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PREFACE

The factors affecting seeing on the road at night are of two types:
those which are attributes of the human visual system and those which are
associated with equipment providing the light which makes vision possible.
The first have been discussed in the greater detail, leading to conclusions
about the amount of light required. In only a few instances have detailed
photometric requirements for equipment been investigated.

This is not to say that lighting practice has been ignored;
specific problems have been analysed in terms of one or other of the
established lighting modes. Hence the subtitle of a treatise on street
- and vehicle lighting.

Since the extension of community activity into the hours of darkness
is a feature of modern society it is not surprising that there has been
considerable effort put into developing lighting for road traffic. Lights
were fitted to the earliest automobiles and these have never ceased to be
upgraded, today involving the halogen source and, perhaps, tomorrow
polarised light. The invention of the discharge lamp gave impetus to
widespread installation of street lighting. Today computer techniques are
being used in lighting design and tomorrow these could be incorporated in-
to road design so that lighting is one of the basic parameters.

My association with lighting started at the then Road Research
Laboratory, first with vehicle lighting as a member of the team led by
Mr. V. J. Jehu. He established the mechanism of seeing by vehicle head-
lighting by drawing out the relationship between seeing distance, beam
intensity and glare. This, to me, is the most comprehensive but most
neglected work in the field. As shown later, its implications appear to
be only now acknowledged. I became associated thereafter with Mr. A. W.
Christie and street lighting. Here was a chance to research for the first

time, virtually on my own; the resulting insights into disability glare
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are mentioned in Chapter 2.

I was fortunate to be able to work with and learn from these two
outstanding people in this field. A good grounding for my years at the
Institute of Highway and Traffic Research and currently in the School
of Transportation and Traffic, both at the Univeréity of New South Wales.
Through the public lighting committee of the Standards Association of
Australia my good fortune continued by my being brought into contact
with the enthusiastic and extremely competent Australian street lighting
engineering fraternity.

More recently, through the street lighting committee of the CIE,
I have come into contact with the Continental European school of workers,
pre-eminent in which is Prof. J. B. deBoer, chaixnhn of the committee.
Their development of appraisal techniques and application of road
surface reflection characteristics to design have added to my own
armoury.

This thesis gives an account of my work at the University of New
South Wales in this field. The work is in the tradition of applied
lighting research, it builds on and adds to the already considerable
volume of knowledge. I have ranged over the whole field, however, in
doing so I have been selective in that aspects explored in depth are
those I feel have either been unsatisfactorily treated or neglected in
the past. Hence, for example, the notions that the visual field includes
the surrounds to, as well as, the carriageway and that special vehicle
headlighting is necessary for use in street lighting.

As indicated in the text the results of studies on street lighting
have been used in the recent revision of the Australian Public Lighting
Code. It is gratifying and justifies my raison d' &tre as an applied
research worker that this has happened, even if it means that this

report is not as topical as it might be.
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There is more reluctance to accept the results, or rather the
implications of the headlighting investigations; perhaps this stems
from them being somewhat unpalatable to some. As can be inferred by
early remarks this is by no means a unique experience but it means
Australia still has no national headlighting standard.

In writing this thesis, I have adhered largely to the SI system
of units. However, some of this work was completed before Australia
changed to the SI system and has particular relevance to standards
written in imperial units. Therefore, these units have been retained in
several chapters. The conversion factors are trivial so as not to
prevent readers visualising quantities in either system and the units of
course do not influence conclusions. I have noted that SI units and CIE
definitions are not always the most convenient. For example it is often
more convenient to use the apostilb than the c:d/m2 or replace luminance
factor by luminance coefficient.

Although chapters vary considerably in length, each is self
contained in that each encompasses one review or investigation. The
references, figures and tables relevant to each have been collected at the
end of the chapter, even if this has lead to some duplications.

Much of the work was undertaken in projects sponsored by the
Australian Road Research Board. I acknowledge gratefully their long
term interest and the considerable financial support entailed. The work
on the town headlight beam was undertaken during study leave at the Uni-
versity of Birmingham, England. I gratefully acknowledge the help of Prof.
J. Kolbuszewski of the Department of Transportation and Envirommental
Planning to make this possible.

Many of the investigations were carried out single handed but others
involving the field investigations described in Chapters 4, 9, 12 and 13

involved teams of people by necessity. Whilst in each I was the innovator
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and leader many others helped in data acquisition, some gave valuable
suggestions as to methodology and data analysis. I thank my colleagues
at the University and elsewhere for their assistance, often under
uncomfortable and tedious conditions. In particular, I acknowledge
Mr. R. R. Hall as a loyal lieutenant and for devising and running the
computer programme for the evaluation of the disability glare equation
developed in Chapter 5.

My final thanks go to the two people who influenced me to start
and insisted I finish this thesis; to Mr. H. J. Turner, my colleague
and friend, for his encouragement and for commenting on the draft

manuscript and to my wife, Anne, for her encouragement and support.

A. Fisher,
West Pymble, N.S.W.

January, 1975.
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ABSTRACT

The factors affecting seeing on the road at night are of two types:
those which are attributes of the human visual system and those associated
with equipment providing the light which makes vision at night possible.
The first have been discussed at the greater length leading to conclusions
about the amount of light required for visual tasks. However, the
analyses have been made in the context of the two established lighting
modes, street lighting and vehicle headlighting.

This lighting practice has influenced the presentation, which is in
four parts. Part 1 deals with the problem generally; Part 2, with street
lighting; Part 3, with vehicle headlighting and Part 4, with the inter-
face of these two modes. The format of the last three parts is the same:
each starts with a review of research work and préctice. Areas are
identified where, in the opinion of the author, data is sparse. These
areas are explored either by on-paper analysis or by field measurements
and experiments.

PART 1: ELEMENTS OF THE PROBLEM.

The hypothesis is made that the low light level at night leads to
poor visual performance by individuals which in turn leads to poor
driving performance. Poor individual performance is reflected in lower
traffic system efficiency at night, which is improved if the light level
is raised. It is shown that indeed the accident rate is higher by night
and this can be ameliorated by the provision of good street lighting.
However, it is suggested that detailed lighting requirements can only come
from analysis of individual visual and task performance.

Two aspects of vision, contrast sensitivity and disability glare, are
explored in detail and methods for their use in analysing the specific

problem areas are developed.
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PART 2: STREET LIGHTING.

Research and developmental work on street lighting are discussed,together
with the quality criteria and their numerical values. The conclusion is
reached that a modest level of road luminance (about lcd/m2) leads to
satisfactory visual conditions provided luminance uniformity and glare
restriction are good. A survey of installations designed to the then
Australian Code of Practice is reported. A general conclusion is that the
design objectives were being realised, however, guidance is given on
aspects that could be improved. It is indicated where these recammendations
have been incorporated in the subsequent revised code, AS 1158, Part 1.

Two areas were identified for further analysis; it was found that
the surrounds to the road against which objects can be viewed are often
dark and that high values of disability glare occured in some installations.
The relationship between visibility, background luminance and glare is
analysed and suggesfions made as to precautions that should be taken in
installations on intrinsically dark roads. These include the use of
lanterns emitting a large component of light onto the surrounds and with
good glare restriction.

A relationship between disability glare and parameters of the lantern
light distribution is developed and values of these are suggested for
degrees of glai'e control.

PART 3: VEHICLE LIGHTING.
Vehicle headlighting practice is reviewed and the conclusion is
reached that conventional lighting has been exploited to its limits,
awhilst the visibility afforded still remains poor. Indeed it is suggested
that further technical innovations could exacerbate the situation because
of in-service degrading factors. Radical improvements on otherwise unlit
non-urban roads can only come from polarised lighting.

