 0.7% 0.24 193% 

Aver e T 0.53 r 18 40 0 97 0 49 1 5% 16 79 0.7% 0 20 16 6'4. 

av« 820 7.7% av« " 13 sv«s " 10.7 
minimum 0.3 mfrimum 0.5 minimum 3. 

Div Divrsrty Ratio metd/11UT 16 5% m. elnNlm 2,6% melt{rtum 16 3% 

UNa VnlmmrmIw nauo I. Ofga OMKI 

URc Urwlomuty Ratio (central desk) 
Eava Av. ags Mumnanos 
OL Obstruction Loss (%) 

Table 7.5a: Illuminance, uniformity, diversity and obstruction loss results for 

group 9A luminaires, empty and light cases. 
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Medium Meev 
Edge Desk Whole Room Centre Desk Ede Desk Whole Room Centre Desk 

URe OL Div OL URo OL URe OL Div OL URo OL 
0.72 12.3% 1.2 4.6% 0.80 11.9% 0.70 13.0% 1.2 6.5% 0.77 14.6% 
0.72 12.9% 1.2 4.3% 0.85 12.5% 0.73 14.5% 1.3 7.0% 0,82 16.8% 
0.75 15.4% 1.2 5.1% 0.82 15.7% 0.71 18.1% 1.3 7.9% 0.78 20.2% 
0.73 13.5% 1.20 4.7% 0.82 13.4% 0.71 15.2% 1.26 7.1 % 0.79 17.2% 
0.75 8.2% 1.1 4.8% 0.78 6.3% 0.75 8.8% 1.2 611% 0.78 7.0% 
0.73 11.1% 2.2 3.8% 0.82 7.5% 0.71 12.3% 1.5 6.6% 0.83 8.6% 
0.77 13.3% 1.2 4.9% 0.78 11.2% 0.74 15.8% 1.2 7.1% 0.76 13.5% 
0.75 10.9% 1.49 4.5% 0.79 8.3% 0.73 12.3% 1.33 8.6% 0.79 9 7% 
0.61 16.4% 1.6 5.0% 0.67 6.2% 0.56 20.5% 1.7 7.4% 0.66 6.3% 
0.63 21.1% 1.8 5.1% 0.60 5.8% 0.56 27.4% 2.0 7.9% 0.59 5.9% 
0.64 20.2% 1.7 5.3% 0.69 10.3% 0.57 26.6% 1.7 8.3% 0.67 11.7% 
0.63 19.2% 1.70 5.1% 0.65 7.4% 0.56 24.8% 1.80 7.9% 0,64 8.0% 
0.36 20.2% 1.5 4.8% 0.46 10.5% 0.36 20.6% 2.3 7.6% 0.35 16.3% 
0.36 22.4% 1.5 5.4% 0.37 9.9% 0.37 22.8% 2.1 8.1% 0.28 17,5% 
0.37 24.1% 1.6 5.0% 0.55 13.2% 0.37 26.0% 2.4 8.5% 0.44 19.9% 
0.36 22.3% 1.53 5.1% 0.46 11.2% 0.37 23.1% 2.26 8.1% 0.36 17.9% 
0.39 16.5% 2.9 3.4% 0.43 15.5% 0.39 16.5% 3.3 4,5% 0.30 27.9% 
0.35 14.7% 2.2 3.5% 0.27 14.8% 0.35 14.7% 2.0 5.0% 0.19 26.1% 
0.41 18.7% 2.4 4.0% 0.41 17.9% 0.41 19.5% 2.7 5.9% 0.26 30.5% 
0.38 16.6% 2.49 3.7% 0.37 16.1% 0.38 16.9% 2.86 5.1% 0.25 28.2% 
0.26 25.1% 5.8 3.1% 0.36 19.2% 0.06 56.6% 8.2 4.4% 0.23 31.5% 
0.27 22.5% 4.0 3.3% 0.18 18.4% 0.03 58.6% 7.2 5.1% 0.18 28.6% 
0.32 24.1% 4.1 3.5% 0.34 20.3% 0.09 58.7% 6.5 5.9% -- 0.20 33.4% 
0.28 23.9% 4,63 3.3% 0.29 19.3% 0.06 57.3% 7.28 5.1% 0.20 31.2% 
0.04 25.1% 9.9 2.9% 0.26 21.4% 0.01 30.5% 26.2 4,6% 0.16 32.0% 
0.04 24.7% 6.3 2.8% 0.15 19.9% 0.01 36.1% 37.0 5.5% 0.18 28.8% 
0.13 25.6% 6.2 3.4% 0.26 22.7% 0.02 37.5% 13.9 6.3% 0.18 34.7% 
0.07 25.1% 7.47 3.0% 0.22 21.3% 0.01 34.7% 25.70 5.5% 0.17 31.8% 
0.45 5.2% 27.6 3.6% 0.23 22.2% 0.45 5.6% 100.0 6.8% 0.12 31.6% 
0.01 11.0% 15.0 3.8% 0.13 20.6% 0.01 12.5% 300.0 7.0% 0.14 28.7% 
0.45 8.2% 8.7 4.0% 0.20 24.3% 0.47 11.3% 43.0 8.0% 0.19 35.4% 
0.30 8.1% 17.10 3.8% 0.19 22.4% 0.31 9.8% 147.67 7.3% 0.15 31.9% 

averse 17.5% average 41% average 14.9% average 24.3% aver e 6.6% average 22.0% 
minimum 5.2% minimum 2.8% miiAmum 5.8% minimum 5 6% minimum 4,4% minimum 5.9% 
maximum 25.6% maximum 5.4% maximum 24.3% maximum 58.6% maximum 8.5% maximum 35.4% 

Table 7.5b: Illuminance, uniformity, diversity and obstruction loss results for 

group 9A luminaires, medium and heavy cases. 
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Lwnkiaiv Omep 98 

Manufacturer SHR Em 

Nbahts 
Philips 

0.75 
0.75 

Ed 
UR" 

00 
0.99 

Desk 
E"v 

188 
760 

Whole 
ON 

- 1 

Room 
E"v 

1050 
40 

"n9s 
URe 

0.99 
0.99 

_ 

D"sk 
Eev 

UO 

-1709 

d "s 
UR" OL 

0.72 
-9.0% 9.00 

-0,016 

Whole Room 
Div OL 

1.1 tem, 
1.1 1.1% 

n "s 
URO OL 

8.00 10.1, b 
tl 

Thorn 0.75 0.99 1420 1.1 1400 1.00 1430 0.73 99% 11 2 1% 0 60 9 11% 
Aver e 099 107 1100 0.71 93% 109 17% 081 95% 
Nbalit" 100 99 929 1.1 931 1.00 939 0.75 9.4% 1.1 1 01b 0,76 &0106 
Philips 1.00 0.98 962 1.1 983 O 99 877 0.77 - --O. 0% 1 

. 
3 0 7.0% 

Thorn 1.00 0.99 790 1.1 992 0.99 791 0.76 9,4% 1,1 16% _ 0.76 0.5% 
Aver e 0.99 1 07 O 99 0.76 9 1% 1 1.10 1 . tim. O 77 7 33% 
Mooring 
Philips 

1.25 
1.25 

0.95 
0.91 

829 
858 

1.2 

...... 
W... 

597 
032 

0.87 
0.98 

562 
578 

000 
0.0 

14 
14.516 

IA 
1.3 

2.57. 
2.216 

0101 
0 05 

GA 
tl 5 

Thorn 1.25 0.94 540 1.3 508 0.96 487 061 14 4% 1.3 28% 0 07 94% 
Aver" s 0.9 1.27 0 97 0.61 14 5% 1 

. 30 24% 008 04% 
Moorfite 
Phlli s 

1.50 
1.50 

0.87 
0.89 

393 
384 

1.6 
1.8 

400 
427 

0.93__ 
0.93 _ 

334 
339 

0,40 
0.44 17 7 1.8 % 36 

1, 
1, 

Thorn 1.50 0.85 326 1.7 344 0.94 279 0.47 175% 17 2.3% 053 11 8% 
Aver e 
Moaht" 1.75 

0.87 
0,70 220 

1.70 

.5 302 
0.93 
0.91 199 

0.46 
0.02 

17.4% 
9.5% 

168 
4 

24% 
1.3% 

048 
0 38 

115% 
3. 

Philips 1.75 0.74 228 2.8 321 0.93 201 0.40 0.3 3 10 0.30 14.4 
Thorn 1.75 0.78 187 2.8 258 0.93 172 0.64 96% 2.13 1,6% 0.40 1413% 
Average 0.76 2 64 0.92 057 9 2% 341 1 9% 0.38 14 2% 
Maahts 2.00 0.75 143 4.1 237 0.09 110 0,45 

-7,7% 
4.2 

- 
1,316 0.34 19 0 

Phil s 2.00 0.72 182 4.6 253 0.92 118 0.40 0. f. e 1.0% 2.1 L 1 S. 7 YO- 
Thorn 
Aver s 

2.00 0.77 
0.75 

125 4.0 
4 31 

201 0.93 
091 

104 0.47 
0.44 

7.2% 
70%6 

4.1 
431 

1.0% 
1.3x1. 

.... . 0315 
030 

151% 
15 3`+l. 

Moalrte 2.25 0.58 142 5.8 191 0.89 71 0A3 5.0% 
.6 1.016 0,30 10.8 

Philip s 2.25 0.50 168 0.4 201 0 , 93 f 0,42 5.4% 6.5 LOS 0.22 17.5% 
Thorn 2.25 0.50 123 5.5 182 0.93 67 0.44 5.7% 55 1 2% 0.30 174% 
Aver. " 0.50 5.90 0.92 043 50% 592 1 1% 0.27 17 2% 
Mooring 2.50 0.53 179 10.0 142 0.92 45 0,48 3.4% 10.0 IAN 2.1L 1810% 
Philips 2.50 0.53 209 10.7 147 0.93 48 0.46 3 3% 10.4 1.4% ... . 0.22 

-13,7S Thorn 2.50 0.53 154 8.74 120 0.94 45 047 3.9% 87 00% 0.29 18.7% 
Aver e 0.53 9 79 0.93 0.46 3.5% 9 07 12% 0.20 16 5% 

"v«" " 9.5% "v« " 1.8% w« " 12,9%- 
Key. mMmum 3.3% rnininwm 0.8 mlrimum 7.0% 
Div DN"rerty Ratio 

nl"1dntum 17.7% mett1111um 2.6 IM111m11m 16.7% 

WHO vnnormiry naao lsags assKI 
URo Urmformity Ratio (central dssk) 
Eava Average Illummanc. 

OL Obstruction Loss (%) 

Table 7.6a: Illuminance, uniformity, diversity and obstruction loss results for 

group 9B luminaires, empty and light cases. 
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Medium Heav 

Edge Desk Whole Room Centre Desk Ede Desk Whole Room Centre Desk 
URS OL Div OL URo OL URe OL Div OL URO OL 
0.74 16.3% 1.2 5.5% 0.80 16.7% 0.70 18.7% 1.2 8.5% 0.70 20.8% 
0.69 16.5% 1.2 4.6% 0.85 15.9% 0.71 18.8% 1.3 8.0% 0.84 21.0% 
0.75 17.6% 1.2 5.7% 0.81 18.8% 0.71 19.7% 1.2 8,6% 0.78 21.7% 
0.73 16.8% 1.20 5.3% 0.82 16.5% 0.71 19.0% 1.23 8.4% 0.79 21.2% 

0.78 14.0% 1.1 5.3% 0.78 12.2% 0,73 18.0% 1.1 7.5% 0.75 14,4% 
0.79 13.7% 1.1 5.3% 0.81 12.1% 0.75 16.2% 115 8.2% 0.80 14.3% 
0.78 14.6% 1.1 5.4% 0.78 13.5% 0.74 17.1% 1.2 8.0% 0.75 16.2% 
0.78 14.1% 1.10 5.3% 0.79 12.6% 0.74 16.4% 1.21 7.9% 0.77 15.0% 

0.61 20.7% 1.6 5.9% 0.67 11.6% 0.56 26.1% 1.5 8.9% 0.65 12.8% 

0.62 21.8% 1.8 5.4% 0.68 11.6% 0.53 28.2% 1,6 8.9% 0.64 13.1% 
0.62 21.1% 1.7 5.9% 0.68 13.1% 0.56 27.0% 1.8 9.3% 0.68 14.8% 
0.62 21.2% 1.68 5.7% 0.67 12.1% 0.55 27.1% 1.80 9.0% 0.65 13.6% 

0.41 23.7% 1.6 5.4% 0.54 14.1% 0.39 25.2% 2.3 8.9% 0,42 21.0% 
0.41 25.3% 1.8 5.4% 0.39 14.7% 0.39 27.1% 2.8 8.7% 0.29 22.4% 
0.40 25.5% 1.7 5.5% 0.55 15.4% 0.38 27.3% 0.4 9.0% 0.43 22.2% 
0.41 24.8% 1.69 5.4% 0.49 14.7% 0.39 26.5% 1.77 8.8% 0.38 21.9% 
0.43 19.1% 2.5 4.3% 0.41 19.1% 0.21 81.3% 9.1 58.6% 0.15 89.2% 

0.41 18.4% 2.8 4.0% 0.31 18.9% 0.39 19.3% 2.8 6.2% 0.20 30.3% 

0.44 20.3% 2.6 4.7% 0.42 20.3% 0.43 21.4% 3.0 7.0% 0.28 33.1% 
0.43 19.3% 2.63 4.3% 0.38 19.4% 0.34 40.7% 4.95 23.9% 0.21 50.9% 

0.38 24.5% 4.5 3.8% 0.36 21.6% 0.20 52.7% 6.4 6.3% 0.23 34.7% 
0.33 23.5% 4.8 4.0% 0.22 20.9% 0.15 53.5% 8.1 6.7% 0.21 31.9% 
0.39 24.6% 4.3 4.0% 0.37 21.8% 0.20 52.7% 6.4 7.0% 0.24 35.4% 
0.37 24.2% 4.53 3.9% 0.32 21.4% 0.18 53.0% 6.97 6.7% 0.23 34.0% 
0.18 26.1% 5.9 3.7% 0.28 24.0% 0.10 36.1% 10.5 6.8% 0.22 36.4% 

0.11 25.9% 6.5 3.5% 0.22 23.5% 0.06 36.7% 12.6 7.0% 0.21 34.5% 
0.19 25.9% 5.5 3.7% 0.30 24.5% 0.10 36.4% 10.2 7.4% 0.23 37.6% 
0.16 25.9% 5.97 3.6% 0.27 24.0% 0.09 36.4% 11.10 7.1% 0.22 38.1% 

0.46 8.9% 10.0 4.9% 0.25 25.4% 0.47 11.7% 20.2 9.2% 0.23 37.2% 
0.03 13.4% 10.7 4.8% 0.22 25.2% 0.03 16.7% 24.2 8.8% 0.22 35.8% 
0.45 9.1 % 8.7 5.0% 0.26 26.3% 0.46 12.3% 19.2 9.2% 0.24 38.5% 
0.31 10.5% 9.78 4.9% 0.24 25.6% 0.32 13.6% 21 20 9.1% 0.23 37.2% 

average 19.6% average 4.8% averse 18.3% averse 29.1% ever e 10.1 % averse 28.7% 

minimum 8.9% minimum 3.5% minimum 11.6% minimum 11.7% minimum 6.2% minimum 12.8% 
maximum 26.1% maximum 5.9% maximum 26.3% maximum . 81.3% maximum 58.0% maximum 89.2% 

Table 7.6b: Illuminance, uniformity, diversity and obstruction loss results for 

group 9B luminaires, medium and heavy cases. 

DECEMBER 1995 
`' 

- 



THE INFLUENCE OF SHR ON ILLUMINANCE CONDff1ONS IN OBSTRUCTED INTERIORS 190 

Lum. n Micro SHR InvM9p. run 
LUTIMNI Group 10 

Manufacturer SHR EmDtv Licht 
Ed Desk Whole Room I Contra wk Edam Desk Whole s URe Env* Div Eave URe Eave URe OL Dow OL URe OL 

Moorkita 
Philips 

0.75 
0.70 

0.98 
0.90 

097 
1840 

1.0 
141 

707 
1730 

0.98 
0.95 

15 
1800 

0,70 
0.08 8 

1.1 I'll% 
0 

81 
69 

Thorn 0.75 0.97 1580 1.0 1530 0.97 1550 0.75 4 4% 11 1.3% 0.84 4 9% 
Average 
Moorfite 1.00 

0,97 

0.99 393 
1,05 

1.1 398 
0,97 
0.97 390 

0,73 

86 
40% 

8 

1.10 

1 
110% 087 

70 
3.9% 
2.314 

Philips 1.00 0.95 905 1.2 975 0.95 974 . 83 4.0% 1. 0.7% 0.70 Z 
Thorn 1.00 0.93 754 1.4 869 0,91 901 0 60 4.13% 14 0,9% 0.73 2.9% 
Aver e 0.96 1.20 0,94 0 83 30% 1.22 09% 0.79 2 44h 
Moorhts 1.25 0.86 278 1.7 256 0.88 190 0.59 6. O% ,4 --11074 

2! i ß0 
Philips 1.25 0.83 872 1.5 625 0.68 506 p 04 IQ. 0% 1,5 1.416 _ _. 060 0.3% 
Thorn 1.25 0.92 605 1.3 550 0,94 532 0.67 11.7% 1,3 1,8% 0.60 5,6% 
Aver e 0.87 1.52 0,90 0 63 10,3% 1 07 1 6% 0 62 ß 
Moorfite 
Philp s 

1.50 
1450 

0.07 
0.77 

138 
295 

3.4 
2.2 

173 
424 

0.76 
0.88 

82 
200 

0.24 
0.30 

16.1 
17.2% ,4 1. 

1 
0,43 
0.30 ... 

L!. 

Thorn 1,50 0.80 345 1.7 380 0.96 287 0,33 17.1% 1.7 1.6% 0.50 9,4% 
Averse 0.74 2.42 0 57 0,29 17,5% 243 1.7% 0,41 08% 
Moorlite 
Philips 

1.75 
1.75 

0.34 
0.54 

48 
179 

12.5 
4,8 

128 
316 

0.05 
0.90 

B 
135 

0.33 
0.33 

% 
3 

0.7 
4.0 00 0.22 

A 79.01 

1 .0 Thorn 1.75 0.63 175 3,7 281 0.92 136 047 8,0% 3,7 0,7% 0.37 1213% 
Averse 0,50 8 90 0 82 0 36 84% sag 07% 0 29 111 9% 
Moorkita 2.00 0.37 28 46.9 111 0.54 8 014 4,3% 5. 0.0 015 113 
Philips 2.00 0.49 147 9.0 263 0.92 87 0.22 4,1% 9.6 0.4% 15 ". 0% 
Thorn 2.00 0.81 134 9.2 231 0.84 55 027 5.2% 17,2 0.4% 029 141% 
Average 0.49 21.70 0.77 0,21 40% 117,50 0,3% 0,20 13-J% 
Moorfite 2.25 0.23 44 113.0 65 0.49 2 010 0.13 73.0 0,4% 0.14 12.4% 
Philips 2.25 0.45 170 18.2 204 0.69 30 0.36 

-2,41% 
18. 

--0,5% 
0.14 15.6 

Thorn 2.25 0,49 147 21.3 181 0.74 19 040 2,0% 21,3 0,6% 0,20 14,7% 
Averse 0.39 50.85 0.71 0.32 1,6% 37 50 0,5% 0.16 143% 
Moorlote 2.50 0.30 85 475.0 57 0.69 1 0.30 % 0.0 100.0 

. 
0.4% 010 15. 

Philp 2.50 0.50 234 53.9 140 0.85 11 0.50 0.0% 26. 0.7% 012 14.9 
Thorn 2.50 0.53 197 94 81 128 0.66 6 0 52 0,5% 69,3 0.8% 0,15 15,2W. 
Averse 0.44 207.92 0.73 0 44 0,2% 65 38 0,6% 0.14 15.1% 

averse 6.3% s«e e 09% sws e 9.4% 
Ksv: minimum 0.0 minimum 0,0 "21-m 

- 
2.2% 

ON Diversity Ratio m. durum lei memum 18% mewlrreem 1-36% 
UKe Vnnonrnry nano tauge anti 
URe Uniformity Ratio (central desk) 

Eavs Average Illuminance 

OL Obstruction Loss 1%) 

Table 7.7a: Illuminance, uniformity, diversity and obstruction loss results for 

group 10 luminaires, empty and light cases. 
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Medium H*Ovv 
Edge Desk Whole Room Centre Desk Ede Desk Whole Room Centre Desk 

OR. OL Div OL URa OL UR* OL Div OL URo OL 
0.76 7.9% 1.2 4.0% 0.86 5.3% 0.83 7,9% 1.2 5.5% 0.85 0.0% 
0.68 9.8% 1.2 3.5% 0.86 9.7% 0.69 10.3% 1,4 5.8% 0.86 12.9% 
0.76 10.1% 1.2 3.9% 0.85 9.7% 0.75 10.8% 1.3 5.9% 0.83 12.9% 
0.73 9.3% 1.20 3.8% 0.86 8.2% 0.76 9.7% 1.27 5.7% 0.85 10.6% 
0.88 3.3% 1.1 4.0% 0.77 2.6% 0.86 3.3% 1.7 5.5% 0,76 2.8% 
0.85 6.0% 1.2 4.3% 0.78 4.4% 0,84 6.3% 1.2 0.5% 0.78 4.8% 
0.81 6.9% 1.4 4.1% 0.75 4.8% 0.80 7.4% 1.4 5.5% 0.74 6.2% 
0.84 5.4% 1.22 4.2% 0.77 3.9% 0.83 5.7% 1,40 5.8% 0.16 4.3% 
0.59 9.4% 2.5 3.9% 0.61 5.6% 0.58 10.1% 2.2 5.9% 0,61 5.6% 
0.84 15.5% 1.5 3.8% 0.60 5.5% 0.58 19.9% 1.7 6.4% 0.60 5.7% 
0.68 15.7% 1.8 4.5% 0.67 5.8% 0.62 19.5% 1.8 6.9% 0.67 5.8% 
0.64 13.5% 1.94 4.1% 0.63 5.7% 0.59 16.5% 1.91 6.4% 0.83 5.7% 
0.23 19.6% 3.4 3.5% 0.44 8.9% 0.23 19.6% 4.5 5.2% 0.36 16.2% 
0.32 23.3% 2.2 3.5% 0.31 10.4% 0.31 23.6% 3.5 5.7% 0.23 17.7% 
0.30 21.7% 1.7 3.7% 0.51 10.5% 0.29 22.0% 2.7 6.3% 0.42 16.7% 
0.28 21.5% 2.44 3.6% 0.42 9.9% 0.28 21.7% 3.56 5.7% 0.34 16.9% 
0.21 14.7% 12.5 2.3% 0.32 14.4% 0.21 14.7% 6.4 2.3% 0.15 24,6% 
0.31 15.6% 3.8 2,2% 0.23 15.6% 0.30 16.2% 4.5 3.1% 0.10 25.9% 
0.33 18.3% 3.7 2.5% 0.38 15.4% 0.33 18,3% 3.4 3.2% 0.20 27.5% 
0.28 16.2% 6.66 2.3% 0.31 15.1% 0.28 16.4% 4.79 2.9% 0.17 26.0% 
0.06 29.3% 16.7 1.8% 0.18 16.7% 0.01 55.4% 64.7 2.7% 0,08 25.5% 
0.15 22.4% 9.8 2.3% 0.15 18.3% 0.01 57.1% 17.7 3.8% 0.16 27.8% 
0.15 26.0% 10.6 2.6% 0.30 18.1% 0.01 58.6% 15.7 3.9% 0.11 29.3% 
0.12 25.9% 12.38 2.2% 0.21 17.7% 0.01 57.1% 33.03 3.5% 0.12 27.5% 
0.01 28.6% 113.0 1.9% 0.17 18.0% 0.01 29.7% 300.0 3.2% 0.09 26.7% 
0.02 25.3% 18.2 2.5% 0.14 19.7% 0.01 31.2% 95.3 4.9% 0.15 28.1% 
0.03 25.9% 21.3 2.8% 0.23 19.5% 0.01 31.3% 174. 5.0% 0.10 28.4% 
0.02 26.6% 50.85 2.4% 0.18 19.0% 0.01 30.7% 189.75 4.3% 0.11 27.8% 
0.32 5 6% 100.0 3.2% 0.19 20.8% 0.32 5.6% 600.0 6.4% 0.12 29.5% 
0.01 10.7% 50.7 4.3% 0.12 19.7% 0.01 10.7% 297.0 7.1% 0.13 27.5% 
0.47 5.1% 89.0 4.0% 0.15 20.0% 0.47 5.6% 300.0 7.1% 0.10 28.3% 
0.27 7.1% 79.90 3.8% 0.15 20.2% 0.27 7.3% 398 99 6.9% 0.12 28.4% 

leverage 15.7% averse 3.3% averse 12.5% averse 20.6% average 5.2% average 18.4% 

minimum 3.3% minimum 1.8% minimum 2.6% minimum 3.3% minimum 2.3% minimum 2.8% 
maximum 29.3% maximum 4.5% maximum 20.8% maximum 58.6% maximum 7.1 % maximum 29.5% 

Table 7.7b: Illuminance, uniformity, diversity and obstruction loss results for 

group 10 luminaires, medium and heavy cases. 
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7.5.1 Variation of task area uniformity with SHR 
Tables 7.8 and 7.9 show the spacing at which task uniformity fell 

below the 0.7 acceptance level for each of the luminaires. Table 7.8 shows 
the results for the edge desk and table 7.9, the results for the central desk. 
Figures 7.4,7.5 and 7.6 are a graphical representation of the UR/SHR 

relationship for three photometrically different luminaires (CIBSE classes 1,4 

and 10) for the edge desk. Figures 7.7,7.8 and 7.9 present the equivalent 

results for the centre desk. For both task locations it can be seen that the 

uniformity ratio (UR) decreases as SHR increases. Although the spacing was 
the primary influence on uniformity, the presence of furniture was also very 

significant. The density of the furniture however, has a much smaller 
influence. For the empty case, the unifc"mity requirements are comfortably 

satisfied within the constraints of the maximum permitted spacings for the 

luminaires concerned, for both task locations. The edge desk shows 

considerably lower uniformity than the central desk for a given SHR (only 

group 10 comes close to failure on the central desk - see figure 7.6) and this 

was due to the symmetrical layout of luminaires around the central desk. 

The importance of the task location becomes negligible once an amount of 
furniture is introduced into the space. The variation in uniformity was small 
for each of the different furniture cases, but the difference between the 

furnished cases and the empty cases was substantial and this was the case 
for all luminaire types and task locations, as can be seen from figures 7.4 to 
7.7. 
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Luminaire SHRmax SHR at 0.7 Uniformity 

Empty Ltpht Medium Heavy 

Class 1 2.50 >2.50 1.75 / / 
Class 4 1.95 2.20 1.75 1.13 1.05 
Class 8 1.87 2.15 1.08 1.10 1.00 
Class 9A 1.77 2.10 1.08 1.10 1.04 

Class 9B 1.74 2.12 1.11 1.13 1.09 
Class 10 1.07 1.54 1.07 1.15 1.10 

Table 7.8: Uniformity Ratios for Edge Desk 

Luminaire SHRmax SHR at 0.7 Uniformity 

Empty Light Medium Heavy 

Class 1 2.50 >2.50 1.00 1.10 / 
Class 4 1.95 >2.50 1.20 1.11 1.10 
Class 8 1.87 >2.50 1.12 1.13 1.12 
Class 9A 1.77 >2.50 1.12 1.13 1.13 
Class 9B 1.74 >2.50 1.13 1.14 1.13 
Class 10 1.07 >2.50 1.10 1.13 1.12 

Table 7.9: Uniformity Ratios for Central Desk 
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The relationship between the position of the luminaire and the task 

was also influential in the resultant variation in uniformity. This can be seen 

from the results for the edge desk (figures 7.4,7.5 and 7.6). For the first four 

steps of SHR the illuminance on the task was mostly made up from 

contributions from either a symmetrical array of luminaires or luminaires 

directly overhead and the UR/SHR relationship here is similar to that of the 

central task. At SHR 1.75, the illuminance on the task was a contribution 

from four luminaires, but the two luminaires on the partition side were slightly 

more influential. This explains the sharp rise in UR for the light case, as once 
the partition was introduced a substantial amount of the direct illuminance 

was blocked. This effect was more obvious for the broadspread luminaires. 

From SHR 2.00 onwards, the major illuminance contribution was from one 

luminaire located on the filing cabinet side of the task, moving closer to the 

task as SHR increases. This explains the increase in uniformity and also the 

reason for the apparently small difference between the medium and heavy 

cases. 

The photometric characteristics of the luminaire (and hence the 

CIBSE classification group) are implicitly linked to the uniformity, but this 

relationship seemed to hold mainly for the empty and light furniture cases, 

for some of the broadspread luminaires only. This suggests that the 

presence of furnishing was a more important influence on the uniformity 

than the type of luminaire used. One possible explanation for this similarity in 

behaviour of photometrically different luminaires was the exclusion of the 

inter-reflected component, as this would, to some extent, make all the 

luminaires behave similarly once furnishings are introduced to the space. 

Evidence to support this can be gleaned from the characteristic shape of all 
the uniformity curves. Looking at the UR/SHR curves for two photometrically 

different luminaires, a class 4 (figures 7.5 and 7.8) diffusing luminaire and a 

class 10 VDT luminaire (figures 7.6 and 7.9), reveals the following information. 

For the class 10 luminaire, the majority of light is distributed directly 
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Figure 7.4: Edge desk UR/SHR relationship for class 1 luminaire 
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Figure 7.5: Edge desk UR/SHR relationship for class 4 luminaire 
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Figure 7.6: Edge desk UR/SHR rela; 'onship for class 10 luminaire 
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Fig ure 7.7: Central desk UR/SHR relationship for class 1 luminaire 

TFE MUENCE OF ROOM CONTENTS ON HORIZONTAL LLUMWANCE 
CONDITIONS N ELECTRICALLY Uf COMMERCIAL WER10RS 



THE INFLUENCE OF SHR ON ILLUMINANCE CONDITIONS IN OBSTRUCTED INTERIORS 197 

ý. o 
empty 

0.9- 

0 0.8 
E 

0.7 . .:.. . 

y. 