One possible innovation is an increase in the intensity of upper beams.
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The hypotﬁesis is made that any increase will make this beam virtually un-
useable in traffic, because of the discomfort to oncoming drivers.

Field trials gave the relationship between comfort rating of a vehicle
meeting, the upper beam intensity and the intercar distance on dipping of
lights: the data supports the hypothesis.

In addition it is shown that seeing distance (d) is approximately re-
lated to beam intensity (I)by I =kd4. Thus practical increases in beam
intensity will give little increase in seeing distance to off-set a
large increase in discomfort. There is an upper limit to visibility
distance with headlights and the safe speed of driving needs to be
tailored to this fact.

PART 4: STREET AND VEHICLE LIGHTING INTERFACE.

The review suggests that the use of vehicle headlights on urban
roads with good street lighting is an inefficient way of providing
marker lights on moving vehicles. These lights produce discomfort, and
probably impair visibility and safety.

An analysis is made of the visibility of objects viewed against the
road surrounds, often intrinsically dark. It is shown that the glare
from vehicle headlights affects visibility generally and that the
additional illumination improves visibility marginally and only when the
vehicle is close to the object.

Two field trials were conducted to evaluaté a town beam: a light of
intensity intermediate between the present marker light and dipbed head-
lights, which would provide a conspicuous but glare free marker. Observers
had a significant preference for a town beam after seeing it and the
normal lower beam in use in a simulated traffic stream. FPurther appraisals
of a range of lighting parameters showed that a light could have an

intensity as high as 1000cd and elicit 50% observations that it was not ‘too

bright and as low as 10cd with 50% observations that it was conspicuous. For
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95% observations that it was satisfactory the light had to be about 100cd
to be both conspicuous and comfortable. However, area of the source has
an effect: with equal illuminance at the eye a small bright source is
judged more discomforting and less conspicuous than a larger dimmer one.
The optimum town beam is a light the size of the present headlight with
a straight ahead intensity of 80cd.

The ideal lighting appears to be good street lighting in urban
areas with vehicles using town beams, and polarised headlights for rural

roads.



PART ONE
SEEING ON THE ROAD AT NIGHT

CHAPTER 1: The Elements of the Problem

CHAPTER 2: Contrast Sensitivity, Glare and
Visual Performance

Boswell: Then, Sir, what is poetry?

Johnson: Why, Sir, it is much easier to
say what it is not. We all
know what light is; but it is not
easy to tell what it is.

BOSWELL'S LIFE OF JOHNSON.

""Having noticed that the effect of a dazzle-
source in the field of view of an observer
seemed to be very similar to that of a
veiling brightness, it was determined to
study the phenomena in a comparative manner."

L. L. HOLLADAY, The Fundamentals of Glare and
Visibility, 1926.



CHAPTER 1
THE ELEMENTS OF THE PROBLEM
INTRODUCTION
The traffic techmologist seeks, through appropriate combination
of its constituents - the users, the vehicles and the roads - to
operate the road transport system at optimm efficiency, in terms of
traffic flow, speed and safety. Driving can be thought of as a
complex psycho-physical motor task consisting of detection of informa-
tion, mainly of a visual nature, its processing and the implementation
of decisions arising from this processing (1.1). Inefficiency in the
system, e.g. the occurrence of accidents, may arise from the

malfunctioning of this process in the individual.

Man is not naturally a nocturnal animal. At night the provision
of artificial light in the road enviromment can be intuitively
considered necéssary in order to maintain the flow of visual
information and by so doing maintain the system efficiency at the day
level. By day accidents may be caused by the discarding of readily
detectable relevant information through overloading of the neural
processing system (1.2). By night inefficiency may be compounded
because some information is just not readily detectable on account of
darkness.

There is rarely complete darkness on the road at night. In
urban areas street lighting is provided extensively as part of the
road system, and motor vehicles carry headlights as part of the
traffic system. The fprmer ié akin to daylight in that the road
envirorment and potential sources of information are generally
illuminated but luminance levels are much lower. The latter provides
a more restricted coverage of the way ahead. Nonetheless there is a

great disparity between light levels by day and night.
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From the discussion above a simple relationship can be postulated
governing the efficiency of the road transport system at night, as
shown in Fig. 1.1. Low light levels induce poor visual performance in
individuals; this leads to a lack of information input on which
individuals depend in order to do well their task of driving. Poor
individual performances react within the system to produce inefficiency.
However, if sufficient light is provided, improvement is made at the
individual level and so system efficiency is improved.

In this chapter it will be shown that in general the system is
more inefficient at night; there are relatively more accidents and
they are more severe in their consequences. It will be demonstrated
that the provision of light, by street lighting, reduces the
accident rate. It is suggested, however, that only by examining the
visual performance of individuals will the fundamentals of lighting
systems be understood. From this understanding flows the relationships
between factors which influence the quality of lighting and working
specifications. giving design criteria and their values.

There are fundamental difficulties in defining the visual task and
visual performance which are discussed. Investigations by the author,
detzailed in later chapters, are here placed in the context of the
discussion.

SYSTEM EFFICIENCY: NIGHT ACCIDENT RATE.

Looking at the system as a whole, it can be shown that system
efficiency is in fact poorer at night than by day. The writer has
reviewed data from around the world to show unequivocally that
accidents are relatively more numerous and more severe at night than
by day, over the whole hierarchy of roads (1.3). Typically, an
Australian study showed that 42% of all casualty accidents and 60%

of all fatal accidents occurred at night, in spite of the fact that
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only 20 - 25% of all vehicle kilometres were travelled at night.
Persons involved in multiple vehicle accidents at night were about
twice as likely to be killed than if involved by day; the correspond-
ing figure for pedestrians is four times (1.4).

The writer has pointed out that even without darkness, one should
expect the accident rate.and severity of accidents to be somewhat higher
by night than by day (1.3). Firstly, the traffic volumes at night
are much less than by day. Several investigators have found that the
accident rate at low volumes increases sharply over the fairly
constant value associated with the range of higher flows. Secondly,
as the volume decreases, single vehicle accidents are generally more
severe in their consequences than multiple vehicle accidents. In
addition, at night, multiple vehicle accidents tend to be less of
the intersection/angle collision type and more of the severer midblock/
head-on type. Thirdly, man being a diurnal animal is disadvantaged at
night simply because of natural fatigue. Also the night hours are
those of pleasure and relaxation, with the attendant ills, traffic-
wise, of alcohol and drugs.

THE EFFECT OF LIGHT ON ACCIDENTS.

It has been elegantly demonstrated thaf the disparity between light
levels by night and day is the major cause of the decrease in system
efficiency at night. Tamner and Harris (1.5) were able to exclude
many of the extraneous factors referred to above by examining
accident data accruing in periods immediately before and after changing
both to and from daylight saving. Most ''clock' hours of the day were
always light or dark but a few changed from light to dark, or vice
versa, on the clock change. By taking ratios of accidents in the

periods immediately before and after the change in
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daylight saving it was found that, whereas the ratio was approximately
unity for the unaffected hours, the ratio rose above unity for the
affected hours. It appears that darkness increases the ratio to about
1.5 for all casualty accidents, both in urban and rural areas, and to
about 2.5 and 4.5 for pedestrian accidents in the two areas respectively.

A corollary of this finding is that a reduction of the disparity
between light levels by night and day will improve the accident situ-
ation. By night there is almost always some artificial light present
which is variable in both level and coverage of the visual field.
Vehicles will show headlights and on urban traffic routes there will
be street lighting.

Many studies have shown that the initial provision of traffic
route lighting, or its upgrading, has reduced the incidence and
severity of night accidents substantially (1.3). The classical
study in this field is due to Tanner (1.6). It is on the basis of
his data that the CIE (1.7) concluded that street lighting reduced
both the incidence and severity of night accidents: the general
conclusion was that casualty accidents were reduced overall by 30%
with pedestrian and serious accidents being alleviated the most.

There have been many substantiations of these conclusions,
the latest being based on data accruing from a government subsidised
lighting programme in New South Wales, Australia (1.8). Turner
showed lighting improvements significantly reduced all accidents by
27%. The data was collected over two year 'before and after"
periods for 105 km of road.

Thus it can be concluded that the hours of darkness lower the
efficiency of the transport system generally, and this can be offset
by the provision of street lighting. (Efficiency may not be
returned to the day level because of factors other than darkness

associated with the night hours.) The lower efficiency and the
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subsequent improvement with the provision of light applies even to
those roads, such as freeways and motorways, where the envirommental
design is such as to reduce the opportunities for accidents, in
comparison with the ordinary roads.

Such data validates the intuitive supposition that light is
necessary and, indeed, has been extensively provided in the past.
However, public lighting is generally erected according to the
limited requirements of the current specification in use. The
accident data can be used to justify its use and show it is an
economic proposition in terms of costs and benefits to the community
(1.3). The range of light level and quality in application is not
great enough to-draw all embracing conclusions about the relation-
ship between system efficiency and lighting parameters. The
indications are that as the light level is increased from a very
low level accidents are reduced sharply at first but thereafter
there is a decreasing benefit with increasing light level: See
Fig. 1.2.

It can be stated with confidence that only a modest amount of
artificial light in the form of street lighting needs to be provided
in order to improve system efficiency at night. The minimum light
level requirement implicit in the Australian Public Lighting Code is
along the flattening portion of the curve. The requirements are such
as to produce a maintained average road surface luminance of 0.7cd/m2.

In order to obtain a basic understanding of the reasons why this
level and form of lighting is necessary resort must be made to the
visual performance attributes of the individual. To deduce the
relative importance of various lighting parameters, such as road
luminance, luminance uniformity and glare limitation, the influence of

these on the performance of the visual tasks by individuals must be



1.6

investigated. Understanding of the system comes from a study of
the individual.
VISUAL PERFORMANCE OF INDIVIDUALS.

Basic psycho-physical investigations have shown that as the
light level falls human visual performance deteriorates. Contrast
sensitivity, acuity, distance judgement,. speed of seeing, colour
discrimination and tolerance to glare are all impaired. From a
cursory examination of the night road enviromment it can be deduced
that contrast sensitivity and glare sensitivity play an important
role in determining the overall visual and hence task performance of
individuals.

Contrast Sensitivity.

The deterioration of contrast sensitivity at night is demonstrated
by the work of Blackwell (1.9). Fig. 1.3 shows the relationship
between the just detectable fractional luminance difference and the
light level. It can be seen that this necessary fraction increases
sharply with decreasing light level, especially for objects of small
angular size.

For an object to be visible at night at the same distance (same
angular size), with say the light level applicable to headlights,
the threshold contrast needs to be about 10 times that by day.
Obviously, if the intrinsic contrast of object and backgrourdremains
constant (as it will for non self luminous objects) the distance at
which the object will be detected will be less at night, since its
angular size would need to be increased to compensate for the reduced
light level. Provided the angular size of object required to be
seen is large, i.e. the information source has intrinsically large
dimensions and it does not have to be seen at a long distance, the
light level needs to be raised only modestly to obtain gimilar visual

performance as by day. It has already been noted that street lighting
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reduces the involvement of pedestrians in urban road accidents. A
pedestrian subtends about 1© at 100m. However, if the object has to

be seen at a greater distance or in greater detail the light level would
probably need to be raised, because of the smaller angular dimensions
involved.

Disability Glare.

Glare becomes more pronounced at night. The disability effect of
glare is well documented and quantitatively described by the classical
Holladay-Stiles formula (1.10, 1.11). That the general visual field
is dark and the sources of artificial light are relatively close to
the line of sight gives rise to adverse visual conditions. The effect
may be likened to that of superimposing an external luminous '‘veil"
on the field of view. Such a luminous veil would raise the effective
luminance of both object and its background but leave the difference
between them the same. Since the necessary luminance difference
increases with increasing background luminance, an object previously
seen in the absence of glare can become invisible in the preéence of
glare. This rise in threshold due to glare may be calculated, using
Holladay-Stiles glare formula and the curves of Blackwell.

THE LIMITATIONS OF BASIC DATA IN APPLICATION.

The basic psycho-physical data give insights into the mechanisms
of vision and the importance of parameters; they cannot however be used
to predict visual performance in the real driving task with any
quantitative certainty. This is because the datawere obtained under
laboratory conditions using simple uniform visual field configurations,
using threshold or 50% probability of detection techniques.

The curves of Blackwell would indicate that even on an unlit
road at night the difference between the luminance of the object tobe
detected and its background needs to be only 10% or so. However, it

has been shown that when the object position in time and space and
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its type are unknown, as on the road, and when certainty of detection
is required, the fractional difference is of the order of 10 times
that indicated in Fig. 1.3 (1.12). In addition the visual field in
the real road environment is not uniform and is dynamic in character.
Efforts to predict visual performance in it, from basic data, have
been unsuccessful (1.13). In short, the basic data needs to be
modified by field factors.

VISUAL TASK IN DRIVING.

In order to be certain of the relative importance of lighting
parameters and to establish their necessary values, investigations
involving simulations of the real environment need to be made. By
their nature simulations fall short of actuality but attention to
basic knowledge (and the real environment) should ensure their
relevance.

Stress has been laid previously on the availability of readily
detectable visual information as the prerequisite of successfully
accomplishing the driving task at night. Fundamental difficulties
arise as to what information is necessary in the first place and
how visual performance should be measured.

Types of Information: Formal and Informal.

It will be useful to introduce here the notions of formal and
informal information, which can be both relevant and irrelevant.
Formal information is that which has been deliberately introduced into
the enviromment in a more or less systematic manner. This can be
part of the road in the form of lane markings, traffic signals and
signs, or part of the vehicle in the form of signal lights. Informal
information is in the make-up of the total enviromment; the carriage-
way and its surrounds and the users, pedestrian and vehicular.

Any of this information which is necessary for successful



1.9

maintenance of the task is relevant. Relevancy operates at two levels.
The first is at the pre-processing stage; for instance a '"no right
turn'" sign is irrelevant to the driver proceeding straight ahead. This
type of irrelevant information would ideally be kept out of the psycho-
physical processes, since a surfeit could overload the neural system.

The second type of irrelevant information arises only after
processing of potentially relevant information. Thus the appraisal of
a pedestrian at the side of the road may lead to the conclusion that
the pedestrian will stay in his own space (irrelevant) or, that he
will cross the road and intrude into the observer's space (relevant).

Several workers, particularly, Schreuder (1.14), have made a
theoretic analysis of the information requirements of drivers in
different road enviromments, leading to the justification of different
lighting modes for them. The information required by drnvers in urban,
non-freeway enviromments, is thought to be mainly informal, using the
classification proposed above. This is because the road environment
is not systematic in its layout and is occupied by a variety of users.
Street lighting is seen as the necessary lighting mode, since it gives
general illumination to the whole road environment.

However, Schreuder considers that in freeway and rural environ-
ments, having only one class of user and a more systematic layout,
information could be entirely formal; lane markings to guide the
driver and vehicle signals to inform of the potential trajectories
of other users. Vehicle headlighting is seen as the necessary
lighting mode. This lighting, confined to a limited angular
coverage, is sufficient to illuminate retro reflective guide
markings.