..:... .:.......... 

0.6 

0.5 NI 

0 4- medium 
. 

0.3- - light 

0.2 heavy 

0.1 MLN A T 

UI 
Ü0Ü ÜU Ö 

spacing -to-mountnp-height ratio 

Key: 
N- CIBSE SHRnom 
A- CIBSE SHRmax axial 
T- CIBSE SHRmax fransversve 
L- Uverpool SHRobs light case 
M- Uverpool SHRobs medium case 

Figure 7.8: Central desk UR/SHR relationship for class 4 luminaire 

1.0- 
0.9- 

x 
0.8 

empty 
0.7. ..... ý.. .............. 

E 
o 0.6- 

0.4 

0.3 

0.2 medum 

MNL AT - 
,' Gght 

0.1 heavy 

op Np NN 

(! + O UUi 
Ö 

UUi O Ui 
8 

spacing-to-mounting-height ratio 

Key: 
N- CIBSE SHRnom 
A- CIBSE SHRmax adal 
T- CIBSE SHRmax transverse 
L- Liverpool SH Robs light case 
M- Liverpool SHRobs medium case 

Figure 7.9: Central desk UR/SHR relationship for class 10 luminaire 
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downwards and hence received without inter-reflection, the UR started high 

(around 0.8) and decreased rapidly with increasing SHR to a low point of 

0.02, as expected. The class 4 luminaire, however, where a quantity of light 

would be likely to be received via inter-reflection, the UR started around the 

0.7 mark and decreased with SHR, but to a lesser extent than degree of the 

class 10 luminaire (only as far as 0.25). This seems to indicate that for 

broadspread luminaires, Mth a large component of light likely to be 

distributed via inter-reflection, UR is significantly underestimated around the 

lower SHR values. 

For most of the luminaires, the UR had fallen below the CIBSE limiting 

value, close to, but usually before the SHR�om and SHRobs limits. However, 

bearing in mind that we are only considering direct light and that uniformity 

will, therefore, be underestimated, it is reasonable to assume that if indirect 

illuminance were included, SHRnam and SHRobs would satisfy the uniformity 

requirements. 

7.5.2 Variation of core area diversity with SHR 

The diversity increased directly with SHR, but VFR and luminaire type 

were also influential. The increase in diversity with VFR was greater for 

broadspread (classes 1 and 4) luminaires, falling to an almost negligible 

amount for luminaires with a high downward component (classes 9A and 10 

for example). The rate of increase of diversity with SHR can also be linked to 

luminaire type, although with an opposite trend to the previous relationship. 

Luminaires with a high downward component exhibited a much more rapid 

rise in diversity with SHR than broadspread luminaires. Table 7.10 shows the 

actual point of failure of each of the luminaire types and figures 7.10,7.11 

and 7.12, show SHR diversity characteristic curves for classes 1,4 and 10 

luminaires, respectively. 
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From these graphs it can be seen that, only when using broadspread 

luminaires (classes I and 4) under heavily obstructed conditions, must the 

designer take care to ensure diversity conditions are satisfactory. In all other 

cases, as long as SHRmax is not exceeded, the diversity does not fall below 

the recommended limits. 

7.5.3 Variation of obstruction light loss with SHR 

The illuminance over the core area and each task area, was 

calculated as an area-weighted arithmetic average of the illuminance at 

each of the relevant grid points. The results in chapters 4 and 5, and those 

found by previous researchers", have investigated the reduction in the 

average working plane illuminance that is likely to occur with the 

introduction of furnishings into a previously empty space. For each luminaire 

spacing arrangement, the three aforementioned average illuminance 

values were used to calculate the obstruction loss (OL) for the three different 

furniture cases. For the task and each core area, the OL is calculated as the 

percentage reduction in average illuminance in the furnished case, 

compared with the empty case. The three different areas (two tasks and 

t1. e core area) are considered individually. 
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Luminaire SHRmax SHR at 5: 1 Diversity Ratio 

Empty Light Medium Heavy 

Class 1 2.50 >2.50 >2.50 >2.50 2.38 

Class 4 1.95 2.38 2.38 2.38 2.05 

Class 8 1.87 2.27 2.27 2.25 1.90 

Class 9A 1.77 2.05 2.05 2.05 1.88 

Class 9B 1.74 2.11 2.10 2.07 1.75 

Class 10 1.07 1.60 1.70 1.60 1.75 

Table 1-10 ., Value of SHR for diversity of 5: 1 
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Figure 7.10: Variation of diversity with SHR for class 1 luminaire 

THE NFl. UENCE OF ROOM CONTENTS ON HORIZONTAL ILLUMINANCE 
CONDITJONS IN ELECTRICALLY LIT COMMERCIAL MERIORS 

ONUN (J NU 
ÜHtONHO 

spacing-to-mounting-h. Ight ratio 



THE INFLUENCE OF SHR ON ILLUMINANCE CONDMONS H OBSTRUCTED INTERIORS 201 

Cc 

K 
0 E 

V 

C 

SN 

i 

10 

9 

O7 E 
06 
v 
g 

4 v 

3 

2 

1 

Key: 
N -CIBSESHRnom 
A- CIBSE SHRmax axial 
T- CIBSE SHRmax transverse 
L- Liverpool SHRobs right case 
M- Liverpool SHRobs medium case 

%IJ 
,. 

8Ü iý Ü0 
Cýii O C 

spacing-to-mountng-height ratio 

Figure 7.12: Variation of diversity with class 10 luminaire 

heavy 

empty 
light 

1 m*dkim 

Key: 
N- CIBSE SHRnom 
A- CIBSE SHRmax axial 
T- CIBSE SHRmax transverse 
L- Liverpool SH Robs ßght case 
M- Liverpool SHRobs medium case 

1 MLN AT 

O Nb NN 

((J 0Ü0ÜOÜ 

spacing-to-mountng-height ratio 

Figure 7.11: Variation of diversity with SHR for class 4 luminaire 

10 

9 

8 

7 

6 

" 5 

4 

3 

2 

DECEMBER 1995 



THE INFLUENCE OF SHR ON ILLUMINANCE CONDITIONS NJ OBSTRUCTED INTERIORS 202 

7.5.3.1 Whole room 

The average magnitude of OL values, across the range of SHR's, are 

given in table 7.11, and examples of the variation characteristics for the 

class 1,4 and 10 luminaires are shown in figures 7.13,7.14 and 7.15. For all 

the luminaire types, the variation of OL over the core area was almost 

constant for increasing values of SHR. In all the cases the primary factor was 

the VFR of the installed furniture. Also notable was the influence of luminaire 

type on OL (see table 7.11). The average value of OL across the range of 

SHR's reinforced the results found in chapter 5. Luminaires with a high SHRmax 

exhibit, in general, a larger OL than those with a lower SHRmax. 

7.5.3.2 Individual tasks 

The average illuminance on the actual tasks (0.25m2 grid on desks) at 

the two positions, exhibits slightly different OL characteristics compared to 

the whole room. OL was calculated on the same basis as earlier (i. e. 

percentage reduction in average illuminance between the empty and 

furnished cases), but this time the average illuminance was calculated over 

the task area alone. The OL/SHR variation for class 1 and class 10 luminaires 

over edge and centre tasks are shown in figures 7.16,7.17,7.18 and 7.19. In 

both cases the magnitude of the OL were significantly higher. The general 

trend of the magnitude of OL was the same as for the case of the whole 

room, i. e. luminaires with a higher SHRmc. exhibit a general larger OL than 

those with a lower SHRm0x. 
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Luminaire Class SHRmax Average OL across the range of SHR's (%) 

Light Medium Heavy 

Class 1 2.50 3.3 7.9 12.6 

Class 4 1.95 2.3 6.0 9.7 

Class 8 1.87 2.2 5.9 9.4 

Class 9A 1.77 1.3 4.1 6.6 

Class 9B 1.74 1.6 4.8 10.1 

Class 10 1.07 0.9 3.3 5.2 

Table 7.11: Average OL variation for SHR's in the range of 0.75 to 2.50 
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Figure 7.13: Variation of OL over core area with SHR for class 1 luminaire. 
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Figure 7.14: Variation of OL over core crea with SHR for class 4 luminaire. 
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Figure 7.15: Variation of OL over core area with SHR for class 10 luminaire. 
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7.5.3.2.1 Edge desk 

Again VFR and luminaire type were the major influence on the 

magnitude of obstruction loss, but in the case of the edge desk, a large 

variation with SHR was evident. Typical examples of the variation for class 1 

bare batten luminaires and class 10 VDT luminaires are shown in figures 7.16 

and 7.17. From these graphs it can be seen that there is no easily 

identifiable trend. In all obstruction and luminaire cases the characteristic 

curves were similar for SHR 0.75 to approximately 1.75, at which point the 

heavy case then increased, peaked and decreased. The medium case 

exhibited the same behaviour to a lesser extent, but the light case 

continued to decrease through all values of SHR to a minimum at 2.50. 

For the edge task location, the variations in OL can be linked to some 

extent with the geometrical relationship between task and luminaire 

position. The sharp peak, for instance, in the heavy obstruction case at SHR 

2.00 (evident for all luminaire types) was due to the fact that, for this 

situation, the edge task was furthest away from any single luminaire. So the 

contribution, that was blocked by the partition, was substantial and caused 

a high reduction in the illuminance. 

7.5.3.2.2 Central desk 

For the case of the central desk, as for the edge desk, VFR and 

luminaire type were the primary influences (see figures 7.18 and 7.19), but 

the variation had a definite trend. For the lower SHR values, the OL was 

around the middle of its two extreme values, it then decreased for one to 

two steps of SHR to a minimum value and finally increased for the remaining 

SHR values to a maximum value. The magnitude of the OL was once again 

greater for broadspread luminaires and the difference in the influence of 

the three different furniture densities was greatest for this type of luminaire. 
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Figure 7.16: Variation of OL over edge desk with SHR for class 1 luminaire. 
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Figure 7.17: Variation of OL over edge desk with SHR for class 10 luminaire. 
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Figure 7.18: Variation of OL over central desk with SHR for class I luminaire. 
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Figure 7.19: Variation of OL over central desk with SHR for class 10 luminaire. 
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The similarity in the shape of the OL characteristic curves for all the 

different luminaire types indicates that even for the task areas, SHR had little 

or no influence on the magnitude of OL. The curves show no distinctive 

trends around the values of SHRnom, SHRmax or SHRobs and therefore, none 

can be said to perform better than the other. 

7.6 Discussion 

The inclusion of the uniformity criteria in all the relevant Codes of 
Practice reinforces its importance as a parameter that must be considered 

in the design process. The results of this investigation emphasized the 

inadequacies in the use of the current technique of SHRmax as a guide to the 

relationship between the proposed luminaire spacing and the uniformity 
that is likely to be achieved in a furnished room. 

Although this was only a single study for a limited range of interiors, 

the results indicated that luminaire spacings close to SHRm0x, in obstructed 
interiors, were likely to result in task illuminance uniformity which could be 

considered inadequate. The concept of SHRobs has been developed 

explicitly for use in obstructed interiors and Bougdoh8 has proposed the use 

of SHRobs, by designers, in two ways: either to indicate the design SHR at 

which acceptable task uniformity will be obtained, or to give warning of the 

need for local lighting. The results of the investigation detailed in this 

chapter, also add to the evidence that the use of obstructed, rather than 

conventional, SHR values are likely to achieve consistently better uniformity 

criteria. Unfortunately, the technique of SHRob: has, to date, proven difficult 

to implement on a large scale. 

All the evidence presented in this chapter indicated the need for a 

modification to the current legislation detailing SHRmax as a technique for 

determining luminaire spacing. One solution could be the inclusion of the 

obstructed spacing-to-mounting-height technique in CIBSE Technical 

Memorandum No. 5, although, some further research is recommended into 

THE INFLUENCE OF ROOM CONTENTS ON HORIZONTAL LLUMNANCE 
CONDITIONS IN ELECTRICALLY LIT COMMERCIAL R4ERIORS 



THE INFLUENCE OF SHR ON ILLUMINANCE CONDITIONS N OBSTRUCTED NTERIORS 209 

the importance of the inter-reflected component. If the inclusion of indirect 

light is shown to be advantageous, then modern programming techniques 

and computing equipment are adequate for the task of performing the 

calculation. 

From the results of this investigation some general recommendations 

can be made to assist the designer in the positioning of luminaires using 

information readily available. For the majority of the luminaires used in this 

investigation the uniformity ratio had fallen below the threshold, around the 

nominal value. It has already been established that the uniformity found 

using direct light only, tends to under-estimate uniformity. Therefore, it 

seems plausible to deduce that the use of spacings of SHRnom will give 

adequate uniformity. In cases where extreme variations in illuminance may 

occur, for instance, when high partitions are used, one step below SHRnom 

will be necessary to satisfy the required uniformity criteria. 

Another important point that can be drawn from the results of this 

simulation is the association between luminaire position and the reduction in 

the illuminance over task area, due to the introduction of furniture. This 

geometrical relationship implies that, in an installation where luminaires are 

installed at a wide SHR and light is being delivered to the task area at very 

flat angles, care must be taken in the positioning of large obstructions 

relative to the luminaires. In this case, it is recommended that luminaires are 

located directly over the task wherever possible. 

The results for obstruction loss (OL) illustrated that the installed 

spacing-to-mounting-height ratio of the luminaires had little influence on the 

magnitude of the OL. The important variables were the density of furniture 

contained in the space and the luminaire type. The magnitude and trends 

of the results were in good agreement with results detailed in chapters 4 

and 5. The difference in magnitude between the OL on the task areas and 

over the core area can be attributed to the large influence of the 
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geometrical relationship between the small task area and luminaires. One 

could also argue that the OL over the task is not the most important 

quantity, as it likely to be above the minimum required standard, as long as 

the overall effect of light losses have been compensated for using the 

design method detailed in previous chapter. However, the results are 

noteworthy, as they indicate that in the worst cases, task lighting may be 

necessary to compensate for light losses in the order of 40%. The magnitude 

of the OL would be likely to reduce, if the indirect component were 
included in the calculation, as an amount of light would be reflected off 

obstructions onto the task area. This is an area which requires further 

investigation. 

The diversity of illuminance over the core area was below the 

required limit for most spacings up to SHRR, ax and for most furniture 

conditions. Problems may arise, however, in installations where a 

combination of narrow distribution luminaires, spaced near to SHRmax and 
heavy furniture conditions occur. 

7.7 Design guidance 
The primary relationships and their respective characteristic 

behaviours that can be derived from this investigation are: 

In an empty room, the luminaire spacing is the primary variable affecting 
task uniformity. 

. The presence of even a low density of furnishing can have a serious 
detrimental effect on task uniformity. 

. The luminaire spacing does not affect the obstruction loss within the limits 

of this investigation. 

The diversity increases as the luminaire spacing increases. 

" Luminaires with a large downward component (e. g. groups 9A and 10) 

tend to be affected less by the presence of furnishings than broadspread 

luminaires 
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From these conclusions and the results of the Investigation, the 

following 'rules-of-thumb' regarding the determination of luminairo spacings 

for installation in furnished interiors are put forward. 

If SHRob: data is available and furniture conditions are known, then the 

relevant SHRob: value should be used as the design maximum SHR. 

. If SHRobs data is available and furniture conditions are unknown, then the 

medium case SHRobs value should be used as the design maximum SHR. 

. If SHRob: data is not available and furniture conditions are unknown, then 

the CIBSE Nominal SHR value should be used as the design maximum 
SHR. 

. If SHRobs data is not available and furniture conditions are unknown, but 

expected to be high (e. g. lots of partitions, high shelving units, etc. ), then 

luminaire spacings one step below the CIBSE Nominal SHR value should 
be used as the design maximum SHR. 

" If a combination of broadspread luminaires and a high density of 

furnishing is expected, then one step below the CIBSE Maximum SHR 

value should achieve the required diversity standards. 
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Chapter 8 

Conclusions and recommendations 

The work detailed in this thesis brings together a large body of new 

and existing knowledge pertaining to the artificial lighting of furnished 

spaces. The current concern for realism in lighting calculations and the 

acknowledgment of problems related to the presence of obstructions 

within the interior lighting Codes of Practice (albeit descriptive rather 

than prescriptive) are just two of the areas that highlight the importance 

of acknowledging obstruction effects in the lighting design process. 

Based upon the foundation of research undertaken over the past ten 

years, this work attempts to bring to a conclusion the development of a 

technique applicable to the design of artificial lighting installations in 

furnished spaces. 

The review of published literature revealed that three areas of 

development needed to be addressed. The first of these three areas - 
the development of appropriate calculation methods - has been 

covered by the research described in this thesis. The two remaining 

areas are beyond the scope of a single research project, but it is hoped 

that this document contains information that can be used as an aid to 

their investigation. The two unaddressed areas are, the extension of the 
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research to categories of interior other than commercial offices and the 
inclusion of numerical guidance into Codes and Standards. 

Previous work concluded that there was scope for a more 
detailed investigation of the effect of design parameters on obstruction 
light loss. The effect of room index was wholly undetermined and the 

effect of luminaire type was limited to a range of six luminaires. The 

current research used the most up-to-date classification of luminaire 

photometric characteristics available to select some 64 examples of 
luminaires, those being most representative of modern lighting practice 
in commercial interiors. The effect of room index on light loss was 
investigated for each of these luminaires and found to be important for a 
distinct type of luminaire only. 

Light loss data, suitable for adaptation into a design method, was 

generated for each of the aforementioned luminaires over a range of 

room indices and furniture densities. The ranges of these two variables 

were selected on the basis of an investigation into the typical scope 
likely to be encountered in the design of lighting schemes for modern 

commercial interiors. This investigation included a series of twenty-four 

photometric surveys of full scale installations. The design data was 

generated using an improved version of a computer program 
developed at the University of Liverpool. This program had a proven 
track record in the simulation of lighting conditions in furnished spaces 

and was adapted in order to be suitable for the generation of large 

quantities of results. 

This work has achieved the goal of developing a modification to 

the lumen method of lighting design, capable of compensating for 

obstruction light loss. The modification enables the designer to predict 

the likely magnitude of obstruction light loss based on a knowledge of 
the luminaire maximum spacing-to-mounting-height ratio (SHR), room 

'` 
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index (both of which are readily available) and the expected density of 

furnishings. Examples of the range of furniture density encountered in 

modern commercial interiors was put forward based upon a number of 

surveys carried out in working offices. A default value of furniture density 

was also proposed. The design method was field tested on a limited 

scale by two major lighting companies - Moorlite Electrical Limited and 

Thorn Lighting Limited. Both appeared to find the method acceptable 

and suitable for use as a design tool. 

By its nature, the problem of obstruction light loss and the 

proposed compensatory modification to the lumen method has some 

associated commercial implications. The method involves the 

specification of an increased number of luminaires, which usually means 

higher initial and operating costs. However, this increase in cost also 

corresponds to an increase in quality compared to an installation 

designed using the conventional "empty room" assumption, an 

assumption that may lead to a lower than predicted average working 

plane illuminance and areas of local shadow. The only solution to the 

removal of the commercial implications, is the inclusion of the 

obstruction factor in interior lighting Codes and Standards. Once this 

information is in the public domain, it is likely to become the de facto 

standard and thus no commercial disadvantage will accrue. 

In addition to the relationship between furniture density and light 

loss, the influence of furniture density and luminaire spacing on uniformity 

of illuminance was investigated. The effectiveness of the use of the 

obstructed SHR in achieving a specified level of uniformity in simulated 

interiors was compared with the use of conventional SHR values. It was 

demonstrated that the use of maximum SHR may result in measures of 

uniformity considerably lower than the minimum recommended in 

current Codes of Practice. Uniformity of illuminance has been linked to 

user satisfaction and performance and its inclusion in Codes of Practice 
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further emphasizes its importance as a design criterion. The results of this 

investigation were used to devise a series of "rules-of-thumb", intended 
to fill the gap in published design standards relating to the spacing of 
luminaires in obstructed spaces. 

The design tools and guidance detailed in this thesis provide a 

solution to the problem of light loss in commercial interiors attributable to 

furnishings. It is hoped that the tools and guidance will provide the basis 

through which current Codes of Practice and Standards can be revised. 
The need for the effective dissemination and promotion of this work is of 
the utmost importance if this aim is to be achieved. The guidance 

offered regarding luminaire spacing and the uniformity of illuminance 

achieved in obstructed spaces is, at best, rudimentary, but it does 

highlight the deficiencies in the use of maximum SHR as a guide to 

determining luminaire layout in furnished spaces. The extension of the 

research into other categories of interiors, such as industrial, still remains 

unattempted. This work, however, does provide a procedure which can 
be adapted for this undertaking. 
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Appendix One 

The interior lighting analysis program 

A1.1 Input files 

The following text describes all of the input files required to operate the 

University of Liverpool analysis program. 

General Information (general) 

<title> 
<desc 1> 
<desc 2> 
<desc 3> 

Key: 

title line and three general description lines describing current analysis 

Luminaire data(lumdata 

<UOL/1> 
<lamp output> 
<linear or point><Iuminaire group> 
<length><width><identifier 1><identifier 2> 
<intensity data for first C angle> 
< intensity data > 
< intensity data > 
<intensity data for last C angle> 

Key: 

line 1: UOL/1 data in University of Liverpool format. (see chapter 3 
for alternative, TM14, data format) 

line 2: lamp output total lamp lumen output, e. g. 3 lamps at 2970 lumens 
lamp output equals 8910 

line 3: luminaire type 

luminaire group 

line 4: luminaire length 

luminaire width 

identifier 1 

identifier 2 

1- point source, 2- linear source 
luminaire group as specified in CIBSE Code for 
interior lighting, section 3.3.2 
luminaire physical length in metres 
luminaire physical width in metres 
for linear luminaires: 

identifier 1= "1" and identifier 2= "1" means that the 

multiplying factor to the factor to the intensities will be 
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LLO/1000 and there with be 12 'C' planes of 5 degree 

intervals of y angles up to 180. 

identifier 1= "2" and identifier 2= "2" means that the 

multiplying factor to the factor to the intensities will be 

LLO/1000 and there with be 4 'C' planes of 5 degree 

intervals of y angles up to 180. 

for point sources: 
Identifier 1= "1" and identifier 2= "1" means that the 

multiplying factor to the factor to the intensities will be 

LLO/1000 and there with be 8 'C' planes of 5 degree 

intervals of y angles up to 180. 

identifier 1= "1" and identifier 2= "1" means that the 

multiplying factor to the factor to the intensities will be 

LLO/1000 and there with be 8 'C' planes of 5 degree 

intervals of y angles up to 180. 

identifier 1= "2" and identifier 2= "2" means that the 

multiplying factor to the factor to the intensities will be 

LLO/1000 and there with be 1 'C' planes of 5 degree 

intervals of y angles up to 180. 

identifier 1= "3" and identifier 2= "3" means that the 

multiplying factor to the factor to the intensities will be 

LLO/1000 and there with be 8 'C' planes of 5 degree 

intervals of y angles up to 180. 

line 4: intensity data a column of luminous intensity data for 5 degree 

intervals of y angles, measured from the downward 

vertical in each C-plane up to 180 degrees. 

Each subsequent line contains the intensity data for the 

other relevant C-planes. 
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Lamp type (lampdetails) 

<output> 
<descrip> 

Key: 

One 1: <output> lamp lumen output per lamp 

line 2: <descrip> description of lamp type 

Note: this file is only required for TM 14 data format. 

Luminaire positioning file (manposlum) 

<number> 

Key: 

any number other than 1 indicates that the luminaires are automatically 

positioned. 

Luminaire positions (manluml and manlum2) 

<x-num><y-num> 
<lxl><lyl><1x2><1y2><1x3><1y3> 
<2x1><2y1><2x2><2y2><2x3><2y3> 

Key: 

One 1: number of luminaires in X and Y directions 

One 2: coordinates of 1st row of luminaires 

one 3: coordinates of 2nd row of luminaires 

manlum I- initial luminaire positions; manfum2 - luminaire positions after 
furniture rotated through 90 degrees 

Room data (rminfo) 

<1><2><3><4><5><6><7><8><9><1O><11><12><13><14><15><16><17> 
<1><2><3><4><5><6><7> 
Key: 

one 1: 1 working plane height (metres) 

2 room length (metres) 

3 room width (metres) 

4 room height(metres) 

5 ceiling reflection factor 
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6to9 

10 

11 

12 

13 

14 

15 

16 

17 

line 2: 1 

wall reflection factors 

floor reflection factor 

luminaire utilisation factor 

SHRnom (axial) 

SHRnom (transverse) 

SHRmax (axial) 

SHRmax (transverse) 

design average illuminance 

maintenance factor 

discretisation of ceiling 
2 working plane grid size (metres) 

3 working plane grid start point in X direction 

4 working plane grid start point in y direction 

5 working plane grid end point in X direction 

6 working plane grid end point in Y direction 

7 discretisation of walls 

Ceiling data (ceilinfo) 

<dist><x-dir><y-dir> 

Key: 

<dist> distance from ceiling to luminaire (must be greater than 0) 

<x-dir><ydir> number of points in each direction averaged before the 

illuminance is calculated 

Obstruction data file (ob)nfo) 

<obnum><obdiv> 

<oblen><obwid><obhigh><posind><x-dist><y-dist><obref><obid> 

<oblen><obwid><obhigh><posind><x-dist><y-dist><obref><obid> 

<oblen><obMd><obhigh><posind><x-dist><y-dist><obref><obid> 

<oblen><obwid><obhigh><posind><x-dirt><y-dist><obref><obid> 

<perimob> 

Key: 

line 1: <obnum> 
<obdiv> 

total number of obstructions 
discretisation of obstruction surfaces 
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Ene 2: <oblen> obstruction length (metres) 

<obwid> 

<obhigh> 

<posind> 

<x-dist> 

<y-dist> 

<obref> 

<obnum> 

last One: <perimob> 

obstruction width (metres) 

obstruction height (metres) 

obstruction position indicator to which distance is measured 
distance from origin in X-direction 

distance from origin in Y-direction 

obstruction reflection factor 

obstruction identification number 

number of perimeter obstructions 

Additional options (runoptions) 

<outform> 

Key: 

<outform> indicates output format -1 for short format, any other number for 
long format 

Al, 2 Example output 

The following pages are the results of lighting simulation undertaken using 
the University of Liverpool lighting analysis program. The output is given is 
the short format. The program writes the output to a ASCII text file, 

named "g". 

University of Liverpool, Lighting Analysis Program 
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 

Analysis title: Test Run of Revised Program 
testing 

testing 
one two three 

Date: 14 Nov 95 

Working plane height = 0.75 metres 
Room length = 5.00 metres, Room width = 12.00 metres, Room height = 3.10 metres 
Luminaire mounting height above working plane = 2.35 
Installation Floor Area = 60.00 

Room reflection factors: 
AAAAAAAAAAAAAAAAAAAAAAA 

Ceiling = 0.70 
Floor = 0.20 
Wall 1=0.50 
Wall 2=0.50 
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Wall 3=0.50 
Wall 4=0.50 
The average reflection factor of the walls = 0.50 

Design Illuminance = 500 Lux 
Maintenance Factor = 0.80 

Room Index = 1.50 

The Utilisation Factor used is 0.49 
Total lamp output = 5600 lumens (per luminaire) 

Total number of luminaires required (calculated by round method) = 14 

SHRnom = 1.75 
SHRmax = 1.89 

Luminaire Positioning Calculations: 
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAMAA 
The luminaire length is 1.22 metres 
The luminaire will be split into 3 equal sections 
The minimum number of luminaires allowed in the x direction is 2 
The minimum number of luminaires allowed in the y direction is 3 
The total minimum number of luminaires possible is 6 

Luminaires used to acheive design conditions: 
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 

Luminaires in X direction or length =2 
Luminaires in Y direction or width =7 

Installed SHR values: 
AAAAAAAAAAAAAAAAAAAA 

In length: 1.06 
I-i width: 0.73 

Total number of perimeter and real obstructions: - 18 

This is a linear luminaire 
with a group 2 OL characteristic 

Working plane calculation grid: 
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 

0.50 metre spacing 
Start (X direction) = 0.25 

(Y direction) = 0.25 

End (X direction) = 4.75 
(Y direction) = 11.75 

Number of calculation points lengthwise =9 widthwise = 23 

The total average illuminance of the ceiling is = 13.92 Lux 

WORKING PLANE ILLUMINANCE GRID FOR THE COMBINED DIRECT AND 
INDIRECT 
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COMPONENTS WITH NO OBSTRUCTIONS, 

364 388 416 430 430 433 418 390 357 

390 425 457 456 462 457 452 420 377 

439 491 529 516 522 514 523 485 425 

455 490 524 531 541 530 518 481 441 

461 505 539 539 545 538 531 498 449 

476 518 556 558 557 557 546 512 467 

487 547 584 578 581 575 573 540 478 

485 535 575 570 575 568 564 530 479 

493 540 580 575 580 572 570 535 488 

506 562 605 589 599 586 595 558 501 

507 547 588 590 591 589 578 544 503 

501 546 583 581 587 581 575 543 497 

507 548 586 590 591 590 580 545 504 

506 561 604 588 600 588 598 560 503 

494 539 579 574 582 575 573 538 490 

486 534 574 570 576 570 569 533 482 

488 546 584 578 583 578 578 545 484 

479 520 557 560 559 558 550 517 474 

463 507 542 542 548 541 533 504 458 

458 492 526 535 545 533 517 489 452 

443 496 533 519 526 517 522 488 436 

396 432 462 462 465 457 450 422 386 

376 401 429 438 433 429 408 383 358 

Y DIRECTION 
1 
1 
1 
->X DIRECTION 

AVERAGE ILLUMINANCE EQUALS 515 LUX 
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MINIMUM ILLUMINANCE EQUALS 357 LUX 

MAXIMUM ILLUMINANCE EQUALS 605 LUX 

MIN TO AVERAGE UNIFORMITY =0.694 

MIN TO MAX UNIFORMITY =0.591 

WORKING PLANE ILLUMINANCE GRID FOR THE COMBINED DIRECT AND 
INDIRECT 
COMPONENTS WITH THE OBSTRUCTIONS DETAILED ABOVE. 