To the writer, this analysis is not satisfactory. It is

evident that most formal road information is designed for macro



1.10

traffic control; it chamnels and supervises the movement of the
traffic stream, albeit through information to individuals. Vehicle
based formal information, such as marker and signal lights, provides
some information on the micro movements within the general stream.
However, the plethora of subtle information used in the successful
accomplishment of micro movements on which the final efficiency of
the system depends are informal in nature.

The Importance of Informal Information.

A view of the carriageway as a whole and of its surrounds are
necessary to provide a reference frame for the judgement of
position and speed and for maintenance of position within the
driver's space. The outlines and details of other vehicles and
users adjacent to the driver's space provide necessary information
on their trajectories and possible incursions into his space. Details
of the vehicles and road ahead give a dynamic picture of the future
road to be traversed.

It is suggested that at night it is informal information which
is likely to be lost and the provision of formal information is
unlikely to be a reliable substitute. There is much current research
into improving vehicle signalling systems and road markings. However,
the basic data suggest that to improve visual efficiency the general
light level needs fo be raised and glare restricted. This is
certainly necessary for the detection of informal information at night.

This expression of the need for informal information is as much
a hypothesis as that for formal information. Several examples of
findings of investigations into performance on the road support the
hypothesis and suggest limitations to formal information as a means
of ensuring visual efficiency. It is known that drivers can success-

fully negotiate a circuit with far vision attenuated whereas they
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are less successful when near vision is attenuated (1.15).

Complex brake light displays reduce reaction time to a lead
vehicle when mild braking occurs but not when braking is severe
(1.16). Lack of detail, on featureless roads, 1eads‘ drivers to
lose their sense of speed resulting in multiple crashes (1.17).
The display of discrete lights (e.g. rear lights) on the rear of
a vehicle by itself will give a clear indication of its position.
The perspective view of the lights of several vehicles can lead to
incorrect assessments of the true situation of the road ahead of
the driver (1.18).

Compounding the uncertainty of what information is necessary
is the question of how observers sample and assimilate information.
Studies on the scamning of the road environment and the assimilation
of formal information to which the driver has been alerted, are
scanty. Only the case of the approach to a tunnel entrance has
been studied systematically, using an eye movements camera in real
environments (1.19).

MEASUREMENT OF VISUAL PERFORMANCE.

Whilst the simulations used for investigations may be
realistic of the real environment, the visual task itself is-less
likely to be so realistic. Certainly, when investigations are made
into formal information the visual task is defined once the
information source is formalised. However, in quantifying general
visual performance within, and the necessary attributes of a
lighting mode, investigators have tended to identify the visual
task (mostly without rationalisation) with the acquisition of
informal information.

Visual performance is related then to lighting parameters
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through the detection of a standardised object styled on a common
object deemed necessary to be detected on the road, such as a
pedestrian (1.20) or indicative of the size of detail deemed
important, e.g. a vertical square 200 mm x 200 mm (1.21, 1.22).

Some investigators have dispensed with an objective visual task in
assessing what they call ease of perception, rather than reliability
of perception. Observers are asked to make appraisals of situations
and to rate their subjective impressions (1.22). These types of
investigation lead to relationships between a rather generalised
visual performance and lighting parameters.

All simulations based on the assimilation of informal
information appear to have been specifically concerned with the two
conventional modes of providing light i.e. street or public lighting
and vehicle headlighting. The simple visual field of the basic
experiments has been turned into reality. Whilst this anticipates
the solution of how to raise the adaptation level it is not
unreasonable since we have already noted that for conclusions from
investigations to be valid in practice the simulation must approach
practice as closely as possible. The two modes lead to different
visual environments. In street lighting there is a large angular
field with a significant level of luminance and this level does not
drop off sharply as the distance from the observer increases; the
reverse is true with vehicle lighting. Only in certain circumstances
do the two modes impinge to the extent that they need to be con-
sidered together and this is in the determination of the effects of
glare from all sources in the field of view. It is reasonable to
conduct investigations centred on the two possible modes of lighting,
fixed, as part of the road and moving as part of the observer

(vehicle).



1.13

A great many investigations using both indoor scaled-down
and outdoor full—scale simulations, both static and dynamic have
been carried out over the years. These have yielded complex
relationships between visual performance within the driving task and
lighting parameters. From these, lighting specifications have
been drawn up and methods for producing the necessary lighting
environment have developed and been refined such that street and
vehicle lighting are well established practices. These investiga-
tions will be dealt with in more detail in the introductions to
Parts 2, 3 and 4.

THE WRITER'S INVESTIGATIONS.

The investigations carried out by the writer, and to be
described below, are concerned more with individual performance
and individual task performance than with system efficiency.

The implicit basis of most is the importance of informal information.
The writer draws on his rational discussed above and the data from
‘basic experiments in visual performance to justify this approach
rather than on experimental work, which would form an ambitious
study as an end in itself.

The investigations have sought to extend our understanding and
provide practical solutions to problems of artificial lighting by
concentrating on areas where past effort has been lacking; for
instance, by considering the surrounds to the carriageway to be
equally important with the carriageway in providing a satisfactory
visual environment. They have sought also to point up limitations
to the exploitation of lighting, e.g.that human visual performance
will place a practical limit on how far ahead it is possible to see
with vehicle lighting.

Some additions to basic knowledge of the disability glare
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aspects on individual visual performance are described using
detection techniques. This basic knowledge is used to make on paper
predictions of the limits of visual performance at night. Photometric
measurements in practical environments plus basic data plus data fram
simulations of others are used to analyse deficiendes in the present
night road environment. Field simulations of street and vehicle
lighting situations are used to gauge observer reaction to changes

in present practice, using objective appraisal techniques.
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Fig. 1.1. The chain of elements determining the efficiency of
the night road environment.
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CHAPTER 2
CONTRAST SENSITIVITY, GLARE AND VISUAL PERFORMANCE
INTRODUCTION.

In the previous chapter it was suggested that contrast sensitivity
and inhibition through glare play an important role in determining the
overall visual and, hence, task performance of individuals on the road
at night. The concepts involved in these two aspects of vision are
expanded in this chapter, since they will be used later in chapters 5,
6, 8 and 11, in detailed analysis of visual performance on the road at
night.

CONTRAST SENSITIVITY.

It was noted in chapter 1 that data, shown in Fig. 1.3, relating
the necessary fractional luminance difference (AL/L) between an object
and its background for it to be detected, the angular size of the object
and the luminance of the background (L) could not be applied to the
road situation directly. These data were obtained under laboratory
conditions using a threshold of detection criterion. A factor (contrast
multiplier) needs to be applied so the data take into account the need
for a 100 per cent probability of detection with‘a low reaction time,
that the object position may be unknown in space and time, that the
. observer may be unalerted and that the driving task is a dynamic one.

Hills (2.1) has analysed various studiés of object detection and
has shown that contrast multipliers of 4 and 8.5 need.to be applied to
laboratory data to raise the visibility of an object to '"just visible"
and "'just obvious'" on the road at night. This is for expected objects,
observed at low speed; he suggests that the contrast multiplier needs
to be raised over 20 if the observer is unalerted, does not know where

the object will be and is travelling at speed.
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Street Lighting.

In Chapter 1, it was stated that investigators of street lighting
have tended to relate the visual task with the detection of standardised
objects and the range of object size has been limited. The necessary
contrasts for séandardised objects have been investigated a number of
times under road conditions, therefore there is no need in this case
to use laboratory data modified by a somewhat uncertain contrast
multiplier.

Probably the earliest but still the most realistic investigation
was by Dunbar (2.2). He had observers drive at 48 km/h along a lighted
road on which there were placed objects 0.45m in diameter. The observer
was asked to state whether the object contrast, at a distance of 33m or
more, was just sufficient for safe driving at that speed. A range of
road luminances and object contrasts was used. The visibility criterion
used will yield contrasts such that an object will have a 100 per cent
probability of detection. His results are shown in Fig. 2.1. The
results of other like investigations are shown in Fig. 2.2, the agree-
ment between them is good.

Vehicle Headlighting.

The use of a standardised object is justified in street lighting
research because the pedestrian is assumed to be the most important
object and it needs to be seen at a moderate distance ahead commensurate
with the needs of the speed of the city driving. In addition, the
background luminance along the lighted carriageway is reasonably constant.

In situations, such as the rural roads, where vehicle head
lighting is the primary lighting mode, speeds can be higher and hence,
the necessary visibility distances longer. Smaller objects such as
animals, fallen trees and branches may be important. The background

luminance will not be uniform; falling off with increésing distance
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ahead from the vehicle. In this case it is necessary to resort to the
laboratory data shown in Fig. 1.3 in which these parameters are linked.
For the analysis in Chapter 8, these data have been used with a
contrast multiplier of 10, as shown in Fig. 2.3. It will be shown
that seeing distances with upper headlight beams derived on this basis
agree closely with those measured in field trials carried out by Jehu
to be described in Chapter 7.
Disability Glare
Glare from unshielded light sources will inhibit seeing. It is
usual to divide the adverse effects into disability and discomfort glare.
The former affects visibility but may pass unnoticed except in extreme
conditions, whilst the latter, which affects visual comfort, may be more
apparent being manifest by mild annoyance at one extreme, to pain at the
other. The disability glare affect may be likened to that of superim-
posing an external luminous veil (G) over the field of view. Such a
veil would raise the effective luminance of both object and its back-
ground but leave the difference between them (AL) the same. Since AL
increases with increasing background luminance an object previously seen
in the absence of glare might become invisible in the presence of glare.
Disability glare (G) may be measured directly in street lighting instal-

lations or calculated using a formula of the type:

- 3 f (Ej)
G = . % ) 2.1
1=1f (81) @

where E; is the illuminance at the eye from source i and 6; is the angle
between the line of sight and the direction of glare source i (2.3, 2.4).
There have been many investigations into disability glare since
those of Holladay and Stiles, who derived the first mathematical
description of the phenomenon. Others have shown f (Ej) to depend on

individual variations, particularly age, the size of the adapting field
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(2.5), © (2.6) but not colour of the glare source (2.7, 2.8) and £ (8) to
depend on 6 (2.6) and the size of the glare source (2.8). A number of

these investigations have been critically reviewed by the writer, as to
their applicability to road lighting situations (2.9).

It appears that the conventional form of eqn (2.1) gives a
reasonable description of the effect, by far the major influence on the
numerical value of glare being the choice of line of sight of the

observer, which determines 6j. Then (2.1) becomes

n Jn
G = 3 XEi 2.2)
i=1 ein

With k = 10, m = 1 and n = 2 when E is in lux, 6 in degrees and G in
cd/m2.

The writer, associated with Christie, has shown G to depend on
the age A of the observer (factor cA) and the distribution of luminance
in the visual field (factor C) such that:

K = (cA + Q)
In one experiment, they examined in great detail the responses of 16
subjects, aged 17 to 65 years, for a range of glare conditions (2.5,2.9
2.10).

It can be seen in Fig. 2.4 that the examples of daté show a 60
year old subject to be more susceptible to glare than a 20 year old
subject. The values of n and k for equation 2,2 derived for each subject
are shown in Fig. 2.5. It can be seen that whereas n is invariant
with age, k is strongly influenced by age (significant at the 0.1 per
cent level) and

k = (0.20A + 0.4).

In a second experiment, over a hundred people were examined but

each gave only one response to a glare situation. The data for this

experiment confirmed the effect of age and
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K = (0.19A + 5.8)
Thus the factor cA was but little different in the two experiments
but there was a large discrepancy in the factor C.

A difference between the conditions of the two experiments was
that in the first the test object was viewed against a small uniform
background (1© dia.) whereas in the second it was viewed against a
simulated road scene of extended size. A third experiment was
carried out in which seven subjects made detailed observations using
the two background configurations but without any other experimental
differences. The data obtained confirmed that the difference in C
.was due to the background configuration.

The explanation for this effect appears to be that in the
absence of glare the different background configurations resulted in
different contrast sensitivities, the fractional luminance difference
for the restricted background being higher than that for the roadway
scene for equal luminances of each. In the presence of the rather
severe glare used, the fractional luminance difference was almost the
same for each background, i.e. the glare and not the background most
influenced contrast sensitivity in this case.

The conventional glare equation used in situations with extensive
lighted backgrounds, such as occur in street lighting, gives values of
veiling luminance which apply for younger observers. In situations
with restricted lighted backgrounds, such as occur in vehicle lighting,
the values apply to older observers.

VISUAL PERFORMANCE.

The data described above allow for the assessment of visual
performance in lighting situations. Visual performance may be
described in general terms: for a given roadway luminance L the value
of AL/L may be determined and expressed as contrast sensitivity L/AL.

This value can, in turn, be expressed as a fraction of the best possible
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contrast sensitivity, i.e. referred to some reference background lumin-
ance at which contrast sensitivity is a maximm. Similarly, the effect
of glare can be expressed as a fractional increase of AL/L or conversely
a fractional decrease in contrast sensitivity. A corollary to this
approach is that a lighting situation could be deemed satisfactory if
specified values of contrast sensitivity are obtained.

However, a knowledge of general visual performance does not
necessarily lead to a determination of how well the visual task, specific
to a road situation can be carried out. For example, a specific‘level
of contrast sensitivity might allow the ready assimilation of visual
information of large angular size but not that of small size. Similarly,
glare will have differing effects on different tasks. Thus for any
meaningful assessment there must be a description of the visual task.

In the following sections, street and vehicle lighting are
treated separately. In street lighting the visual task is taken to be
the detection of pedestrians, a single angular siie of object implying
the necessary visibility distance for safe driving. As street lighting
is continuous seeing conditions are relatively insensitive to distance
ahead. On the other hand in vehicle headlighting the illuminance ahead
falls off sharply as the inverse of the square of the distance. Thus
distance is a necessary parameter, especially as headlighting will be
used in situations where low urban speed limits do not apply. Since
distance becomes an important factor so too does the dependent angular
size of objects.

Street Lighting.

Let L be the luminance of the background(cd/mz)

AL be the luminance difference between object and background
required to see an object

1 be the luminance of the object for it to be seen,
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B be its luminance factor, and
E be the illuminance falling on the object
then 1 = L = AL
The subtraction covers objects seen by silhouette (S), and the
addition covers those in reverse silhouette (RS). It can be assumed that

AL is the same for both (2.1), and since

1 = g&/n
Bg < (L = A 2
Brg > T (L + AL (2.4)

E
Allowing for disability glare (G), by use of eqn (2.2), eqns (2.3)
and (2.4) become

(2.5)

|
tr]

Bs(c)
BRS(G) 2 ——— (2.6)

where AG 1is now the luminance difference for background of luminance

L + G and

AG > AL
Bs@G) < PBs
BrRS(G) > BS

i.e. in the presence of glare, objects must be darker or lighter to be
seen without glare. It has been assumed that the visibility of
pedestrians is of primary importance on urban traffic routes. This is
not unreasonable since it has already been shown that pedestrians are
particularly vulnerable to accidents. The visibility of pedestrians can
be thought of as involving detection of an element of area of the
pedestrian, e.g. the upper torso, covered by a garment of some luminance
factor. The data of Dunbar, based on the detection of a simulated
element, gives the values of AL for various values of L pertaining to

street lighting, for use in eqn (2.5) and (2.6).
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The general relationship between the parameters is shown in
Fig. 2.6. For any combination of L, G and E there will be a range of
values of B for which the object cannot be seen with certainty. (This
does not mean that within this range objects cannot be seen at all; but
the further into this range the luminance factor of an object lies, the
greater will be the uncertainty). As G increases and/or L decreases, the
level of uncertainty increases. For high values of L and/or low values
of E objects will be seen predominately as silhouettes whereas for low
values of L and/or high values of E reverse silhouettes will predominate.