364 379 413 401 373 404 415 381 357 

386 410 447 369 271 370 441 404 372 

435 460 448 408 0 407 442 453 420 

447 454 389 404 400 406 382 444 431 

458 500 493 341 346 339 485 493 446 

472 507 488 000 480 500 462 

484 543 557 524 511 520 550 536 474 

482 527 567 556 556 553 556 521 474 

493 524 571 548 538 546 561 520 488 

501 553 593 474 321 472 583 548 496 

503 536 532 466 0 464 527 531 498 

492 533 432 467 446 467 428 529 488 

503 535 526 343 342 342 518 532 499 

502 547 538 000 536 544 498 

489 534 547 495 501 494 545 533 485 

481 527 559 539 540 537 552 525 478 

488 535 569 553 555 552 563 532 484 

475 516 549 512 442 511 540 513 470 

461 474 491 387 0 385 485 470 454 

450 457 388 469 458 467 382 452 442 
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439 479 480 276 275 275 467 470 431 

391 413 407 000 400 403 381 

371 393 377 307 275 297 360 373 353 

Y DIRECTION 
1 
1 
1 
->X DIRECTION 

AVERAGE ILLUMINANCE EQUALS 466 LUX 

MINIMUM ILLUMINANCE EQUALS 271 LUX 

MAXIMUM ILLUMINANCE EQUALS 593 LUX 

MIN TO AVERAGE UNIFORMITY =0.581 

MIN TO MAX UNIFORMITY =0.456 

Obstruction Loss (%) = 9.60 
Total Vertical Surface Area = 0.96 
Obstruction Density, VFR =0.0160 

Analysis Stage 2 
AAAAAAAAAAAAAAAA 
Rotating the luminaires through 90 degrees: 

This time the SHRnom = 1.75 
This time the SHRmax = 2.42 

Luminaire Positioning Calculations: 
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 

The luminaire length is 1.22 metres 
The luminaire will be split into 3 equal sections 
The minimum number of luminaires allowed in the x direction is 3 
The minimum number of luminaires allowed in the y direction is 1 
The total minimum number of luminaires possible is 3 

Luminaires used to acheive design conditions: 
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 

Luminaires in X direction or length =7 
Luminaires in Y direction or width =2 

Working plane calculation grid: 
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 

0.50 metre spacing 
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Start (X direction) = 0.25 
(Y direction) = 0.25 

End (X direction) = 11.75 
(Y direction) = 4.75 

Number of calculation points lengthwise = 23 widthwise =9 

The total average illuminance of the ceiling is = 13.78 Lux 

WORKING PLANE ILLUMINANCE GRID FOR THE COMBINED DIRECT AND 
INDIRECT 
COMPONENTS WITH NO OBSTRUCTIONS, 

358 366 394 420 432 419 390 361 349 

398 402 433 461 467 460 427 395 385 

432 448 482 499 509 497 477 441 420 

446 449 483 512 529 511 479 442 435 

468 467 502 541 550 541 499 461 460 

465 474 511 539 558 538 508 470 461 

467 484 523 540 563 542 524 486 470 

476 486 526 557 571 556 525 485 478 

480 488 528 559 573 558 527 488 484 

480 494 535 553 577 553 535 495 484 

482 487 528 557 579 557 528 489 486 

492 490 529 568 578 568 531 492 496 

482 487 526 557 579 557 529 489 486 

477 492 532 551 577 554 537 496 485 

481 486 525 557 573 559 530 490 485 

475 483 522 555 570 558 527 487 480 

467 483 522 541 565 543 528 489 473 

458 467 505 536 556 536 511 473 465 

455 458 495 537 546 538 498 464 466 

430 438 474 507 525 508 479 446 442 

415 435 470 490 503 492 474 440 426 

380 390 421 453 459 452 425 393 391 
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342 354 382 410 421 407 380 351 346 

Y DIRECTION 
1 
1 
1 
->X DIRECTION 

AVERAGE ILLUMINANCE EQUALS 487 LUX 

MINIMUM ILLUMINANCE EQUALS 342 LUX 

MAXIMUM ILLUMINANCE EQUALS 579 LUX 

MIN TO AVERAGE UNIFORMITY =0.702 

MIN TO MAX UNIFORMITY =0.590 

WORKING PLANE ILLUMINANCE GRID FOR THE COMBINED DIRECT AND 
INDIRECT 
COMPONENTS WITH THE OBSTRUCTIONS DE7 # LED ABOVE. 

361 358 393 403 400 402 389 353 349 

395 388 427 387 310 386 420 380 381 

430 426 403 398 0 396 397 418 416 

439 409 336 396 416 399 330 400 425 

467 463 430 270 277 268 427 457 457 

462 463 428 000 423 458 457 

464 481 502 486 505 484 498 481 466 

473 478 518 544 555 543 517 477 473 

480 473 520 537 543 537 519 475 484 

476 486 523 443 314 443 524 487 480 

477 475 451 439 0 440 452 477 481 

482 461 362 478 475 478 365 465 487 

477 475 462 330 344 330 466 478 482 

473 479 462 000 467 482 481 

THE INFLUENCE OF ROOM CONTENTS ON HORIZONTAL LLUMINANCE 
CONDITIONS ºJ ELECTRICALLY LIT COMMERCIAL INTERIORS 
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476 481 496 500 517 502 501 485 481 

470 474 510 534 543 535 514 478 475 

467 472 509 522 546 524 515 477 473 

454 464 497 457 356 459 503 470 462 

453 423 442 410 0 411 447 431 463 

423 410 325 453 464 452 331 418 435 

410 419 408 249 262 250 412 423 422 

375 371 338 000 344 376 387 

336 346 333 334 296 332 332 344 341 

Y DIRECTION 
1 
1 
1 
->X DIRECTION 

AVERAGE ILLUMINANCE EQUALS 437 LUX 

MINIMUM ILLUMINANCE EQUALS 249 LUX 

MAXIMUM ILLUMINANCE EQUALS 555 LUX 

MIN TO AVERAGE UNIFORMITY =0.569 

MIN TO MAX UNIFORMITY =0.449 

Obstruction Loss (%) = 10.16 
Total Vertical Surface Area = 0.96 
Obstruction Density, VFR =0.0160 
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Appendix Two 

Results of statistical analysis of OL/VFR data for 16 

categories of luminaire 

DECEMBER 1995 



1. grsasion Summary 
QroW 1 OL (room Index 1.00) vs. VFR 
Count 10 8 

t&, xn. Missing 0 
R . 982 
R Squared . 965 
busied R Squared . 965 
jt$ Residual 2.177 

AMOVA Tabie 
qr*W 1 OL (room Index 1.00) vs. VFR 

IF Sum of Sauaras Wan Anunrn n. 0_1_ 

p, ýgressi n 
f; sýd 
T 

1 14002.500 14002,500 2953.602 . c. 0ä01 
107 507.268 4.741 
108 14509.768 

- -71 

p, sgrsssion Coefficients 

Std I OL (room Index 1.00) vs. VFR 
Coefficient Std. Error Std. Coeff. t-Value P-Value 

sc 34.368 . 632 1.179 54.347 I <. 0001 

Regresston Plot 

0 

® o 

0 

p .1 .2 .3 .4 .5 .6 VFR 
Y=0+34.368 * X; R^2=. 965 



Regresslot. Summary 
group 1 OL (room Index 1.25) vs. VFR 

Count 10 8 
Num. Missing 0 
R . 988 
R Squared . 976 
Adjusted R Squared . 976 
RMS Residual 1.860 

ANOVA Table 
group I OL (room Index 1.25) vs. VFR 

D Sum of Squares Mean Sauare 
Regression 
Residual 
Total 

F-Value P-Value 
1 15235.493 15235.493 4405.880 <. 0001 

107 370.005 3.458 
108 15605.498 

R. gresslon Coefficients 
group 1 OL (room Index 1.25) vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
VFR 35.8501 . 5401 1.113 66.377 <. 0001 

25 

20 
C9 
x m -215 

E 
0 0 I- 

1o 0 
. - 
g 
ý5 

0 

Regression Plot 

0 .t .2 .3 NFR 
Y"0+35.85* X; R^2=. 976 

.4 .5 .6 



i. yrssslon Summary 
qr*W 1 OL (room Index 1.5 vs. VFR 
C4x t 108 

ft. om Hissing 0 
R . 983 

R squared . 966 
/ousted R Squared . 966 
¢S Residual 2.480 

, ü1OVA Table 
1 OL (room Index 1.5) vs. VFR 

f Sum of Sauaras Mann Sm inra 

p. gression 
posidual 
Total 

1 18623.217 18623.217 3028.493 <. 0001 
107 657.979 6.149 
108 19281.195 

Fression Coefficients 

j; rOW I OL (room Index 1.5) vs. VFR 
Coefficient Std. Error Std. Coeff. t-Value P-Value 

'c 39.636 . 720 1.095 55.032 <. 0001 

25 

20 
in 

9 
15 

f 

_ý °5 

0 

Regresston Plot 

.1 .2 .3 NFR 

ya0+39.636*X; R^2=. 966 

.4 .5 .6 



R. grosslon Summary 
group 1 OL (room Index 2.0) vs. VFR 

Count 108 
Num. Missing 0 
R . 987 
R Squared . 974 
Adjusted R Squared . 973 
RMS Residual 2.193 

ANOVA Table 
group I OL (room Index 2.0) vs. VFR 

CF Sum of Squares Mean Square 
Regression 
Residual 
Total 

F-Value P-Value 
1 18974.356 18974.356 3945.173 <. 0001 

107 514.618 4.810 
108 19488.974 

Regression Coefficients 
group I OL (room Index 2.0) vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
VFH 40.007 . 637 1.117 62.811 <. 0001 

25 

20 
0 cJ 
x 
g15 
E 
0 0 

10 0 

a 
0 
Q) 5 

0 

Regression Plot 

0 .1 .2 .3 
VFR 

Y- 0 +40.007' X; R^2 =. 974 

.4 .5 .6 



ppr. ssIon Summary 
2eoup I OL (room Index 3.0) vs. VFR 
Court 72 
N. xn. Mssing 0 
R . 988 
R Squared . 976 
gusted R Squared . 975 

- - F.. G Residual 0 1 

Aj*OVA Table 
xýp 1 OL (room Index 3.0) vs. VFR 

fl: Sum of Sauaras Mann cnitzra r%., _,.. 

Regression 
dual 
Tctat 

1 12682.223 12682.223 2848.535 <. 0001 
71 316.106 4.452 
72 12998.329 

p graoslon Coefficients 

2rOW I OL (room Index 3.0) vs. VFR 
Coefficient Std. Error Std. Coeff. t-Value P-Value 

43.201 . 809 1.161 53.372 I <. 0001 

25 
Regresston Plot 
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p .1 .2 .3 .4 .5 .6 NFR 
Y: 0+ 43.201 * X; R^2 = . 976 



Rsgnsslon Summary 
group 1 OL (room Index 4.0) vs. VFR 
Count 72 
Num. Missing 0 
R . 988 
R Squared . 975 
Adjusted R Squared . 975 
RMS Residual 2.073 

ANOVA Table 
group I OL (room Index 4.0) vs. VFR 

CF Sum of Squares Mean Square 
Regression 
Residual 
Total 

F-Value P-Value 
1 12141.374 12141.374 2824.409 <. 0001 

71 305.210 4.299 
72 12446.584 

Regr salon Coefficients 
group 1 OL (room Index 4.0) vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
VFR 42.270 . 795 1.156 53.145 <. 0001 

Regression Plot 
25 

20 
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Q) 5 

0 
0A .2 .3 VFR 
Y= 0+42.27' X; R"2=. 975 
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R. prssalon Summary 
y rou I OL (room Index 5.0) ys. VFR 
Count 64 
Nam Mssing 8 
R . 989 
R Squared . 978 

, acl usted R Squared . 978 
Forts Residual 1.860 

ANOVA Tabte 
graue I OL (room Index 5.0) vs. VFR 

CF Sum of Squares Mean Sauare F_Va u o_v., P.. 
R gression 
assiduW 
Total 

1 9638.341 9638.341 
. -wcuutp 

2786.090 <. 0001 
63 217.945 3.459 
64 9856.286 

pgoyresslon Coefficients 

yrW I OL (room Index 5.0) vs. VFR 
Coefficient Std. Error Std. Coeff. t-Value P-Value 

yFR 45.253 . 857 1.132 52.783 <. 0001 

Regression Plot 
25 

20 
C! 
AM K O 

15 

X10 
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0 

Y: 0+ 45.253 * X; RA2 -. 978 

p .1 .2 .3 .4 .5 .6 VFR 



Regression Summary 
Obstruction Loss, Group 2, Room Index 1 vs. VFR 
Count 90 
Num. Missing 0 
R . 981 
R Squared . 963 
Adjusted R Squared . 962 
RMS Residual 2.223 

ANOVA Table 
Obstruction Loss, Group 2, Room Index I vs. VFR 

CF Sum of Squares Mean Sauare F-Value P-Value 
Regression 
Residual 
Total 

1 11355.758 11355.758 2298.480 <. 0001 
89 439.709 4.941 
90 11795.4671 1 

Regression Coefficients 
Obstruction Loss, Group 2, Room Index I vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
WR 33.440 . 697 1.178 47.942 I <. 0001 

Regression Plot 
25 

V- x 7S 20 

9 0 

N15 
CL 
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J 
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0 .1 .2 .3 

VFR 
Y- 0+33.44' X; R"2=. 963 
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A. Qrssalon Summary 
Ob. t, rudlon Loss, Group 2, Room Index 1.25 vs. VFR 
Gaud 90 

Mxn. FAssing 0 
R . 987 
R Squared . 973 
M-usied R Squared . 973 
J 4S Residual 1.929 

AMOVA Tabla 
Mstruction Loss, Group 2, Room Index 1.25 vs. VFR 

[F Sum of Souaran Lan Srvia. A 
Regression 
FAN*IUW 
Total 

1 12033.575 12033.575 3234.577 <. 0001 
89 331.106 3.720 
90 12364.681 

pprrsston Coefficients 
Obstruction Loss, Group 2, Room Index 1.25 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
34.423 . 605 1.109 56.873 <. 0001 

25 

94 
W. Z 

"20 

£15 

ti 
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Regression Plot 

0 .1 .2 .3 .4 .5 .6 VFR 

y0+ 34.423 * X; R12 = . 973 



Regression Summary 
Obstruction Lose, Grou 2, Room Index 1.5 vs. VFR 
Count 90 
Num. Missing 0 
R . 980 
R Squared . 960 
Adjusted R Squared . 959 
RMS Residual 2.629 

ANOVA Table 
Obstruction Loss, Group 2, Room index 1.5 vs. VFR 

CF Sum of Squares Mean Sauare F-Value P"Value 
Regression 
Residual 
Total 

1 14682.712 14682.712 2124.162 <. 0001 
89 615.189 6.912 
90 15297.901 

Regression Coefficients 
Obstruction Loss, Group 2, Room Index 1.5 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
VFA 38.024 . 825 1.065 1 46.089 I <. 0001 

25 

20 

E 
0 0 
¢15 
N 

10 

J 
C 

5 

O 
0 

Regression Plot 

0 

0 0 

0 .i .2 .3 .4 .5 .6 VFR 
Y=0+38.024"X; R"2=. 96 



p. grssslon Summary 
Obstruction Loss, Group 2, Room Index 2 vs. VFR 
Count 89 
f&gm Missing 1 
R . 991 
R Squared . 983 
Mjusted R Squared . 983 
FpAs Residual 1.799 

*soVA Table 
Mfftrucctlon Loss, Group 2, Room Index 2 vs. VFR 

CF Sum of Squares Mean Sauare F. V2l�A a_vsh. 
Begression 
Aoa+dU 
Total 

1 16192.067 16192.067 5002.809 <. 0001 
88 

1 

284.820 3.237 
89 16476.887 

pagress(on Cosfficlents 
Obstructlon Loss, Group 2, Room Index 2 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 

w 39.987 . 565 1.087 70.731T<. 0001 

Regresston Plot 

° 08 0 
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p .1 .2 .3 .4 .5 .6 VFR 
y: 0+39.987' X; R"2-. 983 



R. pr sslon Summary 
Obstruction Loss, Group 2. Room Index 3 vs. VFR 
Count 54 
Num. Missing 0 
R . 982 
R Squared . 965 
Adjusted R Squared . 965 
RMS Residual 2.477 

ANOVA Table 
Obstruction Loss, Group 2, Room index 3 vs. VFR 

CF Sum of Sauaras Mean Sauare F-Value P-Value 
Regression 
Residual 
Total 

Regresston Plot 

Regression Coefficients 
Obstruction Loss, Group 2, Room Index 3 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
VFR 42.108 1.097 1.147 38.383 I <. 0001 
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0 
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1 9035.537 9035.537 1473.217 <. 0001 
53 325.060 6.133 
54 9360.597 

.1 .2 .3 .4 .5 .6 VFR 
Y-0+42.108' X; R^2=. 965 
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pprssslon Summary 
Obst: vctlon Loss, Grou 2, Room Index 4 vs. VFR 

Count 54 

}i; wn Mssing 0 

R . 986 
R Squared . 972 
Adjusted R Squared . 972 
. 4S Residua! 2.213 

» oVA Table 
obstruction Loss, Group 2, Room Index 4 vs. VFR 

I Sum of . Allara Lnn Qminrn C V.. 1.. _ n %i_I_ 

pWyression 
pawýdfml 
Total 

1 9149.750 9149.750 1868.734 <. 0001 
53 259.500 4.896 
54 9409.250 

pggrssslon Coefficients 
Obstruction Loss, Group 2. Room Index 4 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 

cp 42.373 . 980 1.128 43.229 <. 0001 
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Regression Summary 
Obstruction Loss, Group 2, Room Index 5 vs. VFR 
Count 48 
Num. Missing 6 
R . 991 
R Squared . 981 
Adjusted R Squared . 981 
RMS Residual 1.735 

ANOVA Table 
Obstruction Loss, Group 2, Room Index 5 vs. VFR 

CF Sum of Squares Mean Sauare F-Value P-Value 
Regression 
Residual 
Total 

1 7415.803 7415.803 2463.557 <. 0001 
47 141.479 3.010 
48 7557.2831 1 

Regression Coefficients 
Obstruction Loss, Group 2, Room Index 5 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
1 

_1 
45.838 . 924 1.125 49.634 I <. 0001 VAR 
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Y"0+ 45.838 ' X; R^2 = . 981 



P zesslon Summary 
obstruction Loss, Group 3, Room Index 1 vs. VFR 
c4unt 63 
l& , Missing 0 
R . 977 

R Squared . 955 
Mjusted R Squared . 954 

Residual 2.464 

A$OVA Tob{e 
Obstruction Loss, Group 3, Room Index 1 vs. VFR 

CF Sum of Souarag UAAAn Anmara 

gression 

Total 

1 7948.745 7948.745 1308.820 <. 0001 
62 

1 

376.539 6.073 
63 8325.285 

gygression Coefflclents 
Obstruction Loss, Group 3, Room Index 1 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
wa LI33.245 . 919 1.105 36.178 I <. 0001 
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R. gr. sslon Summary 
Obstruction Lose, Group 3, Room Index 1.25 vs. VFR 
Count 62 
Num. Missing 1 
R . 981 
R Squared . 962 
Adjusted R Squared . 962 
RMS Residual 2.283 

ANOVA Table 
Obstruction Loss, Group 3, Room Index 1.25 vs. VFR 

[F Sum of Squares Mean Sauare F-Value P-Value 
Regression 
Residual 
Total 

1 8131.241 8131.241 15 60.687 <. 0001 
61 317.812 5.210 
62 8449.053 

Regresslon Coefficients 
Obstruction Loss, Group 3, Room Index 1.25 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
VFR 34.314 . 869 1.052 39.506 1 <. 0001 

Regression Plot 
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A%p. orlon Summary 
obstruction Loss, Group 3, Room Index 1.5 vs. VFR 
Court 63 

? 1, xn, Mssing 0 
R . 979 
R squared . 958 

tOd R Squared . 957 
FOAS Residual 2.559 

Au+o VA TabI. 
pbstrvctlon Loss, Group 3, Room Index 1.5 vs. VFR 

M Sum of Sauaras Uran Snunro G_vsie e v_ý. ý 
p»gression 

d+- 
7otal 

1 9288.212 9288.212 1418.844 <. 0001 
62 405.872 6.546 
63 9694.084 

groeWon Coefficients 
obsiructlon Loss, Group 3, Room Index 1.5 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
35.938 . 954 1.054 37.668 f <. 0001 
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Regression Summary 
Obstruction Loss, Group 3, Room Index 2 vs. VFR 
Count 63 
Num. Missing 0 
R . 987 
R Squared . 974 
Adjusted R Squared . 973 
RMS Residual 1.996 

ANOVA Table 
Obstruction Loss, Group 3, Room Index 2 vs. VFR 

CF Sum of Squares Mean Sauare F-Value P-Value 
Regression 
Residual 
Total 

1 9189.735 9189.735 2307.593 <. 0001 
62 246.908 3.982 
63 9436.644 

Repression Coefficients 
Obstruction Loss, Group 3, Room Index 2 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
VFR 35.747 . 744 1.064 48.037 I <. 0001 
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R. gr. ssIon Summary 
pbstrvctlon Loss, Group 3, Room Index 3 vs. VFR 
Coxunt 36 
? 4; un. Mssing 0 
R . 984 
R squared . 968 
Adjusted R Squared . 968 
RAAS Residual 2.219 

». 0VATable 
obstruction Loss, Group 3, Room Index 3 vs. VFR 

fV Sum M Snuarac LAri 

Fression 
; di w 

Total 

1 5290.188 5290.188 1073.974 
-. UIW 

<. 0001 
35 172.403 4.926 
36 5462.591 

q. gresslon Coefficients 
Obstruction Loss, Group 3, Room Index 3 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
39.461 1.204 1.075 32.772 <. 0001 
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R. grosslon Summary 
Obstructlon Loss, Grou 3, Room Index 4 vs. VFR 
Count 36 
Num. Missing 0 
R . 992 
R Squared . 983 
Adjusted R Squared . 983 
RMS Residual 1.613 

ANOVA Table 
Obstruction Loss, Group 3, Room Ind. x 4 vs. VFR 

CF Sum of Sauares Mean Sauare 
Regression 
Residual 
Total 

F-Value Makin 
1 5376.208 5376.208 2065.840 <. 0001 

35 91.085 2.602 
36 5467.293 

Rogresslon Coefficients 
Obstruction Loss, Group 3, Room Index 4 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
VFR 39.7801 . 875 1.083 45.452 <. 0001 

Regression Plot 
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sinn Summary 
pbstrudIon Loss, Group 3, Room Index 5 vs. VFR 
Count 32 
1&xn, Wirsing 4 
p . 990 

R Squared . 980 

usted R Squared . 980 
F#AS Residual 1.608 

, sMOVA Table 
pbstructIon Loss, Group 3, Room Index 5 vs. VFR 

EF Sum of SouaraR Mn onc., sis. e 

Fression 

Total 

1 3984.623 3984.623 1.54E3 <. 0001 
31 80.178 2.586 
32 4064.801 

g, Wgnsslon Coefficients 
C)bstmctlon Loss, Group 3, Room Index 5 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 

y: R 41.152 1.0481 1.073 3.93E1 J <. 0001 
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Regression Summery 
Obstruction Loss, Group 4, Room Index 1 vs. VFR 

Count 54 
Num. Missing 0 
R . 972 
R Squared . 945 
Adjusted R Squared . 944 
RMS Residual 2.725 

ANOVA Table 
Obstruction Loss, Group 4, Room Index I vs. VFR 

CF Sum of Squares Mean Square F-Value P-Value 
Regression 
Residual 
Total 

1 6818.350 6818.350 918.434 <. 0001 
53 393.466 7.424 
54 7211.816 

R. gnsslon Cosftlclents 
Obstruction Loss. Group 4, Room Index 1 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
VFR 33.918 1.119 1.100 30.306 <. 0001 

Regression Plot 
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Messalon Summary 
obstruction Loss, Group 4, Room Index 1.25 vs. VFR 
colt 54 
Urn.. Mssing 0 

R . 981 
R Squared . 963 
meted R Squared . 963 
F&RS Residual 2.261 

1MIOVA Table 
Obstrudbn Loss, Group 4, Room Index 1.25 vs. VFR 

CF Sum of Squares Mean uare F-Value P-VaJu 
regression 1 7096.830 7096.830 1388.632 <. 0001 

aJ 53 270.865 5.111 
Total 

1541 

7367.695 

ppreaston Cosfflclents 
ObstrL#elon Loss, Group 4. Room Index 1.25 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
yý 34.603 . 929 1.046 37.264 <. 0001 

Regression Plot 
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y: 0+ 34.603 * X; R"2 =. 963 
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RprNslon Summary 
Obstruction Loss, Grou 4, Room index 1.5 vs. VFR 
Count 54 
Num. Missing 0 
R . 983 
R Squared . 966 
Adjusted R Squared . 965 
RMS Residual 2.291 

ANOVA Table 
Obstruction Loss, Group 4, Room Index 1.5 vs. VFR 

EF Sum of Sauaras Mean Sauare F-Value P-Valua 
Regression 
Residual 
Total 

1 7797.865 7797.865 1485.652 <. 0001 
53 278.185 5.249 
54 8076.050 

Regression Coetflclents 
Obstruction Loss, Group 4, Room Index 1.5 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
VFI"t 1 36.272 . 941 1.056 38.544 <. 0001 
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mogn scion Summary 
CbtructIon Loss, Grou 4, Room Index 2 vs. VFR 
COW= 54 

k. r; L Mssing 0 

R . 992 
R Squared . 985 
4jCted R Squared . 984 
'iS Residua) 1.485 

, NOVA Tabla 
pb, stevdlon Loss, Group 4, Room index 2 vs. VFR 

rF Sum of Sauaras Man Snuara P. Umh . o_v., i,... 
passion 
Firt+dwl 
Tc`"ai 

Aston Coefflclsnts 
CbstrLxalon Loss, Group 4, Room Index 2 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 

* 35.5851 . 610 1.038 58.325 <. 0001 

Regresston Plot 

o 8 

8 

1 7505.144 7505.144 3401.757 <. 0001 
53 116.932 2.206 
54 7622.076 

p .1 .2 .3 .4 .5 .6 VFR 

y: 0+35.585' X; R"2=. 985 



Regression Summary 
Obstruction Loss, Grou 4, Room Index 3 vs. VFR 

Count 36 
Num. Missing 0 
R . 994 
R Squared . 988 
Adjusted R Squared . 988 
RMS Residual 1.271 

ANOVA Table 
Obstruction Loss, Group 4, Room Index 3 vs. VFR 

IT Sum of Scuares Mean Sauare F-Value P-Value 
Regression 
Residual 
Total 

1 4659.125 4659.125 2882.541 <. 0001 
35 56.571 1.616 
36 4715.696 1 

+ 
- 

Regresston CosfficIents 
Obstruction Loss, Group 4, Room Index 3 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
VFR 37.032 . 690 1.063 53.689T<. 0001 
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re"lon Summary 
CIb, str , CIon Loss, Group 4, Room Index 4 vs. VFR 
C4u_= 36 

Mxm Mssing 0 

R . 992 

R Squared . 983 
A4us$ed R Squared . 983 
iS maidual 1.4 91 

A OVA Table 
pbetrud{on Loss, Group 4, Room Index 4 vs. VFR 

CF Sum of Squares Mean Sauare F. Vak"a P. vsi. 
Fw9ression 
d 
Tow 

1 4626.512 4626.512 2080.055 <. 0001 
35 77.848 2.224 
36 4704.359 

areas{on Coefflclents 
o m. t{on Loss, Group 4, Room Index 4 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 

lOFR 36.903 . 809 1.084 45.608 I <. 0001 

25 
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Reyrosslon Plot 
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y: 0+ 36.903' X; R"2 = . 983 



Regression Summary 
Obstruction Loss, Group 4, Room Index 5 vs. VFR 
Count 32 
Num. Missing 4 
R . 990 
R Squared . 980 
Adjusted R Squared . 980 
RMS Residual t . 47 t 

ANOVA Table 
Obstruction Loss, Group 4, Room Index 5 vs. VFR 

OF Sum of Squares Mean Sauare 
Regression 
Residual 
Total 

F-Value P-Value 
1 3363.556 3363.556 1553.618 <. 0001 

31 67.114 2.165 
32 3430.671 

Regresston Cosftlclsnts 
Obstruction Loss, Group 4, Room Index 5 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
VFR 37.809 . 959 1.033 39.416 I <. 0001 

Regression Plot 
25 
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x 7g 20 

9 0 
Im 15 
CL 

to 
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Y"0+37.809' X; R"2=. 98 

.4 .5 .6 



paproaslon Summary 
Obs". ruction Loss, Group 5, Room Index I vs. VFR 
count 90 
P&XTL Mssing 0 
R . 975 
R Squared . 950 
rusted R Squared . 950 

t$ Residual 2.602 

A14OVA Tsble 
ot, strvction Loss, Group 5, Room Index I vs. VFR 

CF Sum of Squares Moan Sauara G_v iIi i. o �_. 
q, crsssion 
pAsiduLa-I 
Total 

1 11547.801 
--- --- 

11547.801 
-"ww 

1705.838 
f'tli411ý 

<, 0001 
89 602.492 6.770 
go 12150.293 

, egression Coefficients 
pbOuvctlon Loss, Group S. Room Index I va. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
33.721 . 8161 1.078 41.302 <. 0001 

Regressfon Plot 
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y: 0+33.721'X; RA2=. 95 
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Regression Summary 
Obstruction Loss, Grou 5, Room Index 1.25 vs. VFR 
Count 90 
Num. Missing 0 
R . 982 
R Squared . 965 
Adjusted R Squared . 965 
RMS Residual 2.177 

ANOVA Table 
Obstruction Loss, Group 5, Room Index 1.25 vs. VFR 

CF Sum of Squares Mean Sauare F"Value P-Value 
Regression 
Residual 
Total 

1 11729.383 11729.383 2475.017 <. 0001 
89 421.781 4.739 
90 12151.1641 1 

Regresslon CoettIclents 
Obstruction Loss, Group 5, Room Index 1.25 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
VFR 33.985 . 683 1.065 49.750 <. 0001 