This analysis can be extended from the probability of one
specific object being seen to the probability of any object being seen
with a knowledge of the distribution of luminance factors for the
objects likely to be encountered. Continuing with the notion that
pedestrians are of primary importance, Smith (2.11) measured the luminance
factors of men's and women's clothing, both in the summer and winter, in
the United Kingdom in the later 1930's. His data, weighted for night
usage, is shown in Fig. 2.7 togetherwith other cited by
Hentschel (2.12). The trend is for a large probability that clothing
will be dark. Fashions change to alter this distribution, although
gross changes in it are unlikely. A luminance factor of 0.3 is for
very light clothing indeed and most men's clothes, except white shirts,
will have luminance factors of 0.1 or less.

Waldram (2.13) combined the data of Dunbar and Smith, calling this
concépt of visual task performance ''revealing power'. Related to a given
background, revealing power is defined as the percentage of elemental
objects having the same distribution of luminance factors as pedestrian
clothing which will be adequately visible when viewed against the
background. ,

For example, from Fig. 2.6, if L = 0.17 cd/m% E = 5 lux and
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G = 0, objects must have values of B less than 0.054 to be seen in
silhouette and greater than 0.14 to be seen in reverse silhouette.
From Fig. 2.7, the percentage of objects having these values are 61
per cent and 19 per cent respectively, hence the revealing power of the
background is 80 percent. This method is used in analysis of street
lighting situations in Chapters 6 and 11.
Of course, this concept can be further developed but at the cost
of unmanageable complexity:
(1) Instead of a specific elemental object being assigned
either a unity probability of being adequately visible
or effectively a zero probability if it has a luminance
factor lying in the uncertainty range, it can be assigned
a true probability value on a continuous range. However,
it can be argued that unless a complex model is developed,
along the lines of (ii) following, any probability less
than unity is of no interest in the road situation. |
(ii) An object, such as a pedestrian, can be split up into a
number of elements each with a probability of detection
and hence a revealing power associated with it. The
revealing powers of the elements can be combined, using
probability theory, so that the revealing power associated
with the object will be enhanced over that associated
with a single element (2.14). Problems arise from
modifying revealing power to take into account non-unity
values of probability of seeing, dividing objects
arbitrarily into elements and determining the number of
elements to take into account in the probability
functions (in reality the detection of complex objects

probably does not occur on this basis) and the possible
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non-independence of the distribution of luminance
factors for each element (e.g. dark jacket with dark
trousers).

(iii) The revealing power refers to a background{ in the
street situation, there will be a number of back-
grounds such as carriageway, footpath and houses along
the alignment and of various luminances.

A single value of revealing power of the street could be deduced from a
knowledge of the backgrounds weighted by the importance of each (2.15).
A pedestrian seen against the carriageway may be crossing the road to the
safety of the footpath, whereas a pedestrian on the footpath may be
stepping onto the carriageway into a collision course with a vehicle.

Hentschel produced a single value of revealing power for a

number of motorway/freeway lighting designs. Besides, of course, using
an entirely inappropriate visual task, he did not pay sufficient
attention to the points made above. In the writer's view, the
relatively simple concept of revealing power remains a very useful tool
with which to analyse street lighting situations.

Vehicle Lighting.

Chapter 8 is concerned with how far ahead objects can be

detected using high beams on the open road, i.e. with no glare from

oncoming traffic. Using the same notation as above,

AL |L-1
L L
- |Bg-_Bg I - (2.7
BB
since Bg = 7L/E and Bo = wl/E, where the suffixes B and O denote

background and object respectively and E is measured on plane perpendic-

ular to the incident light.
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Substitution of a range of combinations of values for B and B,
lead to the necessary values of AL/L for detection of all objects for
each combination. Fig. 2.3 gives the background luminances, for each
such value of AL/L, required to detect objects of given angular sizes.
Each object angular size is converted to an equivalent object distance
(d) by assigning the object a linear size. The headlight beam
intensity I(cd) required to detect any object is that necessary to
produce the background luminance adjacent to the object at the
calculated distance away i.e.

I = L 12 — (2.8
Bp

For example, let the luminance factor of the background and
object be 3 percent and 7 percent respectively. Then AL/L = 1.33 and
from Fig. 2.3 L = 0.1 cd/m? for an object of size 10min of arc
(approximately) with this contrast. If the linear size of the object
is 0.45m diameter, the object will be 154 m distant. In order to
produce a luminance of the background of 0.1 cd/m2 at the object position,
the necessary beam intensity will be 2.5 x 10° d approximately.

The method could be elaborated:

(1) The background luminance is taken to be that adjacent to
the base of the object. Viewed against the carriageway
the object will have a length of surface as a background
both in front and behind. The luminance along this length
will vary because the illuminance produced will vary
according to the inverse square law. Thus, the true
value of L is probably an average value of the weighted
distribution (which in itself is a complex experimental
problem).

It is considered, however, that the field factor applied



2.12

to the laboratory data will include the effect of non-
uniform background.

(ii) The objects considered are circular cfoss-section; thus
the derived beam intensity values do not necessarily
apply to objects of different shape. For example a log
or person lying across the road would be about 0.45 m in
height but considerably greater in extent across the road.
Thus different families of curves, like those in Fig. 2.3
must be generated (or further field factors applied) if
different objects are considered (2.1). However, the
approach outlined is consistent with the standard object
concept discussed above and yields meaningful relationships

between the relevant parameters.
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Fig. 2.1. The luminance difference (AL) required for an object
to be seen adequately in street lighting against a background
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PART TWO
STREET LIGHTING

CHAPTER 3: A REVIEW

CHAPTER 4: PHOTOMETRIC MEASUREMENTS IN IN-SERVICE
STREET LIGHTING INSTALLATIONS DESIGNED
TO AS CA19 PART 1 (1964).

CHAPTER 5: DISABILITY GLARE AND LANTERN DESIGN

CHAPTER 6: VISUAL PERFORMANCE IN STREET LIGHTING:
THE INFLUENCE OF THE SURROUNDS AND GLARE.

I saw myself the lambent easy light
Gild the brown horror, and dispel the night.

DRYDEN, HIND AND PANTHER.

"A general conclusion is that ........

....... dark regions of the road are the

sensitive regions, where objects may disappear,
where disability glare can have an effect, and
where reverse silhouette can occur. Any

factor which acts adversely upon revealing of
objects generally has most effects on regions of
low brightness, and these regions are for

several reasons the weak spots in the installation."

J. M. WALDRAM, The revealing power of street
lighting installations, 1938.



CHAPTER 3
A REVIEW
INTRODUCTION.

It was shown in Part One that the road transport system runs less
efficiently in the hours of darkness. This results from the gross
disparity between light levels by night and day and man's poor visual
performance under the conditions of lower light level. It was noted
that two forms of artifical lighting have developed as a night aid,
street lighting and ﬁehicle lighting. The former, akin to daylight,
increases markedly safety at night on urban traffic routes.

THE GROWTH OF STREET LIGHTING.