Regresston Plot 
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Y=0+33.985' X; R"2=. 965 
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Aegnmalon Summary 
Gbstrucd(on Loss, Group 5, Room Indsx 1.5 vs. VFR 
CoUnZ 90 

t,, , -TL Mssing 0 

R . 987 

R Squared . 975 

}used R Squared . 974 

F Residual 1.888 

M OYA Tablo 
pbstructlon Loss, Group 5, Room Index 1.5 vs. VFR 

EF Sum of Souares Mean Sauara F. vnýýe n_veý.. ý 

. gression 
F"idual 
Total 

1 12184.022 12184.022 3416.465 <. 0001 
89 317.398 3.566 
90 12501.420 

gag�ssion Coefficients 
pbstcuctton Loss, Group S. Room Index 1.5 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 

y 34.638 . 593 1.054 58.451 <. 0001 

Regresston Plot 
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0 .1 .2 .3 .4 .5 .6 NFR 

y,. 0+34.638*X; R^2=. 975 



Regression SurnmAry 
Obstruction Loss, Group b, Room index 2 vs. VFR 
Count 90 
Num. Missing 0 
R . 972 
R Squared . 944 
Adjusted R Squared . 944 
RMS Residual 3.204 

ANOVA Tsbl. 
Obstruction Loss. Group 5, Room index 2 vs. VFR 

rr Sum of Squares Mean Sauare F-Value P-Value 

Regression 
Residual 
Total 

1 15539.639 15539.639 1513.886 <. 0001 
89 913.561 10.265 
90 16453.200 

R. gr sslon Co. ffIclents 
Obstruction Loss, Group 5, Room Index 2 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
VFR 39.118 1.0051 1.042 38.909 <. 0001 
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rail Ion Summary 
O ruction Loss, Group 5, Room Index 3 vs. VFR 
oxint 54 

Mom Mssing 1 
R . 984 
R squared . 968 

tad R Squared . 968 
FAS Residual 2.059 

U,. OVA Table 
tructlon Loss, Group 5, Room Index 3 vs. VFR 

f'F Sum of Snuarase Uonn Cm1s. e 

Jgre"lon 
: dual 

Tout 

1 6891.564 6891.564 1625.476 
o. w 

<. 0001 
53 224.705 4.240 
54 7116.270 

pnrsalon Coefficients 
ctlon Loss, Group 5, Room Index 3 vs. VFR 
Coefficient Std. Error Std. Coeff. t-Value P-Value 

36.774 . 9121 1.083 40.317 <. 0001 
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Rprssslon Summary 
Obstruction Loss, Group 6, Room Index 4 vs. VFR 
Count 53 
Num. Missing 2 
R . 989 
R Squared . 978 
Adjusted R Squared . 978 
RMS Residual 1.633 

ANOVA Table 
Obstruction Loss, Group 5, Room Index 4 vs. VFR 

CF Sum of Squares Mean Square 
Regression 
Residual 
Total 

F-Value P-Value 
1 6151.956 6151.956 2308.330 <. 0001 

52 138.586 2.665 
53 6290.542 

Regresston Coefficients 
Obstruction Lose, Group 5, Room Index 4 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
VFR 35.442 . 738 1.064 48.045 I <. 0001 

Regression Plot 
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Upmealon Summary 
cýrmtmoctlon Loss, Group 5, Room Index 5 vs. VFR 
C-, t 48 

, t. ra. lzsin9 7 

. 991 

,R Squared . 982 

, A, stod R Squared . 981 
-8, lß Residual 1.321 

i, #OYA Tables 
dlon Loss, Group 5, Room Index 5 vs. VFR 

[F Sum of Sauaras Ln Snunw 

7c. al 

1 4389.193 4389.193 2515.922 <. 0001 
47 81.995 1.745 
48 4471.188 

rýaston Coefflclents 
pct{on Loss, Group 5, Room Index 5 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 

4 35.265 . 703 1.043 50.159 I <. 0001 

Ftegrosslon Plot 

.1 .2 .3 .4 .5 .6 VFR 

y: 0+35.265' X; R%2 -. 982 



Regression Summary 
Obstruction Loss, Orou 6, Room Ind. x 1 vs. VFR 
Count 27 
Nun,. Missing 0 
R . 980 
R Squared . 960 
Adjusted R Squared . 959 
RMS Resäual 2.230 

ANOVA Table 
Obstruction Loss, Group 6, Room Index 1 vs. VFR 

(F Sum of Squares Mean Sauare F-Value P-Value 
Regression 
Residual 
Total 

1 3142.415 3142.415 632.159 <. 0001 
26 129.244 4.971 
27 3271.6591 1 

Rprraslon Coefficlsnts 
Obstruction Loss, Group 6, Room Index 1 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
VFR 32.564 1.295 1.128 25.143 <. 0001 

Regression Plot 
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salon Summary pw%r 
C)bgtriction loss, Group 6, Room Index 1.25 vs. VFR 

27 

Mi. frL frissing 0 

p . 986 

A Squared . 973 

fwd R Squared . 972 
Residua! 1.977 

, AS 

*, MOVA Tabe 
O. sr&x: jIon Lose, Group 6, Room Index 1.25 vs. VFR 

f Sum of Soua... Moan Snu 9: _vshe 0_11_1.. _ 
s'wn 

FWaidual 

3658.247 3658.247 935.672 <. 0001 
26 101.654 3.910 
27 3759.901 

s{on Coefficients Awgraw 
ion Loss, Group 6, Room Index 1.25 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 

. 35.135 1.149 1.075 30.589 <. 0001 
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Rpr+ssslon summary 
Obstruction Loss, Group 6, Room Index 1.5 vs. VFR 
Count 27 
Num. Missing 0 
R . 987 
R Squared . 975 
Adjusted R Squared . 974 
RIM Residual 2.083 

ANOVA Table 
Obstruction Loss, Group 6, Room Index 1.5 vs. VFR 

CF Sum of Squares Mean Sauare F-Value P-Value 
Regression 
Residual 
Total 

1 4414.009 4414.009 1.018E3 <. 0001 
26 112.774 4.337 
27 4526.783 1 

F--- 

R. gr. sslon Coetflclents 
Obstruction Lou, Group 6, Room Ind. x 1.5 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
VfR 38.594 1.2101 1.069 31.901 I <. 0001 
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. n ssbn Summary 
CibStrvdbn Loss, Grou 6, Room Index 2 vs. VFR 

u 27 

Njrm Messing 0 

R . 996 

R Squared . 992 

, sind R Squared . 991 
FOAS Residua! 1.182 

i VA Table 
r%jelon Loss. Group 6, Room Index 2 vs. VFR 

[X Sum of Sauaras Unan Cn, l2ro GA/., i..,, n v_i.. _ 

Toss2 

1 4309.857 4309.857 3087.245 <. 0001 
26 36.297 1.396 
27 4346.154 

Cajon Coefficients 
t{on Loss, Group 6, Room Index 2 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
38.136 . 686 1.050 55.563 I <. 0001 

p. agre"lon Plot 

0 
0 00 

00 

88 0 
0 

.t .2 .3 .4 .5 .6 NFR 

y. 0+38.136'X; R^2=. 992 



R. prnsslon Summary 
Obstruction Loss, Group 6, Room Index 3 vs. VFR 
Count 18 
Num. Missing I 
R . 972 
R Squared . 944 
Adjusted R Squared . 941 
RMS Residual 3.036 

ANOVA Table 
Obstruction Loss, Group 6, Room Index 3 vs. VFR 

tP Sum of Souares Mean Sauare F-Value P-Value 
Regression 
Residual 
Total 

1 2659.698 2659.698 288.524 <. 0001 
17 156.711 9.218 
18 2816.409 

Repression Coefficients 
Obstruction Loss, Group 6, Room Index 3 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
wn 39.5701 2.330 1.142 16.986 <. 0001 
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sahn Summary 
ce, strvctlon Loss, Grou 6, Room Index 4 vs. VFR 
C. Otarit 18 
M rm 1ý ssing 1 
R . 990 
R sgw, red . 980 
4uswd R Squared . 979 
SUS HeEidual 1.701 

1WpyA Table 
CibwgrLmAlon Loss, Group 6, Room index 4 vs. VFR 

CF Sum of Squares Mean uare F"Value P. VaJu 
t, sºon 1 2470.189 2470.189 853.370 <. 0001 

; -&uai 17 49.209 2.895 
T 

1181 

2519.398 

meorowalon Coetflclsnts 
C)bwtrLm: tIon Loss, Group 6, Room Index 4 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P. Value 
. XR 38.134 1.305 1.154 29.212 <. 0001 

p, ogrosslon Plot 

y: 0 +38.134' X; R^2 =. 98 

p .1 .2 .3 .4 .5 .6 NFR 



Rprssslon Summary 
Obstruction Loss, Grou 6, Room Index 5 vs. VFR 
Count 16 
Num. Missing 3 
R . 985 
R Squared . 971 
Adjusted R Squared . 969 
RMS Residual 1.941 

ANOVA Tsbl. 
Obstruction Loss, Group 8, Room Index 5 vs. VFR 

CF Sum of Squares Mean Square F-Value P-Value 
Regression 
Residual 
Total 

1 1874.173 1874.173 497.584 <. 0001 
15 56.498 3.767 
161 1930.672 

Regreeslon Coefftclents 
Obstruction Loss, Group 6, Room Index 6 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
WR 39.9131 1.789 1.182 22.307 <. 0001 
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a Opemo1on Summary 
ton Loss, Grou L, Room Index 1 vs. VFR 

COLOU 54 

pihissing 0 

R . 973 

,R Squared . 948 

Stud R Squared Aar, . 947 
Fp, gS Flesidua l 2.014 

AMW^ Table 
ObwtrLwAlon Loss, Group 7, Room Index 1 vs. VFR 

CF Sum of Squares Mean Sauare F-Value a. Vsi, e 
r, swn 
;; midi Pal 
Tow 

3888.868 3888.868 959.106 <. 0001 
53 214.898 4.055 
54 4103.766 

={on Coefficients 
Mellon Loss, Group 7, Room Index 1 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
25.615 . 827 1.160 30.969 I <. 0001 

p. 9rossion Plot 
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Rogrssslon Summary 
Obstruction Loss, Grou 7, Room Index 1.25 vs. VFR 
Count 54 
Num. Missing 0 
R . 979 
R Squared . 958 
Adjusted R Squared . 957 
RMS Residual 1.750 

ANOVA Table 
Obstruction Una, Group 7, Room Index 1.25 vs. VFR 

CF Sum of Squares Mean Sauare F-Value P-Value 
Regresston 
Residual 
Total 

1 3702.785 3702.785 1208.559 <. 0001 
53 162.381 3.064 
54 3865.166 

Regnsslon Coefficients 
Obstruction Loss, Group 7, Room Index 1.25 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
VFR 24.995 . 719 1.031 34.764 <. 0001 
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pUprsaslon Summary 
pbstruction Loss, Group 7. Room Index 1.5 vs. VFR 

Cott t 54 

i m. Missing 0 
R . 969 
R Squared . 939 

Adjusted R Squared . 938 

F*As Residual 2.247 

ANOVA Table 
obstruction Loss, Group 7, Room Index 1.5 vs. VFR 

CF Sum of Squares Mean Sauare F. Vah, p P. Vni. e 
p. grression 
FIhmpaid4 I, ' 
Total 

1 4096.833 4096.833 811.422 <. 0001 
53 267.595 5.049 
54 4364.428 

rsslon Coefficients 
pb. =ructlon Loss, Group 7, Room Index 1.5 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 

y*43 26.291 . 923 1.020 28.485 <. 0001 

a. gresston Plot 
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1/ 
Regression Summary 
Obstruction Loss, Group 7, Room lndsx 2 vs. VFR 
Count 54 
Num. Missing 0 
R . 951 
R Squared . 905 
Adjusted R Squared . 903 
RMS Residual 2.378 

ANOVA Table 
Obstruction Loss, Group 7, Room Index 2 vs. VFR 

CF Sum of Squares Mean Square F-Value P-Value 
Regression 
Residual 
Total 

1 2846.055 2846.055 503.135 <. 0001 
53 299.802 5.657 
54 3145.857 

Regresston Coetflcients 
Obstruction Loss, Group 7, Room Index 2 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
VFR 21.913 . 977 . 924 22.431 f <. 0001 

Rogresslon Plot 
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,;, Q, oasion Summary 
CibgtrLsetion Loss, Group 7, Room Index 3 vs. VFR 
Count 36 1 

t Mssing 0 

R . 949 

R Squared . 901 

14 si dR Squared . 898 

F#AS maidual 2.337 

iiioVA Table 
true $on Loss, Group 7, Room Index 3 vs. VFR 

rc Sum of Squares Man Snuara 

Fjogrsssion 
ApoidLW 
TcW 

1 1740.371 1740.371 318.773 <. 0001 
35 191.086 5.460 
36 1931.456 

, esIon Coefficients 
O#, ruct{on Loss, Group 7, Room Index 3 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 

. 6M 22.633 1.268 1.044 17.854 I <. 0001 

Ftegrosslon Plot 
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y: 0+22.633' X; R"2=. 901 



Rs9nsslon Surrmsry 
Obstruction Loss, Group 7, Room Index 4 vs. VFR 
Count 33 
Num. Missing 3 
R . 948 
R Squared . 898 
Adjusted R Squared . 895 
RMS Residual 2.058 

ANOVA Table 
Obstruction Loss, Group 7, Room Index 4 vs. VFR 

CF Sum of Souares Mean Sauare F-Value P. Value 
Regresston 
Reskiual 
Total 

1 1199.057 1199.057 283.236 <. 0001 
32 135.470 4.233 
33 1334.527 

Rogrsaslon Coefficients 
Obstruction Loss, Group 7, Room Index 4 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
WM 21.5201 1.279 . 921 116.830 <. 0001 
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pogre"lon Summary 
Ojrudlon Loss, Group 7, Room Index 5 vs. VFR 
count 32 

#L Wissing 4 
R . 964 
R -Squared . 929 

stud R Squared . 927 
F*AS Residua! 1.737 

A. "OVA Tabs. 
rLdbn Loss. Group 7. Room Index 5 vs. VFR 

[F Sum of Sauaras Maan nnhi2ro e v_i.. _ 

rwVro"ion 
poliý 
Tcsit 

1 1226.842 1226.842 406.408 <. 0001 
31 93.582 3.019 
32 1320.423 

; Wgreasloa Coefficients 
ructlon Loss, Group 7, Room Index 5 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 

9M 22.834 1.133 1.040 20.160 <. 0001 
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R. gnsslon Summary 
group 8 OL (room Index 1.00) vs. VFR 
Count 10 8 
Num. Missing 0 
R . 981 
R Squared . 963 
Adjusted R Squared . 962 
RMS Residual 2.106 

ANOVA Table 
group 8 OL (room Index 1.00) vs. VFR 

1X Sum of Squares Mean Sauare F-Value P-Value 
Regression 
Residual 
Total 

1 12215.881 12215.861 2754.419 <. 0001 
107 474.545 4.435 
108 12690.406 

Regresston Coefficients 
group 0 OL (room Index 1.00) vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
VRi 32.101 . 612 1.190 52.483 I <. 0001 
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pogtssslon Summary 
VOW 8 OL (room Index 1.25) VFR 
Count 108 

Nurm Hissing 0 
R . 986 

R Squared . 973 
Adjusted R Squared . 973 
F&js Residual 1.836 

/NOVA labia 

qrOW a OL (room Index 1.25) vs. VFR 
fiz Sum of Snu2ra taina., a-...,, r.. _... _ .... . 

Fression 
f .i idua1 
Total 

1 12963.552 
- ---- - -- - 

12963.552 
-... w 

3844.118 
r`riuuu 

<. 0001 
ýt 360.837 3.372 
ýt 13324.389 

pie. r, esslon Coefficients 

2r, 4p 8 OL (room Index 1.25) vs. VFR 
Coefficient Std. Error Std. Coeff. t-Value P-Value 

33.069 . 533 1.105 62.001 j <. 0001 
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Rpr+ssslon Summary 
group 8 OL (room Index 1.5) vs. VFR 
Count 108 
Num. Missing 0 
R . 981 
R Squared . 963 
Adjusted R Squared . 963 
RMS Residual 2.414 

ANOVA Table 
group 8 OL (room Index 1.5) vs. VFR 

D Sum of Souares Mean Sauare F-Value P-Value 
Regression 
Restdual 
Total 

1 16272.888 16272.888 2791.568 <. 0001 
8 623.735 2 
#1 16896.623 

4 
- 

Regresslon CoeffIclents 
group 8 OL (room Index 1.5) vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
VFR 37.0501 . 701 1.090 52.835 <. 0001 
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Esston Summary 
VVLAp B OL (room Index 2.0) vs. VFR 
mat 10 8 

p&vm Mssing 0 

. 984 
R Squared . 968 
mied R Squared . 968 
F&js Residual 2.197 

AjjOVA Table 

VvUp 8 OL (room Index 2.0) vs. VFR 
CF Sum of Squares Mean Sauare F. V2IIe DAI 

. gr, ion 

Ammidu=j 
TOW 

1 15877.088 15877.088 3288.453 <. 0001 
107 516.610 4.828 
108 16393.698 

; slon Coefficients 

map 8 OL (room Index 20) vs. VFR 
Coefficient Std. Error Std. Coeff. t-Value P-Value 

f36.597 
. 638 1.079 57.345 I <. 0001 
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Regneaion Summary 
group a OL (room Index 3.0 vs. VFR 
Count 71 
Num. Missing 1 
R . 983 
R Squared . 965 
Adjusted R Squared . 965 
RMS Residual 2.355 

ANOVA Table 
group 8 OL (room Index 3.0) vs. VFR 

D Sum of Squares Mean Sauare F-Value P-Value 
Regression 
Residual 
Total 

1 10820.313 10820.313 1950.556 <. 0001 
70 388.311 5.547 
71 11208.624 1 

+- 

Regression Coefficients 
group 8 OL (room Index 3.0) vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
VFII 39.9241 . 904 1.126 44.165 <. 0001 
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ion Sum-nary 
p-OW 8 OL (room Index 4.0) vs. VFR 
Count 71 
? urr1. iwssing 1 
R . 982 
R Squared . 965 
meted R Squared . 965 
MAS Residual 2.325 

A. 40VA Table 

, gyp 8 OL (room Index 4.0) vs. VFR 
D Sum of SoUares Pan.. qni, are GAL-1- n %. _. 

p, gression 
iý 
Total 

1 10461.125 10461.125 
I -WW 

1935.620 <. 0001 
70 378.317 5.405 
71 10839.443 

prosslon Coefficients 

pa OL (room Index 4.0) vs. VFR 
Coefficient Std. Error Std. Coeff. t-Value P-Value 

39.256 . 892 1.112 43.996 <. 0001 
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Regression Summary 
group 8 OL (room Index 5.0 vs. VFR 
Count 64 
Num. Missing 8 
R . 978 
R Squared . 956 
Adjusted R Squared . 955 
RMS Residual 2.389 

ANOVA labl" 
group 8 OL (room Index 5.0) va. VFR 

CF Sum of Squares Mean Sauare F-Value P-Value 
Regression 
Residual 
Total 

1 7749.259 7749.259 1357.954 <. 0001 
63 359.514 5.7071 1 
64 8108.773 

Regression Coefflclents 
group 8 OL (room Index 5.0) vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
WR 40.5771 1.101 1.138 36.850 <. 0001 
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ppresslon Summary 
pip 9a OL (room Index 1.00 vs. VFR 

Casnt 99 

p&jffL Mssing 0 
R . 960 

R Squared . 921 
meted R Squared . 920 

Residual 2.783 

AMOVA Table 

2roup go OL (room Index 1.00) vs. VFR 
CF Sum of Squares Mean Sauare F. vaiýb o_veý� 

Fression 
Fjosiduial 
Total 

I 

rolsslon Coefficients 

2rOW 9s OL (room Index 1.00) vs. VFR 
Coefficient Std. Error Std. Coeff. t-Value P-Value 

28.849 . 855 1.069 33.729 I <. 0001 

Regression Plot 
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Regression Summary 
group go OL (room Index 1.25 vs. VFR 
Count 99 
Num. Mssing 0 
R . 972 
R Squared . 945 
Adjusted R Squared . 944 
RMS Residua! 2.299 

ANOVA Table 
group 9a OL (room Index 1.25) vs. VFR 

CF Sum of Souares Mean Souare F-Value P-Value 
Regression 
Residual 
Total 

1 8860.161 8860.161 1676.111 <. 0001 
98 518.042 5.286 
99 9378.203 

Regression Coefflci. nts 
group 9a OL (room Index 1.25) vs. VFR 

Coefficient Std. Error Std. Coeff. t"Value P-Value 
VFR 28.925 . 707 1.044 40.940 I <. 0001 
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pprosslon Summary 
Qro 9a OL (room Index 1.50 vs. VFR 
Count 99 
Num. Mssing 0 
R . 969 

R Squared . 940 

/Adjusted R Squared . 939 

FpAS Residual 2.537 

AU4OVA Table 

group 9a OL (room Index 1.50) vs. VFR 
CF Sum of Squares Mean Sauare F. Valu. P. Vsii e 

p, ogression 
Aual 
Total 

1 9856.629 9856.629 1531.374 <. 0001 
98 630.773 6.436 
99 10487.402 

pwgroesion Coefficients 

gro, up 9a OL (room Index 1.50) vs. VFR 
Coefficient Std. Error Std. Coeff. t-Value P-Value 

30.509 . 780 1.044 39.133 <. 0001 

Regresston Plot 
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R. pnws{on Summary 
group 9a OL (room Index 2) vs. VFR 
Count 99 
Num. Missing 0 
R . 969 
R Squared . 940 
Adjusted R Squared . 939 
RMS Residual 2.275 

ANOVA Table 
group go OL (room Index 2) va. VFR 

OF Sum of Squares Mean Square 
Regression 
Residual 
Total 

F-Value P-Value 
1 7894.387 7894.387 1525.859 <. 0001 

98 507.026 5.174 
99 8401.412 

Regression Coefficients 
group 9a OL (room Index 2) vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
VAR 27.303 . 699 1.008 39.062 I <. 0001 

Regression Plot 
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R. gr aslon Summary 
p 9a OL (room Index 3 vs. VFR 

CocN t 72 
Nut, Missing 0 
R . 950 
R Squared . 903 
Adjusted R Squared . 902 
MAS Residual 2.855 

AHOVA Table 

grOW 9a OL (room Index 3) vs. VFR 
rc Sum of Seuara* L1 n Rm i.. n e_v..,... n .. _t_ 

pognession 

Total 

1 5384.235 5384.235 660.650 <. 0001 
71 578.643 8.150 
72 5962.878 

ppASSion Coefficients 

groa* 9a OL (room Index 3) vs. VFR 
Coefficient Std. Error Std. Coeff. t-Value P-Value 

f28.149 1.095 
. 992 25.703 <. 0001 
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R. grrsalon Summary 
group 9. OL (room Index 4 vs. VFR 
Count 72 
Num. Missing 0 
R . 967 

R Squared . 934 
Adjusted R Squared . 933 
RMS Residual 2.317 

ANOVA Table 
group 9a OL (room Index 4) vs. VFR 

CF Sum of Squares Mean Sauare F-Value P-Value 
Regression 
Residual 
Total 

1 5424.594 5424.594 1.011 E3 <. 0001 
71 381.133 5.368 1 1 

72 5805.727 

Regression Coefficients 
group 9a OL (room Index 4) vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
Vii 28.254 . 889 . 991 31.789 <. 0001 

25 

20 
It 
m 
E15 

8 
J 
010 

2- 
0 
0) 5 

0 

Regression Plot 

0 

o 
og 

0 
08 

0 
0 
0 

0 .1 .2 .3 
NFR 

Ys 0+28.254'X; R"2=. 934 

.4 .5 .6 



ppr. safon Summary 
Q 9a OL (room Index S vs. VFR 

Count 63 

Num. Issing 9 
R . 954 

R Squared . 909 

. aajuated R Squared . 908 
FOAS Residual 2.277 

A 4OVA Table 

g rot* 9a OL (room Index 5) vs. VFR 
rc Sum of Sauaroma Uomn r v_.. _ .,.. . 

p. gression 
ResiduW 
Total 

1 3223.638 3223.638 621.621 <. 0001 
62 321.523 5.186 
63 3545.161 

pogreaslon Coefficients 

9p 9a OL (room Index 5) vs. VFR 
Coefficient Std. Error Std. Coeff. t-Value P-Vakje 

27.004 1.083 
, 979 24.932 <. 0001 
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Rogrosston Summary 
Obstruction Loss, Group 99, Room Ind. x 1 vs. VFR 
Count 90 
Num. Missing 0 
R . 977 
R Squared . 955 
Adjusted R Squared . 954 
RMS Residual 2.122 

ANOVA Table 
Obstructlon Loss, Group 9B, Room Index 1 vs. VFR 

[F Sum of Squares Mean Sauare F-Value P-Value 
Regression 
Realdual 
Total 

1 8502.155 8502.155 1888.810 <. 0001 
89 400.618 4.501 
90 8902.773 

Regression Coefficients 
Obstruction Loss, Group 9B, Room Index I vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
VM r 28.935 . 666 1.141 43.460 I <. 0001 
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ppAS$lon Summary 
obstruction Loss, Group 9B, Room Index 1.25 vs. VFR 
Count 90 
Hn. Issing 0 
R . 975 
R Squared . 950 
Adjusted R Squared . 950 
F&C Residual 2.303 

AMOVA Table 
pbs.; rudlon loss. Group 98, Room Index 1.25 vs. VFR 

CF Sum of Squares Mean Sauara G_vsh- n. i_I 
p. gression 

Total 

1 9020.932 
--- - -- - 

9020.932 
-. ww 

1700.571 
r-vimug 

<. 0001 
89 472.114 5.305 
90 9493.046 

p gr aslon Coefficients 
Obst'uc31on Loss, Group 9B, Room Index 1.25 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
J29.804 

. 723 1.084 41.238 <. 0001 

Regresston Plot 
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R. ynsalon Summary 
Obstruction Loss, Group 90, Room Index 1.5 vs. VFR 
Count 90 
Num. hissing 0 
R . 976 
R Squared . 952 
Adjusted R Squared . 951 
RMS Residual 2.386 

ANOVA Table 
Obstruction Loss, Group 9B, Room Index 1.5 vs. VFR 

[F Sum of Squares Mean Sauare F-Value P-Value 

Regression 
Residual 
Total 

1 9991.737 9991.737 1755.236 <. 0001 
89 506.635 5.693 
90 10498.373 

Regression Coefficients 
Obstruction Loss, Group 9B, Room Index 1.5 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
WR 31.367 . 749 1.074 41.896 J <. 0001 
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ppr. ssIor4 Summary 
C*wtructlon Loss, Group 9B, Room Index 2 vs. VFR 
Count 90 

Num. Mssing 0 
R . 979 
R Squared . 959 
/adjusted R Squared . 959 
MAS Residual 2.206 

JHOVA Table 
Obstruction Loss, Group 9B, Room Index 2 vs. VFR 

rc Sum of Snuarase Lnn Gu, . re - r...... _ 

q. grsssion 
Fmwýidual 
Total 

1 10191.553 10191.553 2094.297 <. 0001 
89 433.104 4.866 
90 10624.657 

tooresslon 
Coefficients 

pbstructlon Loss, Group 9B, Room Index 2 vs. VFR 
Coefficient Std. Error Std. Coeff. t-Value P-Value 

% 31.679 . 692 1.028 45.763 <. 0001 

Regression Plot 
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Regression Summary 
Obstruction Loss, Group 98, Room Index 3 va. VFR 
Count 54 
Num. Missing 
R . 972 
R Squared . 945 
Adjusted R Squared . 944 
FURS Residual 2.339 

ANOVA Table 
Obstruction Loss, Group 9B, Room Index 3 vs. VFR 

CF Sum of Souares Mean Sauare F-Value P-Value 

Regression 
Residua! 
Total 

1 4987.498 4987.498 911.324 <. 0001 
53 290.059 5.473 
54 5277.557 

Rprssslon Costficlents 
Obstruction Loss, Group 9B, Room Index 3 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
Vii 1 31.2841 1.036 1.064 30.188 <. 0001 
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p09tssaIon Summary 
pbstrudion Loss, Group 90, Room Indus 4 vs. VFR 
Count 54 
Num, Missing 0 
R . 978 
F1 Squared . 957 
Mjusted R Squared . 956 
MAS Residual 2.110 

ANOVA Tabu 
Obstruction Loss, Group 913, Room Index 4 vs. VFR 

[c Sum of SouaraR IUaan G ii r 

Fression 
p, w6dLW 
Total 

1 5202.854 5202.854 1168.146 
-vcuuu 

<. 0001 
53 236.059 4.454 
54 5438.913 

jgAss{on Coefficients 

0 uctton Loss, Group 9B, Room Index 4 vs. VFR 
Coefficient Std. Error Std. Coeff. t-Value P-Value 

1 31.953 . 9351 1.058 34.178 <. 0001 

Regression Plot 
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R. prosslon Summary 
Obstruction Loss, Grou 913, Room Index 5 vs. VFR 
Count 48 
Num. Missing 6 
R . 984 
R Squared . 968 
Adjusted R Squared . 967 
RMS Residual 1.650 

ANOVA Tabl. 
Obstruction Loss, Group 9B, Room Index 5 vs. VFR 

CF Sum of Squares Mean Sauare F-Value P-Value 
Regression 
Residual 
Total 

1 3846.669 3846.669 1413.476 <. 0001 
47 127.907 2.721 
48 3974.576 

R. gr salon Coetflcl. nts 
Obstruction Loss, Group 9B, Room Index 5 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
VRi 33.0131 . 878 1.046 37.596 <. 0001 
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r"as{on Summary 
olbatrvctlon Loss, Grou 9C, Room Indus 1 vs. VFR 

Count 54 

Nrn. Mssing 0 
R . 980 

R Squared . 961 

me ted R Squared . 960 

.S Residual 2.172 

. 4W VA Table 
C, dbn Loss, Group 9C, Room Index 1 vs. VFR 

fX Sum of Sauaras Moan Snuara c_vnte o_v,. ý. 

Fression 

Total 

1 6168.081 6168.081 1307.725 <. 0001 
53 249.983 4.717 
54 6418.064 

i4wgrowelon Coef iclents 

ObetrLoction Loss, Group 9C, Room Index 1 vs. VFR 
Coefficient Std. Error Std. Coeff. t-Value P-Value 

32.260 . 892 1.159 36.162 I <. 0001 

Regression Plot 
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Repression Summary 
Obstiuctlon Loss, Group 9C, Room Indic 1.25 w. VFR 
Count 54 
Num. Missing 0 
R . 990 
R Squared . 980 
Adjusted R Squared . 980 
RMS Residual 1.612 

ANOVA Table 
Obstruction Loss, Group 9C, Room Index 1.25 w. VFR 

CF Sum of Squares Mean Square F-Value P-Value 
Regression 
Residual 
Total 

1 6805.941 6805.941 2620.045 <. 0001 
53 137.675 2.598 
54 6943.616 

Regression Coefficlonts 
Obstruction Loss, Group 9C, Room Index 1.25 vs. VFR 

Coefficient Std. Error Std. Coeff. t"Vaiue P-Value 
WR 33.887 . 662 1.102 51.186 <. 0001 
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p, pramsion Summary 
obstruction Loss, Group 9C, Room Index 1.5 vs. VFR 
Coy 1t 53 
Pdu, rrt. Mssing 1 
R . 980 
R squared . 960 
Adiusted R Squared . 959 
FpAs Residual 2.460 

ANOVA Table 
Obstrction Loss, Group 9C, Room Index 1.5 vs. VFR 

I Sum of Saugrast Uann Snimre 

Rr ssion 
Ual 

7otai 

1 7574.770 7574.770 1251.900 <. 0001 
52 314.632 6.051 
53 7889.402 

=Ion Coefficients 
O,.: ructlon Loss, Group 9C, Room Index 1.5 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P. Value 
36.364 1.028 1.073 35.382 I <. 0001 

Regresston Plot 

O 
O 
O 

0 

O0O 
0O 

80 
0OC 

OO 

0 

0 .1 .2 .3 VFR 
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Rpresalon Summary 
Obstruction Loss, Grou 9C, Room Index 2 va. VFR 
Count 54 
Num. Missing 0 
R . 987 
R Squared . 974 
Adjusted R Squared . 973 
RMS Residual 1.961 

ANOVA Table 
Obstruction Loss, Group 9C, Room Index 2 vs. VFR 

i-c Sum of Snunraa Ideen Sauare F"Value P-Value 

Regression 
Residual 
Total 

1 7489.842 7489.842 1947.792 <. 0001 
53 203.801 3.845 
54 7693.642 

R. gr+ssslon Coefficients 
Obstruction Loss, Group 9C, Room Index 2 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
VFR 35.5481 . 805 1.090 44.134 I <. 0001 
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lWgro" on Summary 
Obstruction Loss, Group 9C, Room Index 3 vs. VFR 
co nt 36 
Num. Hissing 0 
R . 982 
R Squared . 964 
/adjusted R Squared . 963 

S Residual 2.285 

»öOVA Table 
Obstruc! {on Loss, Group 9C, Room Index 3 vs. VFR 

I Sum of Sauarm IA ri -Qm ri CA). 1. r, .. -'--- 
Fression 

ual 
Total 

Regressfon Plot 

ro"14 ft Coefficients 
ructlon Loss, Group 9C, Room Index 3 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
38.146 1.240 1.098 30.772 <. 0001 
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cj 15 
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1 4943.506 4943.506 946.888 <. 0001 
35 182.728 5.221 
36 5126.233 

0 

p .1 .2 .3 .4 .5 .6 WR 
y0+ 38.146' X; R"2 :. 964 



Regression Summary 
Obstniction Loss, Group 9C, Room Ind. x 4 vs. VFR 
Count 36 
Num. Missing 0 
R . 989 
R Squared . 979 
Adjusted R Squared . 978 
RMS Residua! 1.681 

ANOVA Table 
Obstruction Loss, Group 9C, Room Index 4 vs. VFR 

CF Sum of Squares Mean Sauare F-Value P-Value 
Regression 
Residual 
Total 

1 4523.659 4523.659 1601.177 <. 0001 

35 98.882 2.825 
36 4622.542 

Regresston Coefficients 
Obstruction Loss, Group 9C, Room Index 4 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 

VFR 36.490 . 9121 1.125 40.015 <. 0001 
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pssion Summary 
elon Loss, Grou p 9C, Room Index 5 vs. VFR 

{meant 32 
Jjrn. Hissing 4 
R . 983 

R Squared . 967 
dusted R Squared . 966 

Aesidual 1.960 

AMOV^ Table 

MstrLmtlon Loss, Group 9C, Room Index 5 vs. VFR 
CF Sum of Sauaras RAnan 

pagr. s. sion 

Tew 

1 3474.155 3474.155 904.483 c. 0001 
31 119.072 3.841 
32 3593.227 

"Ion Cosfflclsnts 
elon Loss, Group 9C, Room Index 5 vs. VFR 
Coefficient Std. Error Std. Coeff. t-Value P-Value 

38.425 1.278 1.136 30.075 J <. 0001 W: R 

pegrosslon Plot 
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ya0+38.425*X; RA2=. 967 



R. gr. sslon Summary 
group 10 OL (room Index 1.00 vs. VFR 
Count 108 
Num. Missing 0 
R . 968 
R Squared . 938 
Adjusted R Squared . 937 
RMS Residual 2.478 

ANOVA Table 
group 10 OL (room Index 1.00) vs. VFR 

CF Sum of Squares Mean Square 
Regression 
Residual 
Total 

F-Value P-Value 
1 9908.584 9908.584 1613.742 <. 0001 

107 656.994 6.140 
108 10565.578 

Regression CosfIclents 
group 10 OL (room Index 1.00) vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
VFR 28.911 . 7201 1.050 40.171 <. 0001 

Regression Plot 
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pprssslon Summary 
yrw 10 OL (room index 1.25 vs. VFR 
count 10 8 
pkmn Mssfng 0 
R . 968 

R Squared . 938 
meted R Squared . 937 

c pAwidua! 2.287 

ANOVA Table 
-g0 OL (room Index 1.25) vs. VFR 

CF Sum of Squares Mean Sauare F. V hi D u.. t 
p, gresion 
paoidua 
Total 

1 8395.431 8395.431 1605.468 <. 0001 
107 559.532 5.229 
108 8954.963 

,, salon Cosfficlents 

V, cotW 10 OL (room Index 1.25) vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 

f 26.612 . 664 1.037 40.068 <. 0001 
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Rogresslon Summary 
group 10 OL (room Ind. x 1.5) va. VFR 
Count 108 
Num. Missing 0 
R . 072 
R Squared . 945 
Adjusted R Squared . 944 
RMS Residual 2.23 6 

ANOVA Table 
group 10 OL (room Index 1.5) vs. VFR 

CF Sum of Squares Mean Square 
Regression 
flus dual 
Total 

F-Value P-Value 
1 9161.729 9161.729 1832.053 <. 0001 

107 535.086 5.001 
108 9696.815 

R. grssslon Co. tflci. nts 
group 10 OL (room Index 1.5) vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
VIII r 27.800 . 649 1.043 42.802 f <. 0001 
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salon Summary 
.*1O OL (room Index 2.0 vs. VFR 

count - 108 

rrL lirf'issing 0 

a . 965 

R Squared . 931 

meted R Squared . 931 
j Residua! 2.417 

»NOVA Tablo 

,, W 1O OL (room Index 2.0) vs. VFR 
CF Sum of Squares Mean Square F-Value P-Vaiun 

"ion 
ý, ý; dcial 
Total 

"Ion Coefficients 
1O OL (room Index 2.0) vs. VFR ae'gra 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
f26.738 . 702 . 937 38.083 I <. 0001 

Regression Plot 

®o0 
00 
o 

0 
80 0 

o° 

1 8474.918 8474.918 1450.333 <. 0001 
107 625.247 5.843 
108 9100.165 

0 .1 .2 .3 .4 .5 .6 VFR 

y=0+26.738'X; R"2=. 931 



Rpnsslon Summary 
group 10 OL (room Ind. x 3.0 vs. VFR 
Count 66 
Num. Miuing 6 
R . 971 
R Squared . 944 
Adjusted R Squared . 943 
RM3 Residual 2.060 

ANOVA Tab$e 
group 10 OL (room Index 3.0) vs. VFR 

r Shin ru Snunºam LU n Snuam F. Vahi P-Value 

Regression 
Residual 
Total 

1 4708.960 4708.960 1088.249 <. 0001 
65 281.281 4.327 
66 4990.221 

Repression Coetflcients 
group 10 OL (room Index 3.0) vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
VGA 28.456 . 863 . 986 32.989 I <. 0001 
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SSa; on Summary 
s1O OL (room Index 4.0 vs. VFR 

count 70 

pium Missing 2 

R . 973 

R Squared . 946 

meted R Squared . 945 
FOAS esWual 1.895 

AMOV/º Table 
*1O OL (room Index 4.0) vs. VFR 

CF Sum of SauarRS L4 n Sn�ýro c_vsi- n v_,.. _ 

lion 
pwldiý 
Total 

1 4319.753 4319.753 1203.48 <. 0001 
69 247.668 3.589 
70 4567.421 

rwaslon 
Coefficients 

O OL (room Index 4.0) vs. VFR 
Coefficient Std. Error Std. Coeff. t-Value P-Value 

25.984 . 749 
. 996 34.691 <. 0001 
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R. greealon Summary 
group 10 OL (room Index 5.0 va. VFR 
Count 56 
Num. Missing 16 
R . 955 
R Squared . 912 
Adjusted R Squared . 911 
RMS Residual 2.008 

ANOVA Table 
group 10 OL (room Index 6.0) vs. VFR 

IT Sum of Squares Mean Sauare F"Value P-Value 
Regresston 
Residual 
Total 

1 2309.768 2309.768 573.101 <. 0001 
55 221.667 4.030 
56 2531.435 

R. gresslon Coefflclents 
group 10 OL (room Index 5.0) vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
wn 26.490 1.1071 . 963 23.940 <. 0001 
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1- Won Surnmary 
Otruatlon Loss, Group 11, Room Index I vs. VFR 
Count 63 
mss. Mssfng 0 
R . 986 

R Squared . 973 
tied R Squared . 972 

FOAS Residual 1.803 

1 VA Table 
ryetIon Loss, Group 11, Room Index 1 vs. VFR 

EF Sum of Sauaras Moan Snit re C_vs1, - f.. _t. 

resion 

Total 

Sion Coefficients 

Obs t tlon Loss, Group 11, Room Index I vs. VFR 
Coefficient Std. Error Std. Coeff. t-Value P"Value 

f 31.742 . 672 1.141 147.204T-<0001 

Regression Plot 

0 
0 

8 

Q2J 
0 

1 7245.939 7245.939 2228.225 <. 0001 
62 201.617 3.252 
63 7447.556 

0 .1 .2 .3 .4 NFR 

y-0+31.742' X; R"2=. 973 



Regression Summary 
Obstruction Lose, Group 11 Room Ind. x 1.25 vs. VFR 
Count 63 
Num. Mining 0 
R . 990 
R Squared . 980 
Adjusted R Squared . 979 
RMS Residual 1.555 

ANOVA Tsbu 
Obstruction Loss, Group 11, Room index 1.25 vs. VFR 

I Sum of Saueraa Mean Sauara F-Value P-Value 

Regression 
Residual 
Total 

1 7244.999 7244.999 2996.488 <. 0001 
62 149.905 2.418 
63 7394.904 

R. gr sslon CoeffIclents 
Obstruction Loss, Group 11, Room Index 1.25 vs. VFR 

Coefficient Std. Error Std. Coetf. t-Value P-Value 
WR 31.740 . 580 1.107 54.740 I <. 0001 
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salon Summary 
. ttyctIon Loss, Grou, p 11, Room Index 1.5 vs. VFR 

C. Ount 63 

P&MR mssing 0 

R . 982 

R Squared . 964 

Ag"ted R Squared . 963 

F*AS Residual 2.233 

». OVA Table 
obetrLset bn Loss, Group 11, Room Index 1.5 vs. VFR 

D Sum of Sauares Mean Sauara F. V21I16 a_vsife 

R scion 
sw 

loth 

1 8242.555 8242.555 1653.639 <. 0001 
62 309.039 4.984 
63 8551.593 

ýsýon Coefficients 
ýctlon Loss, Group 11, Room Index 1.5 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
E33.854 . 833 1.098 40.665 <. 0001 L 

. gresslon Plot 
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R. gresslon Summary 
Obstruction Loss, Group 11 Room Index 2.0 vs. VFR 
Count 63 
Num. Misaing 0 
R . 984 
R Squared . 969 
Adjusted R Squared . 969 
RMS Residual 1.989 

ANOVA Tabe 
Obstruction Loss, Group 11, Room Index 2.0 vs. VFR 

CF Sum of Squares Mean Sauare F-Value P-Value 
Regresston 
Residual 
Total 

1 7687.850 7687.850 1943.510 <. 0001 
62 245.250 3.9561 1 
63 7933.100 

Regressfon Co. Niclents 
Obstruction Loss, Group 11, Room Index 2.0 vs. VFR 

Coefficient Std. Error Std. Coeff. t"Value P-Value 
VAR r 32.695 . 742 1.091 44.085 <. 0001 
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palgra"lon Summary 
p tbn Loss, Group 111, Room Index 3.0 vs. VFR 

t 36 

p&jrrL #A'issing 0 

A . 982 

R Squared . 965 

SSted R Squared . 964 
Residual 2.197 

JNOVA Table 
ObstrtmAlon Loss, Group 11, Room Index 3.0 vs. VFR 

I Sum of Squares (Moan Sauare F. V2I110 a. Vsil. 

"ion 

Tctý 

1 4602.729 4602.729 953.559 <. 0001 
35 168.941 4.827 
36 4771.671 

SSlon Coefflclents 
^pe1ton Loss, Group 11, Room Index 3.0 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 

,Y 36.808 1.192 1.217 30.880 <. 0001 

Regression Plot 

ys 0+36.808' X; RA2=. 965 
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R. pr+sslon Summary 
Obstruction Loaf, Group i i, Room Index 4.0 vs. VFR 
Count 29 
Num, Maaing 7 
R . 973 
R Squared . 948 
Adjusted R Squared . 946 
PM Residua! 2.321 

ANOVA Tabe 
Obstruction Lose, Group 11, Room Index 4.0 va. VFR 

D Sum of Squares Moan Souare F-Value P-Value 
Rogrosalon 
R"idual 
Total 

1 2725.518 2725.518 506.086 <. 0001 

28 150.793 5.385 
29 2876.311 

R. gr.. slon Co. ffIclonts 
Obstruction Loss, Group 11, Room Index 4.0 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
WR 32.596 1.449 1.159 22.496 I <. 0001 
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Summary 
ýýctbý Loss, Group 11, Room Index 5.0 vs. VFR 

COLAIC 23 
J4ssing 13 

R . 988 

;I Squared . 976 

*od R Squared . 975 

*AS maidual 1.720 

JppV/º Tabu 
fon Loss, Group 11, Room Index 5.0 vs. VFR 

[F Sum of Squares Mean Sauare F. vAýýa a_veý,,. 
soon 

awmiý 
Td 

1 2693.582 2693.582 910.701 
. -. muuu 
<. 0001 

22 65.069 2.958 
23 2758.651 

won Coefficients 
Jon Loss, Group 11, Room Index 5.0 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
36.785 1.219 1.128 30.178 <. 0001 

p. grssslon Plot 

y o+36.785*X; R%2=. 976 

Q .1 .2 .3 .4 .5 .6 VFR 



Rogr salon Summary 
Obstruction Loss, Group 12, Room Index I vs. VFR 
Count 81 
Num. Musing 0 
R . 978 
R Squared . 957 
Adjusted R Squared . 957 
RM3 Residual 2.3 65 

ANOVA Tsb$. 
Obstruction Loss Group 12. Room Index i vs. VFR 

rI Sum of Sauarge Mann Sauara F. Value P-Value 

Regressfon 
Residual 
Total 

1 9989.771 9989.771 1786.007 <. 0001 
80 447.468 5.5931 1 
81 10437.240 

R. flrnsslon Coettlcients 
Obstruction Lose, Group 12, Room Index I vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
WR 33.521 . 703 1.132 42.261 I <. 0001 
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9saIon Summary 
. tructlon Loss, Group 12, Room Index 1.25 vs. VFR 
mit 81 
Hum /Missing 0 

R . 980 

R Squared . 961 

meted R Squared . 961 

F&4S, Ro6idual 2.321 

AgOVA Table 
Notion Loss. Group 12, Room Index 1.25 vs. VFR 

CF Sum of Squares Moan Snuaro 

S.. r, posion 
pmoickW 
Tow 

1 10714.033 10714.033 1988.805 <. 0001 
so 430.974 5.387 
81 11145.007 

"ion Coefficients 
elon Loss, Group 12, Room Index 1.25 vs. VFR 
Coefficient Std. Error Std. Coeff. t-Value P-Value 

34.715 . 778 1.090 44.596 <, 0001 

Regresston Plot 
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R. pr. ssion Summary 
Obstruction Loss, Orou 12, Room Ind. x 1.5 vs. VFR 
Count 80 
Num. Missing 1 
R . 986 
R Squared . 972 
Adjusted R Squared . 972 
RMS Residual 2.18 4 

ANOVA Tab{. 
Obstruction Loss, Group 12, Room Index 1.5 vs. VFR 

rF Sum of Sauaras Mean Souare F-Value P-Value 
R. grooslon 
Res+dual 
Total 

1 13110.731 13110.731 2748.601 <. 0001 
79 376.827 4.7701 1 
80 13487.559 

Regression Co. tfIcl. nts 
Obstructlon Loss, Group 12, Room Index 1.5 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
Viii 38.4171 . 733 1.085 52.427 <. 0001 
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woromajon Summary 
lion Loss, Group 112, Room Index 2 vs. VFR 

Count 81 

Mxn, pissing 0 
R . 975 

R Squares! . 951 

meted R Squared . 951 

F&jS Residual 3.018 

AMOVA Table 
Ion Loss, Group 12, Room Index 2 vs. VFR 

f Sum of Souaras MAan Sauara F. Vnýýe o_vsý.... 

"ton 
p, osidLW 
Total 

s{on Coefficients 
ýion Loss, Group 12, Room Index 2 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
', 40.069 1.012 1.087 39.581 <. 0001 

Egression Plot 

O 
OO 

O 
0 88 

00 
öe 
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0 .1 .2 .3 .4 .5 .6 VFR 

y s0+40.069'X; 
R"2=. 951 

1 14273.729 14273.729 1.567E3 <. 0001 
so 728.882 9.111 
81 15002.611 



Repression Summary 
Obstruction Loss, Grou 12, Room Index 3 vs. VFR 
Count 54 
Num. Missing 0 
R . 987 
R Squared . 974 
Adjusted R Squared . 973 
RMS Residual 1.994 

ANOVA Tabs. 
Obstruction Loss, Group 12, Room Index 3 vs. VFR 

r Ceinn of Cnmnrae L4 an . 
S`nuarA F-Value P-Value 

Regression 
Residual 
Total 

1 7765.485 7765.485 1953.614 <. 0001 

53 210.671 3.975 
54 7976.156 

Regression Coefflclents 
Obstruction Loss, Group 12, Room Index 3 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 

VAR 39.036 . 883 1.099 44.200 I <. 0001 
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Rpr. salon Summary 
Obstruction Loss, Group 12, Room Index 4 vs. VFR 
Count 54 
Nurn. Missing 0 
R . 993 
R Squared . 987 
Adjusted R Squared . 986 

{S Residual 1.456 

ANOVA Table 
pbstrucflon Loss, Group 12, Room Index 4 vs. VFR 

IF Sum of Sauaras Uaan Gmis. e cv_ý.. _ .,.. . 
Regression 
Fum iduai 
Total 

1 8350.446 8350.446 3940.938 <. 0001 
53 112.302 2.119 
54 8462.747 

p, eghsslon Coefficients 

Obotruction Loss, Group 12, Room Index 4 vs. VFR 
Coefficient Std. Error Std. Coeff. t-Value P-Value 

WR 1 40.480 . 645 1.089 62.777 <. 0001 

Regression Plot 
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y=0+40.48' X; RA2=. 987 



Rpr. ssIon Summery 
Ob. t, uctlon Loss, Group 12, Room Index 5 vs. VFR 
Count 46 
Num. Missing 8 
R . 992 
R Squared . 985 
Adjusted R Squared . 984 
RMS Residual 1.468 

ANOVA Table 
Obstruction Loss, Group 12, Room Index 5 vs. VFR 

f Sum of Squares Man Sauare F-Value P-Value 
Regression 
Residual 
Total 

1 6206.450 6206.450 2879.757 <. 0001 
45 96.984 2.155 
46 6303.434 

R. gr. sslon Costflclents 
Obstruction Loss, Group 12. Room Index 5 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
VFR 42.241 . 787 1.072 53.663 <. 0001 
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R. gnrssion Summary 
pb. ttU ion Loss, Group 15, Room Index 1 vs. VFR 

Count 108 
Num. Missing 0 

R . 978 

R squared . 957 

Adjusted R Squared . 957 
ý Residual 2.087 

AMOVA Table 
pbs: ructlon Loss, Group 15, Room Index 1 vs. VFR 

CF Sum of Squares Mean Square F"Value P. Vni, 
Regression 

Total 

Regression Coefficients 

obstruction Loss, Group 15, Room Index 1 vs. VFR 
Coefficient Std. Error Std. Coeff. t-Value P-Value 

29.718 . 606 1.082 49.036 I <. 0001 

Regression Plot 

O8 

O 

08 0 

0 

1 10468.979 10468.979 2404.566 <. 0001 
107 465.856 4.354 
108 10934.834 

0 .1 .2 .3 .4 .5 .6 VFR 

y =0+29.718* 
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Regre"lon Summary 
Obstruction Loss, Grou 15, Room Index 1.25 vs. VFR 

Count 108 
Num. Missing 0 
R . 983 
R Squared . 967 
Adjusted R Squared . 966 
RMS Residual 1.729 

ANOVA Table 
Obstruction Loss, Group 15, Room Index 1.25 vs. VFR 

CF Sum of Squares Mean Square F-Value P-Value 
Regression 
Residual 
Total 

1 9280.437 9280.437 3106.183 <. 0001 
319.687 2.988 

#t 9600.124 

Regression Coefflclents 
Obstruction Loss, Group 15, Room Index 1.25 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
VAR E 27.980 . 502 1.069 55.733 <. 0001 

25 

C9 

. 20 

E 
0 0 
CC 15 
cri 

0 
010 
N 
N 

s 
C 05 

.8 00 

Regresston Plot 

®O O 

® 8O 
Op 

O 

O 

0 .1 .2 .3 VFR 
Y: 0+27.98' X; R"2=. 967 

.4 .5 .6 



ppr. sslon Summary 
Obstructlon Loss, Group 15, Room Index 1.5 vs. VFR 

count 108 

Num. Mssing 0 
R . 975 
R Squared . 951 
Adjusted R Squared . 950 
FOAS Residual 2.280 

AHOVA Table 
pbstructlon Loss, Group 15, Room Index 1.5 Vs. VFR 

CF Sum of Saiuarar LAata, e.. s... r v_... _ .... . 

Regression 
Residual 
Total 

1 10775.835 
--- 

10775.835 
. a... o 

2072.306 
r-"vauua 

<. 0001 
# 556.392 5.200 
# 11332.227 

igegroosion Coefficients 

obstruction Loss, Group 15, Room Index 1.5 vs. VFR 
Coefficient Std. Error Std. Coeff. t-Value P-Value 

VFR 30.151 . 662 1.060 45.523 <. 0001 

Regression Plot 

0 .1 .2 .3 .4 .5 .6 VFR 
y =0+30.151 * X; R"2=. 951 

ý- 

ýf 

{ 

5' 



Regresston Summary 
Obstruction Loss, Gro u 15, Room Index 2 vs. VFR 
Count 108 
Num. Missing 0 
R . 968 
R Squared . 937 
Adjusted R Squared . 937 
RMS Residual 2.313 

ANOVA Table 
Obstruction Loss, Group 15, Room Index 2 vs. VFR 

[F Sum of Sauaras Mean Sauare F-Value P-Value 
Regression 
Residual 
Total 

1 8582.982 8582.982 1603.735 <. 0001 
107 572.650 5.352 
108 9155.632 

Repression Coefficients 
Obstruction Loss, Group 15, Room Index 2 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
VFR 26.9081 . 6721 1.052 40.047 I <. 0001 
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ppr+. sslon Summary 
Obstruction Loss, Group 15, Room Index 3 vs. VFR 
Count 71 
Num. Mssing 1 
R . 960 

R Squared . 921 
Adjusted R Squared . 920 
f A. S Residual 2.603 

ANOVA Table 
Obstruction Loss, Group 15, Room Index 3 vs. VFR 

D Sum of Sauaras Ln An'tara c_veI. - rs .. _a. 
q, agression 

U 
Total 

1 5527.651 5527-651 815.510 <. 0001 
70 474.471 6.778 
71 6002.122 

pWgr, esslon Coefficients 
obstruction Loss, Group 15, Room Index 3 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
LI28.540 

. 999 1.044 28.557 I <. 0001 

Regression Plot 
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0 .1 .2 .3 .4 .5 .6 VFR 
y=0+28.54*X; RA2.. 921 



Repression Summary 
Obstruction Loss, Group 15, Room index 4 vs. VFR 
Count 72 
Num. Missing 0 
R . 970 
R Squared . 940 
Adjusted R Squared . 939 
RMS Residual 2.073 

ANOVA Table 
Obstruction Loss, Group 15, Room Index 4 vs. VFR 

fx Sum of Squares Mean Sauare F-Value P-Value 
Regression 
Residual 
Total 

1 4788.048 4788.048 1114.086 <. 0001 
71 305.139 4.298 
72 5093.187 

Regression Coefficients 
Obstruction Loss, Group 15, Room Index 4 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
WR 26.546 . 795 1.042 33.378 <. 0001 
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Rogv. sslon Summary 
pbstrucdon Loss, Group 15, Room Index 5 vs. VFR 
Count 64 
Num. Missing 8 
R . 971 
R squared . 943 
Adjusted R Squared . 942 

Residual 1.785 

ANOVA Table 
pbstructlon Loss, Group 15, Room Index 5 vs. VFR 

E Sum of Sauaras L4 n CI, II, ro CAi.. l. - .,.. _. 
iogression 
Residual 
Total 

1 3304.674 3304.674 1036.766 <. 0001 
63 200.811 3.187 
64 3505.485 

p, gr, osslon Coefficients 

obstruction Loss, Group 15, Room index 5 vs. VFR 
Coefficient Std. Error Std. Coeff. t-Value P-Value 

yý 26.500 . 823 1.011 32.199 <. 0001 

Regresston Plot 
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Rsgresslon Summary 
Obstruction Loss, Orou 16, Room Ind. x 1 vs. VFR 
Count 81 
Num. Missing 0 
R . 981 
R Squared . 962 
Adjusted R Squared . 961 
RMS Residual 2.247 

ANOVA Table 
Obstruction Loss, Group 16, Room Ind. x 1 vs. VFR 

CF Sum of Squares Mean Sauare F-Value P-Value 
Regression 
Residua! 
Total 

1 10214.076 10214.076 2022.614 <. 0001 
80 403.995 5.050 +- 
81 10618.071 1 

Rpnsslon Coefflclents 
Obstruction Loss, Group 16, Room Index 1 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
VF R 33.895 . 754 1.142 44.973 I <. 0001 
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pprssslon Summary 
Ob. tructlon Loss, Group 16, Room Index 1.25 vs. VFR 

count 81, 

Num. Missing 0 

R . 991 

R squared . 982 

Adjusted R Squared . 981 
Residual 1.602 

AHOVA Table 
tructlon Loss, Group 16, Room Index 1.25 vs. VFR 

rc Sum of Sauares Mean Sauare F. Vnhe a_v. ý,... 

Fression 
Fias+dual 
Total 

cession Coefficients 
ObstNotlon Loss, Group 16, Room Index 1.25 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 

35.201 . 537 1.112 65.506 <. 0001 

Regresston Plot 

0 
0 

8 

os 
0 

1 11016.286 11016.286 4291.095 <. 0001 
80 205.379 2.567 
81 11221.665 1 
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Regression Summary 
Obstruction Loss, Group 16, Room Index 1.5 vs. VFR 
Count 81 
Num. M+ssing 0 
R . 985 
R Squared . 971 
Adjusted R Squared . 970 
RMS Residual 2.261 

ANOVA Table 
Obstruction Loss, Group 16, Room Index 1.5 vs. VFR 

CF Sum of Squares Mean Sauare F-Value P-Value 
Regression 
Restdual 
Total 

1 13621.831 13621.831 2664.866 <. 0001 
80 408.931 5.112 
81 14030.762 

Regression Coefficients 
Obstruction Loss, Group 16, Room Index 1.5 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
VFR 39.1431 . 758 1.106 51.622 <. 0001 
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. gr. uIon Summary 
Obstruction Loss, Group 16, Room Index 2 vs. VFR 
Count 80 
Num. Missing 1 
R . 991 
R Squared . 981 
Adjusted R Squared . 981 

RMS Residual 1.782 

ANOVA Table 
Obstruction Loss, Group 16, Room Index 2 vs. VFR 

CF Sum of Squares Mean Sauare F. VAIºb a_vs1 
gegression 
Residual 
Total 

1 13155.315 - 13155.315 4144.070 
. -.. I%m 
<. 0001 

79 250.785 3.174 
80 13406.100 

ppr, saslon Coefficients 

obstruction Loss, Group 16, Room Index 2 vs. VFR 
Coefficient Std. Error Std. Coeff. t-Value P-Value 

VFR 38.556 . 599 1.107 64.374 <. 0001 

Regression Plot 

F#,; 0 0 

0 .1 .2 .3 .4 VFR 
y=0+38.556'X; R"2=. 981 
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Regression Summary 
Obstruction Loss, Grou 16, Room Index 3 vs. VFR 

Count 51 
Num. Missing 3 
R . 978 
R Squared . 957 
Adjusted R Squared . 956 
RMS Residual 2.678 

ANOVA Table 
Obstruction Loss, Group 16, Room Index 3 vs. VFR 

M Sum of SnuAr4A L4 an Saugre F-Value P-Value 

Regression 
Residual 
Total 

1 7997.181 7997.181 1114.808 <. 0001 
so 358.680 7.174 

51 8355.861 

P Regresston Coefficients 
Obstruction Loss, Group 16, Room Index 3 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
WR 41.7431 1.2501 1.166 33.389 I <. 0001 
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pAgr+. salon Summary 
obstruction Loss, Group 16, Room Index 4 vs. VFR 
Count 42 
Num. Missing 12 
R . 987 
R Squared . 975 
Adjusted R Squared . 974 
CMS Residual 1.994 

ANOVA Table 
pbstrucdon Loss, Group 16, Room Index 4 vs. VFR 

IF Sum of Sniiares Mean e.. i- r.. -'--- .... . 

egression 
ASU 
Total 

1 6360.303 
- -- -- -- - 

6360.303 
-. ww 

1600.352 
f ̀ rjs 

<. 0001 
41 162.947 3.974 
42 6523.250 

, egression 
Coefficients 

obstruction Loss, Group 16, Room Index 4 vs. VFR 
Coefficient Std. Error Std. Coeff. t-Value P-Value 

39.526 . 988 1.164 40.004 <. 0001 

Regression Plot 
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Rsgresslon Summary 
Obstruction Loss, Group 16, Room Index 5 vs. VFR 
Count 39 
Num. Missing 15 
R . 989 
R Squared . 979 
Adjusted R Squared . 979 
RMS Residual 1.799 

ANOVA Table 
Obstruction Loss, Group 16, Room Index 5 vs. VFR 

CF Sum of Squares Mean Square F-Value P-Value 
Regression 
Residual 
Total 

1 5760.680 5760.680 1780.157 <. 0001 
38 122.970 3.236 
39 5883.650 

Regression Coefficients 
Obstruction Loss, Group 16, Room Index 5 vs. VFR 

Coefficient Std. Error Std. Coeff. t-Value P-Value 
WR 1 42.3981 1.0051 1.157 42.192T<. 0001 
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Introduction 

to genet 
lighting terms an obstruction may be considered to 

be ar, object which is between luminaire plane and working 

pie. In a commercial building they may include visual dis- 

play terminals, filing and storage cabinets panels and screens 
used for dividing offices into work stations, and also users of 
the office when seated at desks. 