The administrations of towns, where community activity will be
carried on into the’hours of darkness, have from early times recognised
the need for public lighting. In the 1400s the Aldermen of the City
of London were issuing regulations controlling the positioning and
make up of candle lanterns. By the early 1800s the same city was
extensively 1lit using gas. The early 1900s saw the introduction of
the tungsten filament electric lamp. But it was not until the 1930s,
with the introduction of the relatively efficient low pressure
sodium and high pressure mercury discharge lamps, that electric
street lighting displaced gas lighting. This form of lighting is now
an accepted part of urban traffic routes all over the world (3.1).

No doubt early lighting was provided for road user safety at
night, but to discourage crime, rather than as an accident counter-
measure. As vehicular traffic became greater and more complex,
street lighting was recognised and used to promote safety by reducing
accidents. It is only recently that street lighting is seen again as
a deterrent to crime and vandalism on all urban roads. However, this

survey and investigations to be described deals only with lighting
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of urban traffic routes. The concern is to provide those visual
conditions which will lead to good visual performance in individuals
and, therefore, good system efficiency.

THE GROWTH OF SPECIFICATIONS AND RESEARCH.

As the advent of the discharge lamp and its subsequent improvement
gave impetus to traffic route lighting through the readily availability
of relatively high light levels, so there was increased activity in
scientific investigation and specification of lighting. Street light-
ing specifications now exist in most urbanised countries (3.2). and
the CIE have issued international recommendations (3.3).

Before the second world war, British lighting engineers, notably
Waldram, established principles of the general reflection characteris-
tics of road surfaces and of the measurement of visibility, which is
discussed in Chapter 2 (3.4). Hopkinson showed the relationship be-
tween lighting parameters and discomfort glare (3.5). After the war
the British Road Research Laboratory (now Transport and Road Research
Laboratory) continued this work, notably establishing a relationship
between lighting and accident reduction, as discussed in Chapter 1
(3.6).

After the second world war and to the present, Continental
European investigators have been very active. De Boer and his
associates have described in detail the reflecting properties of
road surfaces and how they may be used in computer based calculations
to design lighting systems. They have used subjective methods to
determine which parameters influence quality of installation and
their values (3.7). Others in Russia, U.S.A. and Australia have also
contributed.

This review will describe these investigations into the mechanisms
of street lighting including the importance of the road surface,

the distribution of light from the lanterns, investigations into
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visibility and the importance of the distribution of luminance
in the field of view, the control of glare and finally the
specification of street lighting.

THE MECHANISMS OF. STREET LIGHTING.

It has been suggested earlier that street lighting acts like
daylight. Light is distributed over the whole visual field to show up
informal information, the carriageway and surrounds to the road and
objects such as pedestrians. Nonetheless the carriageway, being the
area of greatest activity and of possible interaction between the
road users, has always been given primary consideration. The
necessity to control disability § discomfort glare has more recently
assumed importance. These considerations have led to emphasis on
directing the light from lanterns mainly on to the carriageway
surface whilst restricting the release of light in directions towards
the motorist's eyes.

CARRIAGEWAY LUMINANCE: THE SILHOUETTE PRINCIPLE.

Under daylight conditions, objects are seen against their back-
grounds by contrasts in luminance and colour, by form, texture and
highlights. Under light levels pertaining to streetlighting many of
these cues are diminished and that of luminance contrast dominates.

Luminance contrasts may be enhanced by exploiting the reflecting
characteristics of backgrounds and objects and the directional
characteristics of the lighting systems. If light is released in the
direction of travel the horizontal road surface will tend to be dark
and the vertical objects light, if light is released against the
direction of travel the reverse situation generally arises.

That it is better to make the background bright, i.e. to silhouette
the objects, can be deduced from five facts:

(i) Contrast sensitivity improves as the background
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light level is raised;

(ii) The effect of glare becomes less as the background

light level is raised;

(iii) Visual comfort is greater if there is backgrourd lighting;

(iv) The luminance factors of pedestrian clothing are mostly

low, whereas those for the road surface can be very
high;

(v ) The carriageway surface is in itself an important source

of information, in its surface condition and its direction.

Of course, objects are not always seen in total against a back-
ground that can be made bright. Higher levels of lighting of the
present day allow other cues to be present. But the silhouette
principle of lighting is of paramount importance and making the road
surface bright and even is a main aim in installation design.
CARRTAGEWAY LUMINANCE: THE ROAD SURFACE.

The 1light from a lantern reflected from the road surface forms
a characteristic T shaped patch: Fig. 3.1. The head, close to a
. point below the lantern extends across the road and the tail extends
along the road towards the observer. The relative magnitudes of the
two components of the T depend on the reflection characteristics of the
surface. If the surface is uniformly diffusing, the tail will be non-
existent. However, if the surface acts as a mirror, say, e.g. when
the road is flooded, the tail is extensive and the head absent.

The reflecting properties of road surfaces are complex and vary
from surface to surface. The success of lighting depends on using
lanterns with suitable beam distributions and locating them in relation
to each other so that the light patches are overlaid, and the result-
ing carriageway luminance is substantially uniform.

The complexity of surface reflecting properties and the mechanism of

patch formation was recognised by Waldram (3.4). Measurements of
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these properties for various surface types was carried out by the
TRRL and the properties related to both texture and surface wear in
a qualitative mammer (3.6, 3.8). Sabey (3.8) has shown that the
reflecting properties vary throughout the year, probably cyclically
depending on temperature variations.

An extensive bank of reflection data has grown up through the
measurements of continental investigators, including data for wet
surfaces. The greatest variations in properties occur through rain,
the extreme case being when the surface is flooded and becomes a
mirror (3.7, 3.8, 3.9, 3.10).

Standard procedures for measurement and presentation of properties
have been proposed (3.11).

It is normal practice to express the reflecting property as the

luminance coefficent q, where

%,s,y - WE

and where L is the luminance of the surface (cd/m2)
E is the illuminance at the surface (¢m/mZ2)
q is a function of the viewing angle o, the angle
of incidence of the illumination y and & the
angle between the planes containingd and Y
(The relationship‘between a, §, Yy are shown in
fig. 3.2.)
It is usual to neglect the effect of o and express q in terms of
§ and y with o« = 19. This value is chosen because o varies little
as the observer shifts his gaze along the road. For an eye height of
1.2m, o = 0.5° at 35 m and 1.5at 100 m approximately.
- Dependence of q on 6§ and Y.
The variation in q with 6 and y for one surface is shown in

Fig. 3.3, from measurements by Jackett and the writer (3.12). It can
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be seen that for the range of § and y investigated, q varies over three
orders of magnitude. For small values of y where the light is incident
on the surface close to the lantern, q is small but as y increases q
grows and its highest values are for light incident at grazing
incidence. As § increases, i.e., the point of interest moves laterally
across the road surface away from the line joining the observer to

the lantern, q decreases.

The luminance at any point is given by L where
I

L =
Ta
I T

. 3.1)
2 | (

writing r = q cos3 y (the reduced luminance coefficient)

. q cos3dy

and where I is the directional intensity of light from the lantern
towards the point
H is the height of the lantern.

Thus the effectiveness (r) of the surface in producing luminance
at any point is proportional to q cos3 Y. Although q is great for
large values of y, cos3 y is small and so overall the efficiency declines
markedly as y increases as shown in Fig. 3.4. This fact 1limits the
practical length of the light patch since large values of I would be
required to extend the patch in these directions which also would give
rise to glare. For example, the useful length of the light patch given by
a semi-cut-off lantern on an asphaltic concrete surface is taken as 5H,
i.e. y = 78.59, in the Australian Specification AS 1158, 1973.
CLASSIFICATION OF SURFACES.