Previous work at Liverpool addressed the problem of the size 
and configuration of the elements of office obstruction set out 
above. A series of `light' , `medium', and `heavy' standard 
obstructions were put forward to represent the range of 
obstruction density in office interiors. The standard obstruc- 
tions were developed from analysis of data on room contents 
collected by surveys of a number of office buildings and from 

information provided by major office equipment manufactur- 
crs and the sizes of tl. ° elements of the standard obstructions 
are shown in Table 1. The elements are arranged into the 

configurations set out below: 

- light standard obstruction: person, desk and vDT 

medium standard obstruction: person, desk, NDT and fil- 
ing cabinet 

heavy standard obstruction: person, desk, 'DT, filing cab- 
inet and partition. 

Floor area per standard configuration may be 8,10 or 12 m2. 

I Standgd obstructions were developed for use in the calcula- 
tion of luminaire spacing and light losses for use in the design 

of lightirig 
for obstructed interiors. They may also have a 

as benchmark validation tools for interior lighting analysis 
computer programs that have a capacity to handle internal 

obstructions. For both uses there is a need for standardised 
data on internal obstruction and the aim of this paper is to 
put forward standard obstructions for this purpose. 

2 Light loss prediction using standard obstructions 

Lighting design methods currently in use are based on the 
assumption that the volume between task and lighting equip- 
ment is empty. This has implications for specifiers, designers, 
and users of lighting installations since obstructions that pro- 
ject above the task plane will adversely influence the illumi- 
nation of the interior. Previous work at the University of 
Liverpool has developed a modified lumen method procedure 
for producing designs for general lighting installations for 

obstructed interiors capable of, firstly, spacing the luminaires 
at an appropriate distance to overcome the anticipated effects 
of obstructions on illuminance uniformity and, secondly, to 
take account of the likely light losses caused by obstructions. 
The core of the lumen method of lighting design is the spac- 
ir. o-to-height ratio (sliR) which determines luminaire layout. 
The modification to this calculation enables the designer to 
space the luminaires at an appropriate distance to allow illu- 
minance uniformity to be maintained in areas containing the 
various standard obstructions"'. A lumen method calculation 
is then possible using a modified spacing-to-height 
ratio(SHR ) selected by the designer as being appropriate to 
the interior being considered. The second element of the 
modified lumen method is compensation for the obstruction 
light loss over the working planei2). To predict this, a specially 
written computer program was used to enable illuminance 
conditions for specific combinations of room size, room con- 
tents and light source to be determined. This was used to cal- 
culate the obstruction loss (oL), the percentage reduction in 
average working plane illuminance caused by uniformly dis- 
tributed standard obstructions, for a range of interiors lit by 
point or linear source luminaires. Some typical predicted val- 
ues of OL extracted from Reference 3 are given in Table 2. 
The design process then proceeds in an orthodox manner 
using OL as a multiplier to the utilisation factor to ensure 

Table 1 Elements of standard obstructions 

Element Length (m) Width (m) Height (m) Vertical surface area (m=) Reflectance 

Filing cabinet 0.64 0.48 1.35 1.34 0.3 
Partition 1.5 0.025 1.75 3.06 0.6 
wz 0.4 0.4 0.4 0.64 0.3 

Person - head 0.1 0.2 0.55 0.53 0.3 
- body 0.1 0.5 0.34 0.4 

Desk 0.76 1.41 0.75 NA 0.3 
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Table 2 Some typical predicted values of OL (%) for installations with linear 
luminaires installed near sttamax 

Degree of obstruction 
Light (vnt=0.1) Medium (vflt=0.25) f ieavy (vFR=0.45) 

Diffuser 2.5 7 14 

Wide 
distribution 25 11 

reflector 

Narrow 
1.5 5 to 

reflector 

acceptable average working plane illuminance and Sim., as 
the luminaire spacing criterion to ensure acceptable working 
plane illuminance uniformity. 
The development of the modified lumen method demonstrat- 
ed that prediction of light losses in obstructed interiors based 
on a knowledge of the nature of the contents is feasible. The 
dominant factor in interior light loss was the size and disposi- 
tion of the room contents and a number of measures of 
obstruction density have been investigated"). It was conclud- 

' that the ratio of obstruction vertical surface area to floor 
a (vFit) gave the best indication of the influence of room 

contents on overall working plane light loss. The VFR method 
was used to generate data for the modified lumen method 
using standard obstructions having a VFR range from 0 to 0.7 
as 'room contents'. To verify that standard obstructions 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 physical 
measurement of the rooms and their contents from which 
vertical surface area, floor areas and hence vnt values were 
calculated. The results, shown in Table 3, indicate a range of 
vii in actual interiors from 0.15 to 0.69, these being within 
the range of VFR created by the standard obstructions. In 

terms of this measure of obstruction, therefore, standard 
obstructions are capable of replicating conditions found in 

actual furnished interiors. 

Table 3 VFR values for some real interiors 

Installation Actual fR 

ling company general office 0.15 
h authority general office 0.28 

Insurance company general office 0.34 
Bank general office 0.34 
Consulting 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 

The standard obstruction concept was also used for measure- 
ment of light loss in a range of interiors that contain lighting 

equipment that is representative of good modern practice. 
Some of the installations were equipped with surface-mount- 
ed diffusers, some with luminaires designed specifically for 

VDT areas, and the rest with surface-mounted or recessed wide 
distribution reflector luminaires with either wedge or 
cross-blade louvres which are classified in the CIBSE Code for 
interior lighting as `surface modular' or `recessed modular"". 
The surface reflection factors for all installations were within 
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the CIBSE Code recommendations. The measurements are 
made in the installations firstly in their empty state, secondly 
filled with `standard obstructions', and finally, in some cases, 
in their working state after occupation by the building users. 
For the purpose of the surveys the standard obstructions were 
constructed of suitably painted cardboard, polystyrene, and 
wood (see Figure 1). The results, shown in Table 4, indicate 
for all installations the same general pattern of ot, rising as 
vitt increases. The average OL values over all the measured 
installations of 1.8% for light standard obstruction, 6.2% for 
medium standard obstruction, and 11.8% for heavy standard 
obstruction are in good agreement with the predicted results 
shown in Table 2. In four of the five cases where the OL was 
measured under working conditions the value corresponds to 
that measured using the standard obstruction configuration 
having a VFR similar to that of the working condition. In 
addition, in the shipping company general office the illumi- 
nance was measured on a 0.25 m square grid over a 0.5 m 
square ̀ task area' located immediately in front of the human 
occupant for a randomly located workstation for each 
dard obstruction case and working case. The average unifor- 
mity ratio (minimum/average) over the task area for the 
working case (0.8) was similar to those measured using the 
randomly located standard obstructions (light case 0.89, - 
medium case 0.86, and heavy case 0.77). There may, therefore, 
be potential for not only predicting light losses over the whole 
working plane, but also for giving some indication of likely 
task illuminance conditions. s1 
The practical significance of the differences in light loss char. 
acteristics for the different types of luminaire may best he 
illustrated by an example. A heavily obstructed office 
(vnt=0.5) lit by diffusing or batten luminaires would have a 
predicted OL of 14%. The same installation lit by narrow 
reflector luminaires of a type typically used to light offices 
containing visual display terminals would have a predicted ot. 
of 10%. Thus, if the installation is designed for an average 
working plane illuminance of 500 lux the predicted average 
losses would be 70 lux and 50 lux respectively. The magni- 
tudes of the reduction in average working plane illuminance 
under these circumstances are large enough to cause user 
complaints as a result of local reductions in illuminance, and 
to cause the installation not to meet a design specification 
written in terms of maintained illuminance. It is clear that 
some method of incorporating this type of data into routine 
lighting design should be investigated. 

On the evidence of the simulation and surveys of illuminance 

conditions within obstructed spaces it appears that the stan- 
dard obstructions concept appears to have potential as a pre- - 
dictive tool for both overall light loss and task illuminance 

conditions for the working state of an installation containing 
obstructions. Standard obstructions have also been used for 

measurement of effective floor cavity reflectance' . 

3 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 pro- 
grams 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 
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Ipr, i Standard obstructions used for measurement of light losses 

evaluated against an acceptable range of limits of working 

pie illuminance parameters which acts as the main valida- 

tion device 7,. The test models used to date have all assumed 

an erriPty space despite the fact that many programs are avail- 

'+le which have the capacity to define internal surfaces such 

2arjitlons 
and to take account of these in the illuminance 

calculation 
process. There exists no standard data for internal 

Obs ctions 
for test purposes and the standard obstructions 

are suitable for this ur ose. 
put ford 

in this paper pp 
obstructions are 

V Stand öna 
geometry systems 

lth 
ta ehin 

to create 
common 

t 
use 

the 

onho$ design programs }et are capable of being used to pre- 

Cct 
losses caused by room contents. 

{ Discussion 

There is currently much debate within the Commission 

laternationale de l'Eclairage and elsewhere about the need for 

tcaiistic assumptions in lighting design. It has been shown 
, bat the results produced using standard obstructions are 
capable of being used as a source of realistic design data for 

prediction of illuminance conditions with a working space. 
, Chilst much work remains to be done in computer valida- 
tion models it is arguable that the use of a test model which 
incorporates obstructions is of greater value in producing reli- 
able practical design aids than the simple empty case models. 
This paper puts forward the standard obstruction configura- 
tions for both purposes. 
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Discussion 

GK Cook (University of Reading) 

The authors of this paper are to be commended for address- 
ing the need for a more accurate and usable method of quanti- 
fying the influence of obstructions above the working plane 
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AS Af Leung et al. 
Table 4 Summary of light losses for installations 

Installation Luminaire type Obstruction type viR Obstruction loss (ot_) (%) 

Light 0.1 4 
University teaching room Diffuser Medium 0.19 6.4 

Heavy 0.5 11.5 

Light 0.1 1.3 
University teaching room Surface modular louvred reflector Medium 0.19 2.9 

Heavy 0.5 7.7 

Medium 0.34 9.2 
MT Category I Heavy 0.95 9.8 

Medium 0.34 12.8 
Luminaire manufacturer demonstration area VDT Category 2 Heavy 0.95 17.0 

Recessed modular louvred reflector 
Medium 
Heavy 

0.34 
0.95 

15.8 
19.0 

Light 0.09 3.0 
Medium 0.21 7.0 

I lealth authority general office Recessed modular louvred reflector Heavy 0.47 12.0 
Actual 0.28 10.0 

Light 0.12 0 
Medium 0.27 2.0 

"prance company general office Recessed modular louvred reflector Heavy 0.56 3.0 
Actual 0.57 11.0 

Light 0.12 0 

Insurance company general office Recessed modular louvred reflector 
Medium 
Heavy 

0.25 
0.54 

3.0 
8.0 

Actual 0.34 8.0 

Light 0.1 0 
Medium 0.23 5.0 

Transport authority engineering office Recessed modular louvred reflector Heavy 0.5 10.0 
Actual 0.64 12.0 

Light 0.12 1.0 
Speculative office Recessed modular louvred reflector Medium 0.25 2.0 

Heavy 0.55 8.0 

Light 0.15 5.0 
Speculative office Recessed modular louvred reflector Medium 0.31 5.0 

Light 0.14 5.0 
Medium 0.30 12.0 

Shipping company general office Diffuser Heap 0.66 20.0 
Actual 0.15 7.0 

vorking plane illuminance. Although the advice concern- 
obstructions given in Section 4.5.3.4 of the CIBSE Code 

for Interior Lighting`' is useful, it does not offer a method of 
quantifying their effect. 

The paper is focussed on commercial office accommodation, 
an interior which is well suited to the lumen method of artifi- 
cial lighting design. There are many other obstructed interi- 
ors which remain to be investigated and these include interi- 
ors where significant differences in the type and orientation 
of obstruction apply, e. g. shops, hospitals and industrial inte- 

riors. This would also allow the VFR concept to be tested 
across a wider range of interiors, and also to compare the 
influence of other factors. Work is currently underway at 
Reading University which is concerned with quantifying the 
effect of the floor cavity on working plane illuminance I,. 

The earlier work carried out at Liverpool and described in 

the paper provides for uniformity and an acceptable illumi- 

nance on the working plane of obstructed interiors. While 

recognising the obvious need for these requirements there is 

also a need to provide interest and variation for the occupants. 
These factors could be provided in some way by the obstruc- 
tions which would then become factors in any wider assess- 
ment of lighting quality. 

All of the luminaire types listed in Table 4 have significant 
DLORS. Uplighting has been provided in many offices and it 
would be interesting to compare the effect of standard 
obstructions under these conditions. Table 4 confirms the 
good agreement between four of the cases where vrtt and OL 
was measured under working conditions. Has further work 
been carried out to identify the reasons for the significant dif- 
ferences in the remaining interior? 

The need for `benchmark' data in order to validate lighting 
design computer programmes is directly related to the work 
of CIE TC3-29 Computer Calculations. Is it proposed that the 
standard obstructions described in this paper should be 
adopted as a CIE standard? If so, it has not been made clear 
how the confidence limits of the site measurements could be 
defined. The relative simplicity of computer programme vali- 
dation for unobstructed interiors has, with certain excep- 
tions'f"10i, failed to provide the required accuracy necessary to 
produce a CIE standard. 
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The Revd Dr AR Bean 

This paper describes a very useful piece of work and deals 
with a problem well known to lighting engineers. Until the 
advent of the computer the type of calculation required to 
determine the effects of obstruction was, in general, too time- 
consuming to be undertaken. The authors have demonstrated 

that it is now possible to deal with the problem of potential 
obstruction 

in a reasonable way. 

However, lighting design is littered with many good ideas 

unuscd 
because of commercial pressure and anything which 

increases 
the number of luminaires required is not welcome 

In competitive tendering situations. It would need the specifi- 

er or consultant to ask for this modified method of calculation 

to be employed by all those tendering before it would find 

significant use. 

Another aspect is the accuracy with which the recommended 
. 1inances meet the real needs of the users of the space. In 

Ost situations 500 lux is very satisfactory for offices and the 

writer has found quite a few offices where 400 lux was consid- 
ered good by the occupants. This was in spaces where VDUs, 
filing cabinets etc., were present, i. e. the lighting levels 

mimed already to take into account the normal types of office 
obstruction. 
Perhaps the best thing, at the moment, would be to make 
adjustments only where heavy obstruction was expected and 
to assume that the lighter obstructions are accommodated for 

4 
, 47thin the recommended average illuminance values. 

This pqrticular paper demonstrates the value of an ongoing 

prograrnme of work which tackles a particular practical prob- 

anj proceeds steadily towards a solution. 1= 

just offices. The vn concept is useful for designers of lighting 
for any interior where the precise nature of the contents is 
unknown and for which the standard obstruction method 
enables reasonable design assumptions to be made 
Regarding uplighting, the authors have undertaken one set of 
laboratory measurements to compare OL values for the same 
room lit in turn by VDT downlights, uplights and wall wash- 
ers. The ot. for the heavy obstruction cases were I%, IO% and 
5% respectively. These results follow the general pattern in 
that light from small downlight sources is not intercepted to 
the same degree by vertical obstructions as that from sources 
with more diffuse intensity distributions -- in this case walls 
and ceiling. No field measurements have yet been made with- 
in an actual uplighter installation. 

We have been unable to investigate the reasons for the poor 
agreement for the fifth case where vnt. and 01 were measured 
under working conditions because we have been unable to get further access to the building for security reasons. 
We hope that in due course the standard obstruction could be 
adopted as part of the 'benchmark' data for a CIE standard. 
The field measurements used in the work to date nave been 
performed to enable OL to be established for design purposes 
and their accuracy is probably not sufficient for validation of 
a standard. For this purpose laboratory photometric measure- 
ments of illuminance conditions in spaces with standard 
obstructions would be required. 

The Revd Dr AR Bean 

The authors agree that the work has commercial implica- 
tions. It is our hope that the results will eventually find their 
way into codes where they will form the basis of recommen- 
dations for good practice which will be available to specifiers, 
consultants and clients. 

Igors' reply to discussion 

The authors thank the discussors for their contributions. We 

x-. 11 attempt to answer their points in turn. 

Rý Cook 
losses caused by 

r, e aC on 
afflicts many 

the 
types 

bof 
building interior and not 

ýbstN 
i 

1ý 

JLL 
26 No. 3 (1994) 

Dr mean's point about the effect on the occupants of a space of 
small percentage drops in average illuminance is well made 
and we agree that most of the user complaints encountered 
have been in the more heavily obstructed interiors. The other 
important aspect of this work are its implications, in a litiga- 
tion-conscious world, for compliance with specifications, par- 
ticularly those written in terms of maintained illuminance. 
The prospect of a client armed with a lightmeter is indeed a 
terri1 ling one! 
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MEASURED LIGIIT LOSSES IN REAL INTERIORS 

M. J. Lupton. A. S. M. Leung and D. J. Carta 
School of Aichitccturc and Building Engineering, 
University of Livcrpcool. Livcrpool 1.69 311X. 

This paper is concerned with measurement of the amount of light absorbed by room 
contents in commercial premises. The furniture, equipment and personnel that occupy a 
working office will cause light losses in terms of both local variation of illuminance 
uniformity across working areas and an overall reduction in average working plane 
illuminance. This problem has been investigated in simulation studies which have put 
forward theoretical values of light absorption but little work has been undertaken to 
measure light absorption. A series of photometric surveys of illuminance within modem 
office buildings are described which were undertaken firstly in the empty spaces; 
secondly, furnished with simulated 'standard obstructions'; and thirdly, in their working 
state. The installations were selected so as to include examples of common types of 
luminairc, and different types of room furniture system. The results show typical 
magnitudes of light loss and give an insight into the relative importance of the various 
parameters that influence light absorption - notably obstruction type and size, and 
lurninaire type. The influence of the results on current design practice are indicated. 

IN RODUCTION 

Traditional lighting calculation methods assume a clear room volume without allowance for light losses caused by root.. 
contents. Whilst this clear space approximation permits sophisticated means of calculating lununaire spacing to height 
ratio and average working plane illuminance the lack of realism in the outcome has become an increasing concern within 
the international lighting community (1). Recent developments in lighting equipment, prompted by the visual problems 
of VDTs and the pressure to increase energy efficiency tend to increase the risk of obstruction losses. Much use is now 
made of mirrored and louvred luminaires, designed for use at wider spacings, whose directional lighting characteristics 
mean that areas of the working plane remote from luminaires are particularly prone to shadows caused by room 
contents. Additionally, proposed changes in lighting design standards involve specifying 'maintained illuminance' at the 
task - the minimum average illuminance at which maintenance must 'Sc carried out - which exposes the deficiencies of 
the current lighting design methods and enables installations to be more easily checked for compliance with a 
performance specification. 

Lighting is arguably the only major branch of building services where the design process is undertaken making no 
allowance for building occupancy. The most common technique of lighting design worldwide is the 'Lumen' of Zonal 
Cavity' method which enables an average illuminance to be provided over the horizontal working plane of an empty 
interior whilst attempting to limit the variation of illuminance by control of the spacing of luminaires (2). In practice, 
although the uniformity of illuminance on an unobstructed working plane may be satisfactory, room contents may cause 
areas of shadow and light loss which may influence visual performance, worker morale and, in extreme cases even 
safety. The work described in this paper indicates the magnitude of light losses caused by internal obstructions in a 
number of real building interiors and the way in which this information may be used by a designer of general lighting 
systems is indicated. 

PREDICTION OF OBSTRUCTION LIGHT LOSSES 

The two main approaches to prediction of light losses have been either computer simulation or field measurement. 

Computer simulation 
In recent years computer based methods of analysis of illuminance conditions within building interiors have been 
developed including some that are capable of modelling obstructions. These analysis methods use variously, finite 
element, Monte Carlo simulation, or ray-tracing techniques, and a number have visual simulation output capability. 
They are however of limited use in practical lighting design since the input data for the room contents is unlikely to be 
available when lighting design is undertaken. Work at Liverpool University has recognised the need for a general 
representation of light loss caused by building contents using only information available at the early design stage (3). To 
this end a procedure has been developed for design of general lighting installations which is capable, firstly, of spacing 
the luminaires at an appropriate distance to overcome the anticipated effects of obstructions on illuminance uniformity 
and, secondly, to take account of the likely light losses caused by obstructions. 
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fit part of this procedure is a modification to the spacing to height ratio (SHR) calculation which enables the 
&sCt to space the luminaires at an appropriate distance to allow illuminance uniformity to be maintained in area 

ing "standard obstructions" which are representative of the range of room contents in commercial interiors. 
consist of a desk surrounded variously by human form, filing cabinets and partitions. The computer based 
ue permits the calculation of a modified SHR for any luminaire appropriate to the size and shape of the 

, WCUOns that are likely to be placed in the space. A lumen method calculation is then possible using a modified S1 IR 
OBS) selected by the designer as being appropriate to the interior being considered. The light loss over the 

eng plane has been investigated using a computer program which enables illuminance conditions for specific 

'Comb 
3nations of room size, room contents and light source to be determined. This was used to calculate the Obstruction 

S, COL), the percentage reduction in average working plane illuminance caused by obstruction, for a limited range of 

moors lit by point or linear source luminaires. In addition for each interior the ratio of obstruction vertical surfsec area 

so fjoOr area (VFR) was calculated. This has been shown to be the most convenient and reliable measure of obstruction 

dcMity (3,4). For the limited sample of installations investigated it was demonstrated that prediction of light losses in 

yotod interiors based on a knowledge of the contents was feasible and that luminaires could be grouped into broad 

o growps each of which had similar light loss characteristics over a range of practical room sizes and room surface 
tanee. Some typical predicted values extracted from Reference 5 are given in Table 1. The design process would 

'nelc in an orthodox manner using OL as a multiplier to Utilisation Factor to ensure acceptable average working Olen 
illuminance and SHROBSMAX as luminaire spacing criterion to ensure acceptable working plane illuminance 

Diane- 
octuty 

ý 
! ffn 

surveys have been undertaken by a number of researchers to investigate both lighting conditions in 
u furniture configurations or overall light loss within a furnished space. 

veys reported by Briggs (6) were primarily intended to as the basis of a new NAIES calculation technique for Z, 
ýn illuminance levels in spaces equipped with cellular partitions. Siminovitch et al (7) analysed the reduction in 

g plane illuminance due to a number of different work station geometries using scale model of office interiors. 
moults indicated local light losses on task areas of up to 70%. Kajima et al (8) and McEwan and Carter(4) reported 

: 13e Ire sults of surveys of measurements across the whole working plane of modem offices in empty and furnished 
eons. The former reported losses of 20% in one room, the latter losses of between 8 and 10% in four different 

. 11abons but in both cases details of the room and its equipment were not included or the reasons for the losses 

cPýracd- 
of the magnitudes quoted above have clear implications for the lighting designer particularly when using the 

ed illuminance concept. Surveys to investigate losses are however time consuming and are only able to address 
=Aln"tcd range of geometric and photometric variables. Computer simulation overcomes this problem but designers 
x be confident that data produced in this way is capable of representing real conditions. 

PHOTOMETRIC SURVEYS 

. diiication to lighting design methods to take account of obstruction depends critically on the assumptions made. 
.i crpool proposal is based on calculated values of OL for installations assumed to be occupied by Standard AJOY 

t cuons" To date no attempt has been made to measure light loss due to Standard Obstructions to enable 
ýn to be made with the calculated values or to relate them to losses in actual interiors. Measurements of these 

dial thus important for 
buildings. The second 

reasons. Ile 
the need to 

verify 
that the simulated and measured vales of OL 

tare 
of the 

same 
vajucs ; 

o, and the third is to check whether illuminance conditions in actual instzllations in their working state can be 
XVU using the various "Standard Obstruction configurations. 

eys investigated illuminance levels in a range of interiors that contain lighting equipment that is representative 
modern practice. Two of the installations were equipped with surface mounted diffusers and two with 

S""-ý specifically for areas with VDTs. The rest of the installations were lit using surface mounted or recessed 
ýNuuon reflector luminaires with either wedge or cross-blade louvres and which are classified in the CIBSE %ý"'- dis 

(9) surface modular' or "recessed modular". The surface reflection factors for all installations were within the 
Code recommendations. The measurements are made in the installati ons firstly in their empty state secondly 

tt Standard Obstructions', and finally in their working state after occupation by the building users. This paper 
results for 14 installations and it is planned that a large number of additional installations will be surveyed over 

of the research. 

l l; ghting terms an obstruction is defined as an object which is between the luminaire plane and working plane, 
ý01 9cß`- 

0 
this can be taken as: 

visual display units 
bý piling and storage cabinets 
c) panels and screens used for dividing offices into 
d) Users of the office when seated at desks. 

work stations. 
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Previous work at Liverpool addressed the problem of the size and configuration of the elements of office obstruction set 
out above. A series of' light", "medium", and " heavy " standard obstructions were put forward to represent the range 
of obstruction density in office interiors. The standard obstructions were developed from analysis of data on office 
furniture provided by two major office equipment manufacturers. The sizes of the standard obstruction elements to be 
used for the calculation of OL and for the photometric surveys are shown in Table 2. Figure 1 illustrates the Standard 
Obstruction configurations. These are: 
Light standard obstruction -Person + Desk + VDU 
Medium standard obstruction -Person + Desk + VDU + Filing cabinet 
Heavy standard obstruction -Person + Desk + VDU + Filing cabinet + Partition 
Floor area per standard configuration is 12 square metres 

These standard obstructions can be used to represent obstruction densities having ratios of vertical surface area to floor 
area (VFR) from 0 to 0.5. Typical values of VFR for modem office buildings were within the range 0.22 to 0.57 and 
thus the standard obstructions should be capable of simulating obstruction densities within most working interiors. For 
purposes of the surveys were constructed of painted cardboard, polystyrene, wood and are designed for easy transport 
in small sections 

Survey locations 
Getting access to suitable installations for measurement purposes is a major task. The problem is not only one of 
selecting suitable installations in terms of size and equipment but also one of persuading the building designers, 
owners, and users to allow access at the various stages of the surveys. Information on the installations is given below 
and in Table 3. 
Installations 1 to 4 
General purpose room located in the University of Liverpool. 7.7m by 6.8m by 3. Om high, furnished with four 
standard obstructions only. Lit by a regular array of 3x3 ceiling mounted luminaires, switched such that two luminaire 
configurations could be used with different SHRtransverse- 0.89 and 1.79. Two different luminaire types were used; a- 
prismatic base, opal sided diffuser and a modular louvred reflector luminaire. 
Installations 5 to 7 
A demonstration area cwned by a luminaire manufacturer 9.5m by 6.8 by 2.7m high. Only half of the room was used 
for measurement and each half was furnished with four standard obstructions. Each half could lit in turn by regular 
arrays of three different types of luminaire - LG3 CAT 1. LG3 CAT3, and recessed modular reflector all having 
SHRaxial of 1.2 and SHR transverse of 0.75 
Installations 8 and 9 
A medical records centre and general office equipped with recessed modular louvred luminaires. Installation 8 was 
9.3m by 5.6m by 2.6m high and lit by a regular array of 2x3 luminaires and furnished with 4 standard obstructions. 
Installation 9 was 8.4m by 8.5m by 2.6m high, lit by a3x3 grid of luminaires and was furnished with 6 standard 
0structions. Installation 8 is a medical file/record store equipped with three 2m high by 3m long file stacks and 
Installation 9 is a general office. Working plane illuminance neasurement was also recorded for the working condition: 
Installations 10 and 11 
The rooms surveyed were representative sections of large open plan offices of an insurance company. The section of the, 
room in Installation 10 was 7.2m by 13.1m by 2.7m high and and in Installation 11 a 11.2m by 8.9m by 3.1 Im high 

.. 
_ 

section of the room was used. In both cases 10 standard obstructions were used and measurements were also made for 
the working condition. Installation 10 was lit by a regular array of 7x3 recessed modular reflector luminaires. 
Installation 11 was lit by a regular array of 3x3 surface mounted modular luminaires suspended from the timber 
trusses at 3.8m centres below a white plastered ceiling void. 
Installation 12 
A ground floor office suite measuring 13.5m by 7.4m by 2.75m high lit by a regular array of 6x4 flush mounted 
modular luminaires. The room was furnished by 9 standard obstructions and contained two large supporting columns. 
Installations 13 and 14 
The rooms were part of a show suite of a new office development. Installation 13 was a 9m by 4.5m by 2.8m high 

",. 
e- 

section of the main open plan office area, and installation 14 was a smaller (5.45m by 5.9m by 2.8m high) adjoining 
conference room. Both installations were lit by a 1.5m square array of recessed profiled reflectors with a 24w PL lamp. 
The installation was used as a show suite and therefore could not be surveyed in the actual working conditions. Four 
Standard Obstructions were used in each space. 

Survey methods 
The first part of a survey consists of gathering physical photometric details of the room and its lighting equipment. Each 
survey consists of measuring horizontal working plane illuminance on a square grid of points (usually 0.5m centres) - 
over the whole room empty, again when furnished with the various standard obstructions, and finally, in its working 
state. All daylight is excluded during measurement. A cosine and colour corrected photocell is mounted on a tripod and 
positioned over grid points at desk top height (approx. 0.7m above floor). The average working plane illuminance was 
calculated as the area weighted arithmetic average of the grid point illuminance. The obstruction loss (OL) was 
calculated as the percentage reduction in average working plane illuminance and is shown in Table 3. 
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DISCUSSION OF RESULTS 

the results for all installations show the same general pattern in that OL rises as VFR increases. The average OL values 
over all the measured installations of 1.8% for Light Standard Obstruction, 6.2% for Medium Standard Obstruction, 
and 11 . 8% for Heavy Standard Obstruction are in good agreement with the the predicted results shown in Table 1. It 
thus appears that the methods of simulation and prediction of light losses for obstruction described earlier could be the 
source of realistic design data for actual interiors. 

The different luminaires used have varying propensity for light loss for similar degrees of obstruction. It is apparent 
from the results from Installations I to 4 that the diffusing luminaires have higher OL for a given VFR than the Modular 
Louvred luminaires, and similarly that the LG3 CAT 3 and Modular Louvred luminaires have higher light losses than 
1G3 CAT 1. The reason for this is presumably that light from luminaires with direct fight distributions is not intercepted 
b the same extent by vertical obstruction than that from luminaires with pronounced sideways intensity distributions. 

mere is some evidence that OL varies with SHR. The results from Installations 1 to 4 indicates that higher OL values 
occur when the luminaires are spaced near to their SHRMAX and that underspacing the luminaires substantially reduces 
obstruction light loss. Installations 13 and 14, which are equipped with a large number of small lumen output 
luminaires installed at well below their SHRMAX, have very low OL values. 

e magnitude of OL for Installations 5,6,7 and 8, is higher than for the others and a number of factors may cause this. 
is unlikely that the luminaires account for the differences since the Installations 7 and 8 are photometrically similar to 

the other Modular Louvred luminaires, but give very different results in terms of OL. Rooms 5 to 7 are however smaller 
than the rest of the installations and the smaller floor area/workstation gave higher VFR values. Additionally Installation 
8 contains the medical record racks. There was thus not only more obstruction in these rooms to intercept light but also 
1 greater proximity of the room wall surrounding each work station which also served to absorb light. Luminaires in 
installations 5 to 7 were all underspaced and it is conceivable that the OL values could have been higher had they been 
spaced near their maximum SHR. On the other hand those rooms with Room Indices of greater than 2( Installations 9 to 
12) generally had lower than average values of OL. 

The range of VFR values created for the measurements ranged from 0.1 to 0.95 (with the exception of Installation 8). 
Results of the surveys of modem office buildings cited earlier indicated that typical values of VFR for room contents 
ranged from 0.22 to 0.57 when calculated on the same basis and hence the measurements could be considered to be 
made under conditions that ranged from the current design condition of an empty room, through that of the actual 
finished state for a typical office, to that of a grossly over obstructed space which is unlikely to intentionally occur in a 
commercial building but which could occur in an industrial environment. On the limited evidence of four surveys it may 
be concluded that the VFR and OL for offices in their working state could best be represented by the Medium Standard 
Obstruction. OL value., up to 15% might reasonably be expected in commercial interiors given a particular combination 
of jurninairc and contents. Losses of this magnitude have clear implicdüons for the lighting designer when trying to 
meet a specification written in terms of average working plane illuminance. 

CONCLUSIONS 

Would 
be foolish to attempt to draw up general rules based on the results of a limited number of surveys but the 

moults of the work do point to some tentative conclusions. The range of the magnitude of the measured values are 
enemy similar to those of the predicted values produced using the Liverpool simulation programs. Simulation of 8n data for real interiors is thus feasible. The major factor influencing OL is size and density of obstructions. riesig type is the next most important influence but there are differences in performance between types of luminaire Lum 

scud interiors. Large rooms generally have smaller values of OL than small rooms. The maximum influence of tisýctions on OL is when luminaires are spaced near their SHRMAX and light loss can be reduced by underspacing 
the lu0 pfficeay ets 

but work 
co eluded that Medium Standard td sd Obstructions are capable of replicating illuminance 

cones 
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Element length (m) Width (m) Height (m) Vertical Surface 
Area m2 

Reflectance 

Filin Cabinet 0.64 0.48 1.35 1.34 0 3 Partition 1.5 0.025 1.75 3.06 . 0 6 V. D. U. 0.4 0.4 0.4 0.64 . 0 3 Person - head 0.1 0.2 0.55 0.53 . 0 3 
' body 0.1 0.5 0.34 . 0.4 Desk 0.76 1.41 0.75 N/A 0.3 

Details of Standard Obstructions 
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De ros of Obstruct ion 
light 

VAR. w 0.1 
medium 

V. F. R. " 0.25 
heavy 

V. F. R. " 0.45 
Diffuser 2.5% 7% 14% 

Wide Distribution 
Reflector 

2% 5% 11% 

arrow Reflector 1.5% 5% 10% 

Table I Some typical predicted values of OL for installations with linear luminaires installed near SHRMAX. 

Instauation Type of Lummaire Room Index SMR Transverse Obstruction Type Obstruction Loss 
Maximum Actual and VFR (OL fit 

1 Diffuser 16 .17 0 89 light 0.1 1 
medium 019 38 
heavy 05 77 

2 Surface Modular 16 18 0 89 light 01 12 
Louwed Reflector medium 0 19 37 

heavy 05 70 
3 Diffuser 16 .17 1 79 light 0.1 4 

medium 019 84 
heavy 05 11 5 

4 Surface Modular 16 18 1 79 light 01 13 
Louvred Reflector medium 0 19 29 

heavy 05 77 
5 VOT Cat 1 09 126 0 75 medium 034 92 

he" 0 95 98 
6 VOT Cat 3 09 1 67 0 75 medium 034 128 

heavy 0 95 170 
7 Recessed Modular 09 1 62 0 75 medium 0.34 158 

Louvred Reflector hea 0 95 190 
8 Recessed Modular 18 1 87 1E light 0 11 40 

Louvred Reflector medium 0 23 80 
heavy 0 53 140 
actual 164 300 

9 Recessed Modular 22 1 87 1.6 light 0 09 30 
Louvred Reflector medium 0 21 70 

heavy 047 120 
actual 0 28 100 

10 Recessed Modular 23 1.25 11 light 012 0 
Louvred Reflector medium 0 27 20 

heavy 056 30 
actual 0 57 110 

11 Recessed Modular 21 1.25 10 light 0.12 0 
Louvred Reflector medium 0 25 30 

heavy 0 54 so 
actual 034 80 

12 Recessed Modular 36 1 25 1.0 light 0.10 0 
Louvred Reflector medium 0.23 50 

heavy 0 50 100 
13 Recessed Modular 13 1.7 0.8 light 0.12 10 

Louvred Reflector medium 0.25 20 
heavy 0 55 so 

14 Recessed Modular 12 15 0.8 1ý ht 0.15 50 
Louvred Reflector medium 0 31 so 

Table 3 Summary of installations and results 
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A LIGHTING DESIGN METHOD 
FOR NON-EMPTY INTERIORS 

DJ Cartes ASM Leung, MJ Lupton 

ABSTRACT 

The lumen method is the most popular design tool 
used for interior general lighting schemes due to 
its simplicity, economy and ready availability of de- 

sign data. This paper puts forward proposals for 

modifying the existing procedure to enable the de- 

signer, to take account of the consequences of 
the likely average light losses caused by obstruc. 
tions. 

LA CONCEPTION D'ECLAIRAGE POUR LES IN- 
TERIEURS ENCOMBRES 

RESUME 

La mgthode "Lumen" est la plus courante des 

moyens de conception utilis6s dans la preparation 
des installations d'gclairage interieur general ä 

cause do sa simplicite, son gconomie et la disponi- 
biiitO des donnees do conception. Cette publica. 
tion propose des modifications ä la mett, ode 
actuelle qui permettent au ingenieur de conception 
de considerer les consequences des deperditions 

moyennes de lumibre probables dues aux encom- 
brements. 

METHODE FÜR BELEUCHTUNGSENTWÜRFE 
FÜR VERSTELLTE INNENRAUME 

ZUSAMMENFASSUNG 

Die Lumenmethode ist das beliebteste 

Entwurfverfahren für allgemeine 
Inn enbeleuchtungseinrichtungen wegen ihrer 

Einfachheit, Sparsamkeit und der leichten 

Verfügbarkeit von Entwurfdaten. Dieser Artikel 

schlägt Änderungen für ein schon entwickeltes 
Verfahren vor, die es dem Beleuchtungsplaner 

ermöglichen sollen, die Auswirkungen der 

wahrscheinlichen Beleuchtungsverluste durch 
Verbauung zu berücksichtigen. 

KEYWORDS 

Calculations, interior lighting, light loss, lighting 
design and specification, office lighting 

INTRODUCTION 

Arguably the most significant failing of lighting do - 
sign methods in current use is the assumption 
that interiors are empty. The lumen method Is the 
most used lighting design method woridwido duo to 
its simplicity, ready availability of design data, and 
economy of designers time. This paper presents a 
modified lumen design method that takes account 
of the likely light losses under working conditions 
caused by the contents of a room. In office build- 
ings these may include furniture or partitions which 
project above the working plane and cause the ac- 
tual illuminance levels in the space to be lower 
than those predicted using the 'empty tm': %' as" 
sumption. To overcome this the modified lump i 
method includes a multiplier to the Utilisation 
Factor, called the Obstruction Factor, which in- 
creases the installed flux to compensate for light 
absorbed by typical room contents. The 
Obstruction Factor data is general enough to ac- 
knowledge the range of luminaire typos, room 
sizes and obstruction configurations likely to be 
found in practice, and is in a form suitable for do- 
sign use. 

2 LIGHT LOSS ANALYSIS 

2.1 Background to the work 

The relationship between average right loss over 
the working plane and the various parameters of 
general lighting Installations have been investigat- 
ed using both computer simulation[I j or photomet- 
ric survey(21. The results indicated that soma pa- 
rameters have a greater effect than others. 
Specifically density of obstructions had the 
largest effect followed by that of variation In lumi- 
naire type. Variation of room and obstruction sur- 
face reflectance had a negligible effect on total 
light loss. The effect of room size was shown by 
survey results to be influential. The density of ob- 
structions - sire and disposition - was quantified 
by expressing the vertical surface area of furniture 
and other room contents above the working plane 
as a ratio of the floor area of the room. a ratio 
termed the vertical surface area to Door area 
$atio - VFR. It was further established that lumi- 
naires having the same physical and photometric 
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properties had a similar relationship between ob- 
struction density in terms of VFR and Qbstruction 
light loss (OL) the percentage reduction of aver- 
age working plane Illuminance in an obstructed 
space to that In the same space in an empty state. 
Light losses for photometrically different classes 
of luminaire, on the other hand, varied consider- 
ably. In general diffusing luminaires exhibited con- 
sistenty higher losses than more direct luminaire 
types. 

2.2 Data generation 

The previous work Indicated that luminaires could 
be grouped Into broad generic groups each of 
which have similar light loss characteristics and 
that the same OLNFR relationships held for that 
group over a range of practical room sizes and 
room surface reflectance. This pointed the way to 
reducing the almost infinite number of data sets 
associated with the vast range of commercially 
available luminaires Into a compact body of knowl- 
edge suitable for design purposes. Light loss data 
was generated using a computer program previ- 
ously developed at Liverpool to calculate average 
working plane illuminance in a series of installa- 
tions of different sizes and degrees of obstruction 
It in turn using examples from the luminaire gener- 
ic groups[31. 
The selection of generic luminaire groups, each 
having similar physical and photometric character- 
istics, was made using the classification in the 
CIBSE Code for . lterior Lighting, section 3.3.2. 
'Luminaire characteristics' (4). Sixteen cate- 
gories of interior luminaire were Identified using 
this method and a selection of examples for each 
category from four multinational manufacturers 
was made. Care was taken to ensure that the lumi- 
naires selected from each category had similar lu- 

. ninous Intensity distributions and spacing charac- 
teristics. The empty interiors were designed using 
conventional lumen design techniques. The ob- 
structed Interiors were fully occupied by 'Standard 
Obstructions' and lit by the various luminaires 
spaced according to conventional spacing to 
height ratio rules. The standard obstructions rep- 
resent workstations made up of a desk surrounded 
variously by human form. VDT, filing cabinets and 
partition. A series of 'Light'. 'Medium' and 'Heavy' 
standard obstructions have been put forward to 
represent the range of obstruction density in of- 
fices[5j. The standard obstructions used to repre- 
sent the room contents In the calculations give a 
VFR range from 0 (empty) to 0.70 (Heavy case 
standard obstruction), these being representative 
of the range of obstruction conditions in modern 
commercial office buildings. A typical room config- 
uration Is shown in Figure 1. The data was pro- 
duced for the full range of room Index over which 
Utilisation Factor Is calculated " that is up to room 

index S. The calculation of OL for the various in- 
stallations involved permutations of room Index, 
VFR, and luminaire type. For each luminaire type 
modules of floor area of 8,10, and 12 square me- 
tres each containing a Light. Medium, or Heavy 
standard obstruction were seated to give a range 
of VFR from 0.15 to 0.7. The modules were then 
combined into 'rooms' of different sizes to vary 
room index over the range 1 to 5. A macro program 
was used to run the program for each combination 
of modules to generate OLNFR data for the 16 
classes of luminaire (7644 cases). 

2.3 Resufts 

The results were plotted as graphs of OLNFR for 
the various luminaires for all room indices and an 
example is given in Figure 2. The data was pro- 
cessed by linear regression techniques which as- 
sumed a true zero and the results of this analysis 
confirmed that a straight line passing through the 
origin could be fitted to the data with measures of 
fit (r squared) of the order of 0.98. The greater the 
slope of the graph the greater the value of OL for 
a given value of VFR and hence the greater the 
propensity for i.; h" loss. The slopes of the graphs 
for the different types of luminaire vary consider- 
ably with the bare batten types having the highest 
losses. The graphs for the luminaire types 
equipped with louvre systems (those suitable for 
VDT locations; and recessed modular luminaires 
with louvres) indicate that these luminaires have 
the lowest losses. The reason for this is that light 
from luminaires with direct light distributions is not 
intercepted to the same extent by vertical obstruc- 
tion than that from luminaires such as battens 
which have a pronounced sideways intensity dis- 
tribution. The rest of the luminaires which have a 
OLNFR slope between the extremes of battens 
and VDT are semi direct luminaires that have a de- 
gree of optical control using prismatic controllers, 
painted reflectors, or recessed modular lumi- 
naires. The slopes of the graphs also varied with 
room index for some conditions. 

3. USE OF RESULTS IN LIGHTING DESIGN 

The light loss simulation produced too large a 
data set to be directly useful for practical design 
purposes. A number of alternative methods of pro- 
ducing a compact body of data capable account- 
ing for different light loss characteristics of lumi- 
naires in rooms of different sizes were investigat- 
ed. The solution was to plot the slope of the 
OUVFR graph (m - the obstruction loss character- 
istic) for the luminaire groups as a function of room 
index and luminaire spacing, the former account- 
ing for rocm size and the latter being dependent on 
the photometric characteristics of the luminaires in 
the group. Figure 3 shows the data in this man- 
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nor with room index plotted on the Y axis and lumi" 
naire spacing on the X axis in terms of CIBSE SHR 
(6). The SHR data used to plot Figure 3 was calcu- 
lated as the arithmetic average of the maximum 
values of SHR for the actual luminaires used from 
each classification group used in the simulation. 
Ideally design data should be easy to understand 
and simple to use if mistakes and misundarstand- 
ings are to be avoided and the proposed method of 
presentation of data achieves this. At the first 
stage the designer would decide the illuminance 
level and luminaire type. Next the designer is re- 
quired to either calculate or estimate VFR for the 
proposed installation. This is done by expressing 
the vertical surface area of furniture and other 
room contents above the working plane as a ratio 
of the floor area of the room. Where there Is little 
information on the ultimate use of the room default 
values of VFR may be assumed. For example for 
most office interiors in the UK which do not contain 
cellular dividing partitions a value of 0.35 may be 
used, the value for the medium standard obstruc- 
tion. Finally using the maximum permitted luminaire 
spacing and room index for the proposed installa- 
tion the value of m can be read off Figure 3 and the 
Obstruction Factor calculated as follows: 

Obstruction Factor - (1 - (VFR . m) /100). 

This may then be used in the lumen method as a 
multiplier to the Utilisation Far. ", 

4. COMPARISON OF RESULTS WITH SURVEY 
MEASUREMENTS 

A limited amount of photometric survey data from 
installations in their actual working state was avail- 
able from Reference 2 for comparison with predic- 
tions made using Figure 3. Table 1 summarises the 
measured and predicted data and it is clear that 
the agreement is good. 

5. CONCLUSION 

This work has developed an easily implemented 
method of prediction of light loss data for a repre- 
sentative range of interior luminaires for installa- 
tions of different sizes and with varying degrees of 
interior obstruction. There is encouraging evi- 
dence that the results of the survey and simula- 
tion work give similar results. A format for this 
data for design purposes has been developed and 
the design method is currently being field tested. 
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Installation Obstnmction Loss (! yl 

__ _ 
Predicted Measured 

Health authority 10 11 
general office 
Insurance 11 14 
company general 
office 
Insurance 8 it 
company genera) 
office 
Transport 12 16 
authority 
engineering office 
Shipping company 75 
general office 

Table 1: a) Comparison of measured and 
predicted results. 

b) Vergleich von gemessenen und 
berechneten Ergebrissrn. 

C) Comparaison entre les risultats 
mesures et les predictions. 
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Advances In lighting design methods for non-empty interiors 

MJ Lupton B Eng, ASM Leung B Eng, and DJ Carter M Sc, Ph D, C Eng. FCIBSE 
School of Architecture and Building Engineering, University of Liverpool, Leverhulmo Building, 
Abercromby Square, PO Box 147, Liverpool L 69 3BX, UK 

Summary 

Traditional lighting design techniques assume an empty room despite the fact that room contents 
such as equipment, furniture or machinery may adversely influence illuminance conditions within an 
interior. The last decade has seen a considerable research and development effort to produce tools 
and guidance for designers seeking to produce lighting solutions for non-empty interiors. 7his paper 
reviews the many advances that have been made, including the now widely available computer lased 
design methods, and summarises the design guidance promulgated on the subject in the major codes 
and standards. A number of limitations in the existing work are identified and areas of necessary future 
development identified. 

I 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 in this journal some ten years ago reviewed the subject of the treatment of 
obstruction in interior lighting design (1). 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 techrüques. In general 
the simulation methods were analysis tools for specialist applications and research and as such were 
neither suitable for, or available to, practising 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. 
In the last ten years there has been much work in the 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 acknowledc e, and attempt to overcome, the problems of 
lighting interiors containing significant amounts of interior obstruction. Most of the new design 
rnethods are based on computer software and 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 audience than a decade ago. ln addition a number of codes and 
standards now seem to recognise that the problem exists and offer a variety of guidance, 
This paper reviews the many advances that have been made over the last decade in the 'quantitative, 
approaches of modelling of obstructed spaces, namely computer based design methods, measured 
photometric data and empirical design methods. 'Qualitative' aspects of visual conditions In obstructed 
spaces are 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. 

Z Codes and Standards 

The problems caused by obstruction did not feature greatly in lighting codes and standards until 
comparatively recent years except in the case of specialist applications. The guidance on the design 

of library lighting, for example, makes recommendations regarding the siting of luminaires relative to 

shelving systems and recommends the use of local lighting to make good deficiencies in illuminance 

provided by the general lighting system (2). A number of recent developments have forced the 

producers of Codes to address the problem. 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 

ghadows 
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 design methods, which 
are largely based on the 'empty room' assumption, and enables the resulting Installations to be 
checked for compliance with a specification. This section outlines the guidance on the subject set out 
by the various major lighting authorities. 

2.1 Chartered Institution of Building Services Engineers 
The CISSE Code for Interior Lighting (3) notes that local reductions In Illuminance will be caused if 
large objects of furniture or equipment project substantially above the working plane and contains a 
general warning about the Inadvisability of spacing luminaires at or near maximum 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 two references does not elaborate in 
quantitative terms. 
The CIBSE Lighting Guide 7'Ughting for Offices' (4) contains a paragraph on the subject. It makes the 
point that most of the problems In offices are encountered after occupation due to the 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 light absorption by contents but 
without mentioning likely magnitudes. 
The CIBSE Lighting Guide 1 'The Industrial Environment' (5) recognises that obstruction caused by 
machinery, overhead conveyors, pipe work, and the like, is a common feature of many industries. It 
recommends three approaches to reduce the problem. The first is to site the luminaires below any 
overhead obstruction and the second the use of 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 Illuminating Engineering Society of North America 
The NAIES Handbook (6) 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 the empty room approach, recommends that partitions be included in 
appropriate calculation methods, one of which is described in Section 4.2. The section on office 
lighting contains detailed guidance on both quantitative, and 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 maintain the 
appropriate luminance ratios between task, surround and background. The problems of the 
requirement for flexibility in office planning for lighting design are pointed out in that 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 5). 

2.3 Other lighting bodies 
The DIN 5035 Part 1 specifies 'nominal illuminance' values over task areas equipped ready for use 
and that these values should take into account the influence of objects in a fully furnished room (7). 
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 Lighting (8) and the Australian Interior lighting Standard(9) make no specific mention 
of the problem apart from a general warning about shadows on task areas from some types of source. 



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, 

3.1 Modelling of obstructed spaces 

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. The method used In lighting consist of a 
set of discreet, non-overlapping areas or 'elements which represent surfaces or light sources. Tho 
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' others. 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 method were described by 
McEwan and Carter(1). Research work over the last decade has concentrated on extension of the 
method into new applications and attempts 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 (10). 
Numan and Moore developed a method to assess the flux exchange in obstructed spaces based on 
the finite element method (11). 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 travels from one surface to an other. The method 
uses the form factor concept between fully viewed surfaces in order to approximate the form factor 
between partially obstructed surfaces. The radiation travelling 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. 
7-hang and Ngai describe a finite element techniques for application to lighting calculations In a multi- 
partitioned space (12). The research used a concept developed by Mistrick- the use of two 
superimposed finite element systems in order to reduce calculation time (13). 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 surfaces, the size and arrangement of which depends on 
priority of the surfaces. Secondly, a finer element mesh is created which Is superimposed on 
surfaces where detailed lighting distribution data is required. Figure 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 and indirect 
lighting systems and comparable results with reduced run time was claimed. 
Ikemoto and Isomura (14) developed a number of simplifications to the finite element method with the 
aim of reducing run time whilst retaining computational accuracy. The most important modifications 
were to limit to 25 the number of elements on any surface, which in turn limited the number of form 
factor calculations, and to terminate the interreflection calculation 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. 



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 
properties of each 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 weighing proportional 
to the luminous intensity 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 particle paths taking into account the particle weighing value. In 
general the accuracy of the simulation is proportional to the square root of the number particles traced 
and the resulting amount of computation is large. A rectangular coordinate system for all room and 
obstruction surfaces used defined with respect to an arbitrary origin. 

Tregenza (15) and Stanger (16) developed techniques for the application of the 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 a lot of computer time. More recently Kajiyama and 
Kodaira (17) investigated the illuminance distribution over the working plane of the room equipped 
with low partitions. Good agreement between computed and measured results was claimed, however 
the computation time, despite using several techniques to improve speed, was enormously long , of 
the order of 18 CPU hours for a small office 6.9m by 4.75m by 2.88m containing four cubicles and four 
luminaires. 

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 traced back from the point of measurement to the source. Each ray of light acts as a luminance 
value resulting either directly from an emitting 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 applied this technique to a particular application for computing luminance called synthetic 
imaging, which is a two-dimensional map of calculated luminance values as viewed from a selected 
point (18,19). To determine direct illuminance rays are traced to each light source and an intersection 
test for to check for any surfaces in the path of the ray 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 outgoing luminance. It the surface is totally obstructed, the 
direct illuminance is zero, but in the case of partly obstruction a Monte Carlo method is used to 
determine the indirect illuminance by sampling the area around the source. The computation of 
indirect illuminance 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. 
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. 

3.2 Computer based design methods 

The last decade has seen three linked developments which together has 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 (albeit different) standard formats were published in the UK. USA and elsewhere. 
The major improvements in software related to the user interlace and Improved program capabilities 
The original lighting programs written for mainframe computers often assumed a user knowledge of 
computing and were written with economy of machine time rather than designers' time in mind, User 
interfaces consisting of worksheets have now largely been replaced by interactive input usually based 
on a standardised operating systems such 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 some now include a consideration of 
some effects of objects such as furniture and work stations located In the room. Given the over 
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 of 
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 suites 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 usually 
equipped with a database of the 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 to use free software for design purposes possibly 
without realising the consequences. The second type of program accurately simulate inter-reflected 
light between the various room surfaces and have been used as research tools for a number of years 
but are 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 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. 

3.2.1 Obstruction in computer-aided lighting design 
This section reviews some of the features of commercially available software currently available to 
designers that are relevant to obstruction. In general the majority of programs 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 1 lists the main features of six examples of software that 
handle obstructions - four lumen/zonal cavity based programs, of which one Is currently tree 
distribution, and two programs which are intended primarily as research tools which have been 
included for comparison purposes only. Table 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 (20). Most programs offer a multitude of features but the four main 
variables relating to the 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 treated as separate for 

calculation purposes. The alternative definition is of an obstruction as a predefined three-dimensional 

object which is then broken into appropriate planar surface areas by the calculation procedure. All of 
the programs in Table 1, with the exception of Radiance, construct the internal obstructions as a 
combination of horizontal or vertical orthogonal surfaces. Luxicon provides the user with a limited set 
of preconstructed items comprising either structural members 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. Complex surfaces including curves can 
be defined using irregular areas defined by surface nodes. Radiance users may construct furniture 



goometry may be made up from combinations of N-sided polygons, sphe, es, cones and discs in this 
way. 
(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 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 filing cabinets could be modelled using 240 vertical and 70 
horizontal rectilinear surfaces (21). It is clear that some programs described in Table 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 basis of the calculation methods that have been implemented in the coding of the various 

examples has been discussed In Section 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 generally modelled by subdivision into smaller portions which are then treated 
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 inter-reflected 
component is calculated using the "radiosity" or "finite element" method. The main differer+ce 
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 times(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-realistic images. However the program 
was developed as a research tool, for which it is much used 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 time. 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. Illuminance 
grids or contour plots in text or graphic form, either for a horizontal working plane or, increasingly, as 
three dimensional plots, are features of all programs, although the practical use of the latter is far from 
clear (see Figure 2). Three of the programs have the capacity for graphic visualisation output of which 
Figure 3 is an example. The Lumen Micro and Luxicon programs produce a monochromatic image from 
a fixed viewpoint and have the capacity 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. 

3.2.2 Program validation 
Programs are increasingly used 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 includes 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 being evaluated against an 
acceptable range of limits of working plane illuminance parameters as the main validation device (22). 
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. The addition of obstructions to the 



input data must be considered an essential modification to the test model. Currently there exists no 
standard data for internal obstructions for test purposes and the standard obstructions put forward in 
Section 3.3.1 are suitable for this purpose being simple enough to be created using the orthogonal 
geometry systems that are in common use in lumen design programs yet capable of being used to 
predict light losses caused by room contents. 

3.3 Simulation of lighting In non-empty Interiors - design data 

The various modelling techniques have been used, otten in combination with some of the empirical 
techniques described in Section 4 to derive data that may be used in the design of lighting in non" 
empty spaces. 

3.3.1 Work at Liverpool University 
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. tirstly. 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 and, 
secondly, to predict and compensate for the magnitude of the likely light losses caused by 
obstructions. 
The first study developed the idea at extending the existing design guidance for empty rooms by 
modifying the maximum spacing to height ratio to allow for some 'standard obstruction loss' which 
could be used by designers in addition to the normal maximum spacing to height ratio (23) 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 array 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 end with a person seated at the desk. For each SHR value of the 
preferred series the program calculated the illuminance conditions within the central area of the 
luminaire area taking into account the presence of the obstructions. The work addressed the 
problem of the size and configuration of the elements of obstruction. A series of 'light' 

, "medium". 
and " heavy ' obstructions were developed to represent the range of obstruction density in office 
interiors (see Figure 4). These 'Standard Obstructions" were developed from analysis of data on room 
contents collected by surveys of a number of office buildings and from information provided by major 
office equipment manufacturers and the sizes of the elements of the Standard Obstructions are 
shown in Table 2. The elements are arranged into configurations set out below 
tjght Standard Obstruction -Person + Desk + VDT. 
Medium Standard Obstruction -Person + Desk + VDT + Filing cabinet. 
Heavy Standard Obstruction -Person + Desk + VDT + 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 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 0.10 m square grid over 
the task, the illuminance from each of the 16 luminaires was calculated taking into account the 
presence of obstructions. The uniformity ratio based on minimum/maximum illuminance over the task 
area, excluding a 0.10 m 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 

parate 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 

at SHP set out in CIBSE TM5 were calculated for a number of examples. The results are summansed 
in a series of graphs similar to Figure 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. Results for the Heavy standard obstruction 
configuration are denoted by 'H', those for Medium standard obstruction configuration with VDT by 
"T, and with filing cabinet by OF, and those with the Light standard obstruction configuration by 61. *. 
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 SHRMAX (the maximum permitted spacing to 
height ratio) for the luminaires between empty and obstructed cases and smaller but significant 
differences between the various obstructed cases (see Table 3). The effect of an 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 (24) 

. 
Bougdah 

demonstrated that this program could be used to investigate the influence of different 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 (25). 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 (see Figure 6). 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 
floor area occupied by the workstation including associated circulation space. Values of VFR for the 
various Standard Obstructions are in the range 0 to 0.7. Results of surveys of modem office buildings 
indicated that typical values of VFR for room contents ranged from 0.15 to 0.69 when calculated on 
the same basis as the Standard Obstruction (26). In terms of this measure of obstruction therefore, 
Standard Obstructions were capable of replicating conditions in actual furnished interiors. Raitelli and 
Carter extended the work in two different ways (27). Firstly the computer simulation was successfully 
carried 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 
with 'furnitur9 like' obstructions. The results for the two types of obstruction were similar and 
confirmed the major influence of obstruction type on light goss. 

3.3.2 Choi and Mistrick(28) 
The work is a study of both working plane illuminance reduction and task uniformity in offices with 
uniform height cubical 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 not, 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. From all types of luminaire the 
obstructions caused light loss of up to the order of 50% on the desk only and 65% on 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 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 Illuminance t. niformrty prodictions wore 
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 underestimate uniformity. The values of uniformity aro 
considerably affected by luminaire layout and type. The straddled layout and indirect luminairo giving 
the best uniformity, whereas centred layout and direct luminaires had the lowest uniformity 

4 Empirical approaches 

The empirical approach to the problem of obstructed spaces has been adopted by a number of 
investigators. 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 both the results of the various photometric 
surveys and comments on their significance, and describes design methods basod on empirical data. 

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. 

Cook and Hill (29,30) investigated the influence of obstructions located in the floor cavity on the 
illuminance distribution on the working plane. The work describes illuminance surveys of a number of 
large rooms firstly empty and then furnished with tables and chairs. For each of condition values of 
floor cavity reflectance were calculated using 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 predicable results using lumen calculations for some types of 
cavity 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 illuminance distributions over the working plane (31). 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 roori 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 
results tentative proposals regarding the relationships between light loss and furniture characteristics 
were put forward. Generally it was noted that designer 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 (27) 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 confirmed 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 influence of the obstructions. Table 4 illustrates some typical 

predicted values of OL for installations with linear luminaires installed near maximum SHR. 

The final piece of Liverpool work to date by Lupton et al was a series of photometric surveys within 



modern commercial interiors which were undertaken firstly in the empty space; secondly, furnished 
with simulated 'standard obstructions': and thirdly in their working state (21 ). The results of the surveys 
show that reductions of up to 15% in average working plane illuminance might be quite reasonably be 
expected in modem commercial interiors. The results showed good agreement with the typical 
magnitudes of light loss indicated by the Liverpool simulation work, further confirmed the primary 
Importance of obstruction density on obstruction induced light loss, but also showed that room size 
had an important influence on light loss. 

Kajima et. at. undertook photometric measurements in a number of office buildings as part of an 
investigation of a variety of issues relating to the visual environment (32). In one building three 
offices, each lit by regular arrays of fluorescent 40W x2 lamp batten open reflector luminaires, were 
surveyed both before and after the installation of furnishings, and a reduction in average working 
plane illuminance of 22%, 21% and 19% respectively 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 1. On the basis of their measurements a value of office furniture factor of 
0.8 was put forward. 

Actual mean illuminance = Design mean illuminance of empty room x office furniture factor 
Equation 1 

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. at. to those of the Liverpool' 
researchers. The three rooms of Kajima et. at. have estimated VFRs of 0.44,0.40 and 0.51 
respectively and these compare well with Bougdah's predicted results for a surface mounted diffusing 
luminaire 9 (See Figure 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 maintained 
(33.34). 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 different 
workstation configurations. Reductions in average working plane illuminance, when compared with 
similar measurements for the empty space, of up to 36% for a 25 degree viewing angle, and 70% in 
the 40 degree viewing angle were obtained. A second investigation developed the initial work by 
the use of a 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 2x2 array of fluorescent direct downlighter luminaires illustrated in Figure 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 
lummairearray. Measurements of Contrast Rendering Factor and illuminance were recorded at various 
point 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 empty 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 
luminaires located along the axis of viewing (see Figure 7 position 1). 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 7 position 2). These results are similar to the 
Liverpool simulations of task illuminance conditions made as part of the study of luminaire spacing to 
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. 



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 plan© of an empty fntenor whilst 
attempting to limit the variation of illuminance by control of the spacing of luminaires. The number of 
luminaires to give the average illuminance is determined by Equation 2, and the subsequent luminairo 
layout set out using the appropriate spacing to height ratio (SHR). 

UF(s)xNxFxMF 
E(s) Equation 2 

Area of Surfaces S 

where 
UF(s) Is the Utilisation Factor for the reference surface S 
N is the total number of lamps in the installation 
F is 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 of an additional term. a 
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 (35) put forward a' partition factor', used as a multiplier to UF in Equation 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 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 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 partaions_ 
The influence of luminaire type is ignored. The results of the surveys of Kajima et at (described in 
Section 4.1)) were also used to determine the value of a multiplier for the UF. The term-called the 
-office furniture factor', had a value of 0.8 and appeared to be intended for use in the design of 
general lighting for offices only. 

gailman and Levin (36) put forward a number of calculation procedures for installations equipped with 
90 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 plane, and the second that is the cavity within 
the partitioned space and using the lumen method 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 
is a diffuse 'virtual luminaire' , the appropriate surface reflectance and a zero effective ceiling 

reflectance. 
This technique may be extended to give the indirect illuminance 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 secondly to give direct illuminance by 

a uming black walls and ceilings. A second lumen calculation gives average illuminance in the cubical 
This method is included in the recommendations in the NAIES Handbook (6). The final calculation 
method of interest is a graphic technique to check which luminaires in an installation contnbute 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 
except for a number of 'rules of thumb'. 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 (37) 
describes an empirical method of adjusting manufacturers recommended spacing to height ratio for 
application for the design of lighting for areas with cubical partitions. The modification to the published 
maximum spacing is shown in Equation 3. 

Maximum spacing = ((Ws - Wp)/Ws) x SHRmax x (Hm + Ld) Equation 3 

Where: Ws= width of the smallest panelled 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 
Ld = Luminaire dimension (in same direction as SHR) 

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(38) and Loe (39) illustrated that luminance 
patterns on walls, ceilings and floors can influence how peop le perceive a given space and the results 
of this work can, with some difficulty, be translated into desigr, 1 iidance for desirable room surface 
luminance. The 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. 

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 
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 a 
recommendation to use reduced luminaire spacing or increased installed flux in conjunction with 
traditional empty room design methods. The NAIES 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 typically available at the 
design stage. Arguably the most important issue is that having identified obstruction light loss as a 
problem the various codes ignore the commercial implications. The nature of the problem is that 
absorption of light by contents must be compensated for by an increase in installed flux if it is 
necessary, for example, to achieve a specified working plane 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 maintenance factor) there is little agreed numerical design data or 
design assumptions relating to obstructions and thus the scope for commercial dispute Is largo. 

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 to a degree of realism that 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 obstruction at an early stage. As noted above there is a need for agreed 
validation processes for programs and information in 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 - that is 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. 

Despite two decades of research effort only two large scale data sets of light loss information using 
representative ranges of luminaires have been published. The various pieces of work at Liverpool lead 
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 and Choi and Mistnck generated light loss 
data for spaces divided using cellular partitions and lit by a range of luminaires. The main limitations of 
this work are the non 'designer friendly" nature of their data and its application only to offne 
interiors. Light loss is a major problem in industrial interiors and similar general light loss data is 
required for this application. 

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 

proposed method, based on the CIBSE TM5 method of calculation of spacing to 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 arrangement of 
partitions. In is clear that neither method completely addresses the problem and that more work in this 
area is required. The studies of subjective effects of In interiors have yielded some clues 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. 

7 Conclusion - the next ten years? 

A large body of knowledge exists on the nature 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 illuminance in obstructed interior have been 
developed and design methods which attempt to overcome the effects put forward- There is a need 
for more development and better presentation and dissemination of the results of the work however 
before the 'empty room' assumption can be rendered invalid. 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 obstruction 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. lt is 
desirable that such documents include numerical data on light loss as a basis for design assumptions. 

advice on the available calculation methods including interpretation of results and sets out the 

commercial 
implications of the subject. 
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Figure 1 Zhang and Ngai's discrete element system showing the second fine mesh suponmposod on the global mesh at a prioritised location 
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Table 4 Some typical predicted values of OL for installations with linear luminaires installed near maximum SHR. 
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Figure 1: Zhang and Ngai's discrete element system showing the second fine mesh 
superimposed on the global mesh at a prioritised location. 

Figure 2: Example of 3D contour plot output from FACET lighting design package. 
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Figure 3: Examples of visualisation output from (a) Lumen Micro and (b) Radiance 2.4. 
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Figure 4: Diagram of standard obstruction layouts and sizes. 
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Figure 5: Variation of uniformity ratio as a function of luminaire spacing for (a) point 
source luminaires and (b) linear prismatic panel diffuser. 
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environment within enclosed workstations. 



Lumen LuxlcoM' Oosys- FACE 743 Rodionc" UoL Ughhmp 

Micros BEANS4Z 2.4 AnIs 
Hardware 486DX PC 486DX-50 PC 486DX PC 486DX PC UNIX UNIX 

Platform 2Mb Ram 12Mb Ram 2Mb Rom 2Mb Rom wdf<ºlotion wurlstahon 
Data Formats IES/TM14 IES/Luxicon TM14 IES/TM14/ASCII radance/IE3 vow mid 

Maximum 500 >500 50 >100 unGrr�1ed 100 

Obstructions 

Room types rectangular rectangular complex comple  corº+pie4 re0061)usgr 

Light sources Artificial and Artificial and Artificial and wt; ficial and AHtficial and AllAciy 

natural natural natural natural natural 

surface types diffuse diffuse diffuse diffus* specula, cSR%^* 

and properties reflecting solids reflecting solids reflecting solids reflecting effuse, reltevo-V 
or port soUds txe&. cIi c. losch 

transmitting BROF 

Obstruction single single complex complex compie. er"Nogo" 

types orthogonal orthogonal orthogonal 3D boxes or u m* ifed 3D boa*f 

surfaces surfaces surfaces (up to surfaces defrwnp nodes 
10 defining 

nodes 

calculation Lumen/point- Lumen/point- Lumen/point- Lumen/point- hVt)tid 

technique by-point and by-point and by-point and by-point and combination and Anse 

finite element finite element finite element finite element of Monte eleme"I 

techniques techniques techniques techniques Carlo and fechnigvel 

deteminnstic 

IOy kocinU 

types of output report, contour report, contour numerical grids, report, contour photortoAsfic rtpört 
plots, plots, comet : tx plots plots vilva satioro 

visualisation visvolisotion 

Table 1: Summary of some properties of lighting design computer programs that 
handle internal obstructions. 

Element Length (m) Width (m) Height (m) Vertical Surface Reflectance 
Area (m) 

Filing cabinet 0.64 0.48 1.35 1.34 0.3 
Partition /. SO 0.025 1.7S 3.06 0.6 
VDT 0.40 0.40 0.40 0.64 0.3 
Person - head 0.10 0.20 0. SS 0. S3 0.3 

- torso 0.10 0. SO 0.34 0.4 
Desk 0.76 1.41 0.75 N/A 0.3 

Table 2: Dimensions and reflectances of standard obstruction elements. 



Configuration Luminaire type 

I Prismatic 2 Surface mounted 3 Recessed broad- 4 Surface mounted S Recessed 6 Re+arsx+ 
panel diffuser broadspan reflector span reflector diffuser diffuser pia 

twtwtwr 

Position of 
worksution Perpen" Parallel Perpen" Parallel Pcrpen- Parallel Perpendicular Perpendicular Perpen" 
relative to lunzi- dicular dicular dicular or parallel or parallel or parallel 
naire axis 
Empty case 1.70 1.70 1.90 1.90 2.08 2.14 1.75 1.32 1.80 

Ught 1.40 1.00 1.52 1.00 1.56 1.51 1.40 1.17 1.66 
obstruction ass 
Medium ob-VDU 1.40 - 1.50 - 1.51 1.00 1.40 1.17 1.55 
struction case it 1.33 0.85 1.25 - 1.25 1.00 1.27 1.17 1,44 

Heavy obstruc- 1.27 -- 1.25 - 1.25 1.00 1.25 1.15 1.29 
tion case 

Table 3: SHRmax for standard obstructed interio-e lit by different types of luminaire 

Luminaire type Degree of Obstruction 
Light Medium Heavy 

VFRa0.1 VFR=0.25 VFRý0.45 

Diffuser 2.59 7% /490 
Wide 4 s/hbulion 2Z 5% 11,010 
reflector 
Narrow reflector 1.5% 5% /0% 

Table 4: Some typical predicted values of OL for installations with linear luminaires 
installed near to their respective SHRmax. 

Ceiling Height (m) Partition Height (m) Approximate Partition Factor 

Between 2.60 and 275 

Between 2.75 and 2.90 

Less than 1.05 1.0 
/. OS to 1.35 0.95 
1.35 to 1.63 0.85 
1.63to20 0.75 

Less than 1.05 1.0 
1.05 to 1.35 0.97 
1.35 to 1.63 0.90 
1.63 to 2.0 0.80 

Between 290 and 3.05 Less than 1.05 1.0 
1.05 to 1.35 0.97 
1.35 to '. 63 0.95 
1.63 to 20 0.85 

Table 5: Partition Factors according to Steffy. 
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LIGHTING DESIGN CALCULATIONS FOR NON-EMPTY INTEk1OKS 

DJ Carter, MJ Lupton and ASM Leung 
School of Architecture, University of Liverpool, Liverpool, L69 3BX. 

The lumen method is the most poF lar design tool used for interior general lighting schemes due to its simplicity, economy and ready availability of design data This paper puts forward 
proposals for modifying the existing procedure to enable the designer to both modify l uminaire spacing and take account of the consequences of the likely avenge tight losses caused by 
obstructions. 

Arguably the most significant failing of lighting design methods in current use is the assumption that interiors are empty. The 
lumen method is the most used lighting design method worldwide due to its simplicity. ready availability of design data. and 
economy of designers time. Erstwhile it has enabled the average illuminance to be provided over the horizontal M wk ng plane 
of an empty interior whilst attempting to limit the variation of illuminance by control of spacing of luminaires. In practice 
although the uniformity of illuminance on unobstructed working planes may be satisfactory, room contents may cause arcas of 
shadow and light loss that may influence user visual performance, worker morale and. in extreme cases. safety. A&Ltiotully 
light losses of this nature frequently cause contractual disputes between designers and building users when sp'vi fired 
illuminance levels are not achieved at the commissioning stage. 
This project has developed a modified lumen design method that takes account of the likely light losses caused by the 
contents of a room under working conditions. In commercial buildings these may include furniture or partitions which 
project above the working plane and cause the actual illuminance levels in the space to be lower than those predicted usitt the 
"empty room" assumption. To overcome this the modified lumen method includes a multiplier to the Utilisation ram. called 
the Obstruction Factor. which increases the installed flux to compensate for light absorbed by typical room contents. The 
Obstrtction Factor data is general enough to acknowledge the range of luminaire types. room sires and obstruction 
configi.. "ations likely to be found in practice, and is in a fat *1 suitable for design use. The modified method includes guidon 
on the effects of luminaire spacing on working plane illuminance variation. 

RarkerotLnd to_the_work 

The relationship between average light loss over the working plane and the various parameters of general fighting inwllationi 
have been investigated using both computer simulation(1i or photometric survey(21. The results indicated that some 
parameters have a greater effect than others. Specifically density of obstructions had the largest CITCCt followed by that of 
variation in luminaire type. Variation of room and obstruction surface reflectance had a negligible effect on total light loss. The 
effect of room size was shown by survey results to be influentiaL The density of obstructions - size and disposition . was 
quantified by expressing the vertical surface area of furniture and other room contents above the working plane as ar of the 
floor area of the room, a ratio termed the vertical surface area to floor area Ratio - VFR. It aas fuMcr estsblishcd that 
luminaires having the same physical and photometric properties had a similar relationship betrar obstruction density in 

that 
terms 

of VFR and Qbsuuction light Loss (OL) the percentage reduction of average working plane illuminance in an obstructed s{sace 
to that in the same space in an empty state. Light losses for photometrically different classes of luminaire, on the other hand. 
varied considerably. In general diffusing luminaires exhibited consistently higher losses than more direct lutninaire types. 

The previous work indicated that luminaires could be grouped into broad generic groups each of which have similar light lou 
characteristics and that the same relationships between OL and VFR held for that group over a range of practical room sires 
and room surface reflectance. This pointed the way to reducing the almost infinite number of data sets associatai with the vSM 
range of commercially available luminaires into a compact body of knowledge suitable for design purposes, Light loss data 
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-ý was generated using a computer program previously developed at Liverpool to calculate average working plane illuminance 
in a acrid of installations of different sizes and degrees of obstruction lit in turn using examples from the luminaire genetic 
The c 
groups. [e 
The selection of generic luminaire groups, each having similar physical and photometric characteristics, was made using the 
classification in the CIBSE Code for Interior Ughting. section 3.3.2. "Luminaire characteristics" [4). Sixteen categories of interior luminaire were Identified using this method and a selection of examples for each category from four multinational 
manufacturers was made. Care was taken to ensure that the luminaires selected from each category had similar luminous 
Intensity distributions and spacing characteristics. The empty interiors were designed using conventional lumen design 
techni9ues. The obstructed interiors were fully occupied by 'Standard Obstructions' and lit by the various luminaires spaced 
according to conventional spacing to height ratio rules. The standard obstructions represent workstations made up of a desk 
surrounded variously by human form, VDT. filing cabinets and partition. A series of 'Light'. 'Medium' and 'Heavy' standard 
obstructions have been shown to represent the range of obstruction densities encountered in offices(5). The standard 
obstructions used tu represent the room contents in the calculations give a VFR range from 0 (empty) to 0.70 (heavy case 
standard obstruction), these being representative of the range of obstruction conditions in modern commercial office 
buildings. A typical room configuration is shown in Figure 1. The data was produced for the full range of room index over 
which Utilisation Factor is calculated - that is up to room index 5. The calculation of OL for the various installations involved 
permutations of room index. VFR. and luminaire type. For each luminaire type modules of floor area of 8.10, and 12 square 
metres each containing a Light. Medium, or Heavy standard obstruction were created to give a range of VFR from 0.15 to 
0.7. The modules were then combined into "rooms" of different sizes to vary room index over the range 1 to S. A macro 
program was used to run the program for each combination of modules to generate OL/VFR data for the 16 classes of 
luminaire (3822 cases). 

Resut(l 

The results were plotted as graphs of OUVFR for the various luminaires for all room indices and an example is given in 
Figure 2. The data was processed by linear regression techniques which assumed a true zero (i. e. no obstruction light loss in 
an empty room) and the results of this analysis confirmed that a straight line passing through the origin could be fitted to the 
data with measures of f it (r squared) of the order of of 0.98. The greater the slope of the graph the greater the value of OL 
for a given value of VFR and hence the greater the propensity for light loss. The slopes of the graphs for the different types of 
luminaire vary considerably with the bare batten types having the highest losses. The graphs for the luminaire types equipped 
with louvre systems (those suitable for VDT locations; and recessed modular luminaires with louvres) indicate that these 
luminaires have the lowest losses. The reason for this is that light from luminaires with direct light distributions is not 
intercepted to the same extent by vertical obstruction than that from luminaires such as battens which have a pronounced 
sideways intensity distribution. The rest of the luminaires which have a OLJVFR slope between the extremes of battens and 
VDT are semi direct luminaires that have a degree of optical control using prismatic controllers, painted reflectors, or recessed 
modular luminaires. The slopes of the graphs also varied with room index for some conditions. 

j uts inalre s ap ctng 

A major concern of designers is that of limiting the variation of illuminance over the working plane. The 'uniformity ratio' 
and 'diversity' are used to quantify illuminance variation over task area and the whole working plane respectively. The main 
device used to control illuminance variation is spacing of luminaires usually by means of a spacing to height ratio (STIR). A 
number of methods of calculation of SHR exist worldwide but each is based on the 'empty room' assumption. British 
(CIBSE) practice is to calculate and publish two SHR values for each luminaire at which the uniformity criterion is satisfied - 
a' nominal' value on a preferred series of increments and a' maximum' [6]. The likely effects of obstructions are 
acknowledged in some codes and standards but the guidance on countering these rarely extends beyond suggestions to reduce 
spacing. The magnitudes of the reductions for particular sets of variables are not stated. A modified SHR calculation 
method that accounted for the presence of standard obstructions was developed at Liverpool some ten years ago [7]. The 
method is based on the criterion of task uniformity and the results in terms of maximum SHR showed large differences in 
achieved conditions between types of luminaire and between empty and obstructed conditions. Despite this the modified 
method has not become part of routine design practice because of the lack of availability of manufacturers' data. There is thus 
a need to attempt to frame some design guidance for obstructed interiors in terms of the more widely available SHR data that 
is based on the empty room assumption. 

Investigation 

Computer simulation was used to analyse task uniformity. diversity and obstruction loss as a function of luminaire type and 
spacing. and obstruction density. The calculations were made for a space filled with standard obstructions and intended to 
represent conditions in the centre of a large open plan office (see Figure 3). The calculations were made on the same basis as 
other SEIR methods, that is, considering direct illuminance only and ignoring the influence of the walls. Illuminance 
calculations were made on a fine grid of points for two task areas (in the centre of the room and at the edge of the luminaire 
grid), and over a larger grid tor purpose of determining diversity and obstruction loss. Six of the categories of luminaire 
described in section 2.2 were selected as being representative of the range of photometric performance, these being battens. 
surface modular and VDT louvre luminaires. 



CIBSE NATIONAL LIGHTING CONFERENCE 1996 

Results 

Figure 4 shows uniformity ratios for a task area at the edge of the luminaire grid (the worst case) as a function of SI IR for a 
louvred VDT luminaire. Uniformity ratio decreases as SHR increases. The variation in uniformity between the two t. uk 
locations and between the different obstruction cases is small but the difference between the furnished and empty C40 a i1 
substantial. Figure 4 also shows the values of the CIBSE SUR nominal and maximum. and the obstructed Silk mailImum 
values from the modified Liverpool SHR method. The results in general indicate that tuk uniformities (all below the 
threshold of 0.7 around the CIBSE SHR nominal or the maximum Liverpool modified SI IR. Since the calculation ptM'rss 
uses direct light only, which would tend to underestimate actual uniformity, the use of STIR nominal i, likely to produce 
satisfactory conditions in most occupied interiors. In cases where extreme illuminance variations are likely to a'Lxur .l it 
instance where high partitions are to be used - one step below SHR nominal will be ncce sary. 
The increase in core area illuminance diversity with STIR for a surface modular luminaire is shown in rigune $ The 
magnitude of this increase as a function of VFR was greatest for diffusing or batwing type luminaires. whcrru direct 
luminaires exhibited the greatest rise in diversity with SHR. In general the study indicated that only then using diffusing or 
batwing type luminaires must the designer take extra care to check diversity conditions and that in all other caves. as long as 
CIBSE SHR maximum is not exceeded, the criterion will be satisfactory. 
An example of the variation of OL across the whole room as a function of SUR is shown In Figure 6. For all luminaire )IV, 
there is a negligible variation in OL with SUR for each VFR. 

The light loss simulation described in Section 2 produced too large a data set to be directly useful for practical dcsign 
purposes. A number of alternative methods of producing a compact body of data capable accounting for d1f'ferent bght IrsPA 
characteristics of luminaires in rooms of different sizes were investigated. The best solution was to plot the slope Of the 
OIIVFR graph (m - the obstruction loss characteristic) for the luminaire groups as a function of room index and luminaire 
spacing, the former accounting for room size and the latter being deQendent on the photometric characteristics of the lumU sitcr 
in the group. Figure 7 shows the data in this manner with room index plotted on the Y axis and luminaire spacing on the X 
axis in terms of CIBSE SHR. The SHR data used to plot Figure 7 was calculated as the arithmetic average of the maximum 
values of SHR for the actual luminaires used from each classification group used in the simulation. 
Ideally design data should be easy to understand and simple to use if mistakes and misunderstandings are to be avoided and 
the proposed method of presentation of data achieves this. At the first stage the designer would decide the illuminance level 
and luminaire type. Next the designer is required to either calculate or estimate VFR for the proposed installation. This is dome 
by expressing the vertical surface area ̂ f furniture and other room contents above the working plane as a ratio of the ikxi area 
of the room. Where there is little information on the ultimate use of the room default values of VFR may be assumed. l« 
example for most office interiors in the UK which do not contain cellular dividing partitions a value of 0.35 may be used. the 
value for the medium standard obstruction. Finally using the maxu. -gym permitted luminaire spacing and room index for the 
proposed installation the value of in can be read off Figure 7 and the Obsuuction Factor calculated as follows; 

Obstruction Factor = (1 - (VFR. m) /100). 
This may then be used in the lumen method as a multiplier to the Utilisation Factor. The luminaire layout is Own determined 

using the published CIBSE SHR values modified if necessary in accordance with the results of Section 3. 

Validation of the tools used in the design method has been carried out as an integral part of their developmcnt, For instance 
validation of the analysis computer program and of standard obstructions are described in Refcrene 13J and 15) 
respectively. The complete design method was validated by comparison with photometric survey data from installations in 
their actual working state and by comparison with relevant pare of other design tools. Trials of the method Mere that 
conducted in the cooperating organisations. 

The surveys investigated illuminance levels in a range of interiors that contained lighting equipment that was rep tscntathc of 
good modem practice. In an item additional to the original programme, 27 sets of measurements are made in the installations 
firstly in their empty state, secondly filled with 'Standard Obstructions'. and finally in their wetting state after occupation by 
the building users. Each survey consisted of measuring working plane illuminance on a square grid of points (usually 0.5m 
centres) over the empty room, and again when furnished with the various standard obstructions. These am constn tcui of 
painted cardboard, polystyrene, wood and are designed for easy transport in small sections. All daylight is excluded during 
measurement. A photocell was positioned over grid points at 0.7m above floor. The average working plane illuminance was 
calculated as the area weighted arithmetic average of the grid point illuminan(e, The obstruction loss (OL) was ealcul jed as 
the percentage reduction of empty case average illuminance. A limited amount of data from those installations sun. c)vd in their 
working state was available for comparison with predictions made using Figure 7. Table I summarises this cu vd anal 
predicted data and it is clear that the agreement is good. 

The modified method is capable of accounting for the effects of a wide range of obstruction configurations but the small 
amount of published information which can be used for comparison purposes relates to the parucuI esse o[ oeI ulu 
partitions. Reworking the example quoted by Steffy [8) using the modified method ¬ives an obstruction factor of 0.92 
compared with 0.9, and a similar exercise on the example quoted in the Handbook of the Illuminating Engineering Society of ' North America [9] results in a similar number of luminaires required to light the occupied room. 
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' 7r1t1 use In Industry + ý' 

As part of their agreed contribution Thom Lighting Ltd and Moorlite Electrical Ltd each commented the format of the design 
method on and subsequently used it on it trial basis. 
Thom assesses the validity of the design data by comparison with values of obstruction loss calculated using their in-house 
software(VLS). A series of rooms was set up in VLS each furnished with heavy, medium and light standard obstructions. 
The analysis was undertaken using three levels of subdivision of room surface namely, in decreasing order of accuracy. 
'adaplive (Ie according to luminance gradient) and fixed subdivision of 0.25m and 1. Om square elements. Table 2 shows the 
results of the simulations compared with predicted OL values found using Figure 7.7he Thorn results computed using the 
adaptive method compare favourably with those using the design method. 
Both cooperating organisations contributed comments on the draft design method and subsequently used the method to devise 
'shadow' solutions for live projects. These were produced by designers who had no previous exposure to the modified 
method. Nevertheless they found the method to be easy to understand and use on a number of office lighting projects. At the 
comment stage the main point of contention was that the inclusion of the obstruction factor in the lumen method would place 
the designer at a commercial disadvantage since the method at first sight involves the specification of more luminaires than 
would be the case using the empty room assumption. In general however the application of the modified method did not 
result in an increases in numbers of luminaires compared with the comparable design using the empty assumption. This was 
largely due to practical constraints such as ceiling grid sizes which determined luminaire types and layouts. The designee 
commented that a knowledge of likely light losses enabled them to 'fine tune' the design. particularly in respect of lamp size. 
and to have confidence in discussing with clients the likely range of performance of the scheme in use. The trial use of the 
scheme is continuing. 

This work has developed an easily Implemented method of prediction of light loss data for a representative range of interior 
luminaires for installations of different sizes and with varying degrees of interior obstruction. There is encouraging evidence 
that the results of the survey and simulation work give similar results. A format for this data for design purposes has been 
developed and the design method has been successfully field tested. The development and field testing of the method raised a 
number of issues. Installations designed using the conventional 'empty room assumption' and subsequently filled with 
furniture will have areas of low illuminance and shadow which are sources of customer complaint. The perceived quality of 
lighting systems has long been linked to user productivity. satisfaction and visual comfort and thus the use of the method can 
be 'sold' to clients as contributing significantly to lighting quality. particularly since staff costs far exceed any other operating 
cost within a typical commercial building. There is evidence that with careful planing and design the costs of an installation 
designed using this method increases roughly in line with the level of light loss. It is likely that the results of this work will in 
time be included in Interior lighting Codes and Standards and will thus be available to all designers, manufacturers and users. 
Once this information is in the public domain it is likely to become the de facto standard and thus no commercial disadvantage 
will accrue from its use. 
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Installation ObsfrucHon toss ( 
Pr dict. d 

T. ) 
Mtasurrd 

Health authority 10 11 
general office 
Insurance company 11 14 
general office 
Insurance company 8 8 
general office 
Transport authority 12 16 
engineering office 
Shipping company 7 S 
general office 

Table 1: Comparison of measured and predicted moults 

Furniture Design Method LVS Simulated Values 

Density Prediction Adaptive Fixed Fixed 

sub-division sub-division subdivision 

(0.25aa2$) (1.0x 1.01 

High 0.82 0.77 0.73 0.70 

Medium 0.85 0.83 0.77 0.75 

Low 0.94 0.94 0.88 0.87 

Table 2: Comparison of Liverpool and Thom LVS obstruction factors 
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Figure 3 Room layout with heavy case standard obstructions - luminaires at 1.75 SHR 
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Figure 1: Typical room configuration made up of six 4m by 3m modules lit by IS lummai ei 
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Figure 3_ Diversity/SKR for surface modular luminaire 
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Figure 7. Obstnation loss characteristicls a function of room size and Iuminaire spacing 