The intrinsic lightness of the surface will influence q for
small values of y. But at large values of y the surface texture
Qill have the dominant influence. Surface texture can be thought of as

having two attributes: (i) macrotexture; and (ii) microtexture.
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.Macrotexture is determined by the size of the aggregate making up the
surface and the surface can be coarse or fine according to whether the
aggregate is large or small. Microtexture is determined by the
surface profile of the individual pieces of aggregate and can be of a
harsh or smooth nature depending on the degree of irregularities in
the profile.

Macrotexture has little effect on the reflecting properties of
dry surfaces. In the wet, coarse surfaces are more likely to retain
their dry properties because the aggregate protrudes above the moisture
layer and the surfaces drain better. Surfaces with different
microtextures will have different reflecting properties: smooth
surfaces will give high values of q and rough ones low values. This
leads to long tails in the light patches on smooth textured roads and
short ones on rough textured surfaces. .

In order to quantify this descriptive classification various
parameters have been suggested. De Boer and Westermann (3.13)
devised the qg, K system, which has been widely used, in which,

qo is the average q and gives a measure of
the surface lightness and
K = logjp (90/qy = 0) and gives a measure of the shininess
or Specularity of the surface.
It has been pointed out that the reflection properties may be
classified with greater precision if more parameters are used to
describe the distribution of q (3. 14).

The two parameter system above has been developed into a three

parameter one: k being replaced by two parameters S; and S to

describe the distribution of q, where:

qo = average q
= = '1
5 = r(§ =0, y =tan™* 2)
(=0, y=10)
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Sp = 9o
r(=0, vy=0)

i.e. S5, = 10K

The characteristics of real road surfaces can be divided into a
number of classes. In each class the characteristics of these
surfaces can be typified by a single surface. In the two systems above
five such classes have been used. Complete r tables (see eqn. 3.1)
have been drawn up for each representative surface for use in computer
calculations of installation design. It is claimed that if a
representative surface is used instead of the actual surface a high

degree of accuracy in luminance calculations is maintained (3.11, 3.14).

I+

average luminance 6% standard deviation
carriageway uniformity + 8%
lane uniformity +10%

The use of representative surfaces is more convenient than actual
surfaces, since no removal of surfaces for camplete measurement is
necessary, although there appears to be no very precise practical way
of making an on-the-spot classification of surfaces.

In spite of the vast amount of measurement and classification,
there is little work on the theoretical basis of the reflection
mechanisms (3.15) and little success in fitting generalised equations
to the data (3.16).

LIMITATION OF GLARE.

It was shown in Part One that at the modest levels associated with
artificial lighting on roads, vision could be easily impaired by glare.
Both disability and discomfort glare is proportional to the light
intensity directed towards the observer's eyes and inversely
proportional to a function of the angle between the direction of this

light and the line of sight along the road.

The roof of the driving cab of a vehicle cuts off a considerable
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portion of the light from lanterns: See Fig. 3.5. The cut-off

will be of light in directions of y < 70°0—780 (3.6, 3.7, 3.17).
Therefore, glare can only arise from light emitted in directions

y = 700 + 90°. It has been shown above that light at large angles of
y is not useful in producing road luminance. So in general there is
little point in allowing light to be emitted at angles close to 90°.
It is, therefore, around the angle of cut-off of the vehicle roof, that
it is necessary to compromise between projecting light for the
production of road luminance and restricting it in order to limit
glare. This angular range will be referred to as the run-back of

the light distribution.

THE LIGHT OUTPUT DISTRIBUTION FROM LANTERNS.

The quality of a street lighting installation for any road surface
depends critically on the distribution of light from the lanterns and
their placement. The light must be directed from the lantern so that
the light intensities directed along the road are higher than those
directed immediately adjacent to the lantern. On the other hand, the
intensity must be reduced radically in those directions which give
rise to glare.

Those lanterns with a sharp run back, and severe limitation of
glare, are known as 'cut-off lanterns", those with a less sharp
run back are known as ''semi cut-off lanterns'" - see Fig. 3.6.

It can be surmised that whilst the use of cut-off lanterns will
give light quality in glare limitation, generally the number of
lanterns needed to adequately illuminate the carriageway surface will
be greater than if semi cut-off lanterns are used. Thus the éost is
related to the qualify of installation. It is only by investigation
into individual visual performance and system efficiency that the

necessary degree of quality can be established. Data from such
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investigations can be used to set the necessary level of luminance
and its uniformity and glare control. Through the knowledge of
the mechanisms of street lightingaitlined above, the type of beaﬁl
distribution and placement of 1an£erns, for a given carriageway,
can be deduced, in order that the required quality may be achieved.
VISUAL PERFORMANCE IN STREET LIGHTING.

Many detailed invéstigations using simulations of street lighting
have been made to establish precisely the relationship between visual
performance and lighting parameters. The methodology of these
investigations has been discussed fully in Part One. It was concluded
that most experimenters using objective measures concerned themselves
with some general measure of visual performance which emphasised the
importance of informal information. However, many investigations,
particularly into quality, rather than utility, make use of subjective
appraisals. Investigations into road luminance requirements and
glare limitation using objective and subjective criteria will be dis-
cussed, referring wherever possible to field checks of laboratory findings.
AVERAGE ROAD LUMINANCE
Objective Measures.

It has been shown in Chapter 1 that visual performance, as
measured by Blackwell in terms of contrast sensitivity, is approaching
maximum for a background luminance (L) of about 1 c:c‘L/m2 for objects
of pedestrian size: Fig. 3.7. It was shown in Chapter 2 that if
contrast sensitivity (ability to see) pertaining to the street
lighting environment is combined with the distribution of luminance
factors for pedestrian clothing (objects to be seen) then
revealing power (objects adequately seen) is 100% at a background lum-
inance of about 1 cd/m2: See Fig. 3.8. At this luminance disability

glare from installations has little effect on visual performance.
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It has been shown earlier in Chapter 1 that street lighting
installations, giving this average level of carriageway luminance @,
substantially reduce night accident occurrence and severity.

These objective investigations have been carried out by
British investigators (with the exception of the basic visual
performance data of Blackwell) (3.18, 3.19, 3.20, 3.21, 3.22).
There appears to be a paucity of objective experiments elsewhere.
De Boer (3.23, 3.24) reports the results of two investigations,
one static the other dynamic, on the visibility of square standard
objects in street lighting installations. He concludes that a
road luminance of 2 cd/m? is necessary to perform a standard test of
detecting a 200mm x 200mp flat iject of contrast 1.5 from 100m.

The requirements of the then Australian Street Lighting Code
CA19:1964 were based on extensive visibility observations on
standard objects in an experimental street lighting installation (3.25).
The recommended minimum value of a\’rerage road luminance was 0.2ft L
(0.7 cd/m2).

A novel approach to this question has been made by de Boer (3.7).
As dusk falls he observed the numbers of motorists switching on marker
lights and lower beams as a function of light level. By 5 cd/m2
80% had switched on marker lights and by 1 cd/m2 20% had switched on
lower beams. He concluded that a level of 2 cd/m? would give
satisfactory visual conditions to motorists and they would not switch
their headlights on, so causing glare.
Subjective Appraisals

A number of subjective appraisals have been made of lighted
streets in which the observers were asked to rate the lighting level
on asemantic scale with classification ranging from bad to excellent.

The average ratings were compared with the average road luminance.
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De Boer (3.24) reports that appraisals by 16 qualified persons of

70 streets led to the conclusion that lighting is judged ''good'" if
the level is 1.5 cd/m? (between 1.3 and 1.8 at the 95% confidence

level).

Fig. 3.9 shows some of the results of more recent appraisals in
the Netherlands (3.26). It can be seen that the mean appraisal score
rises to "fair" quickly as the average luminance level increases
but then the rate of increase in score decreases and a state of

diminishing return sets in. Values of required road luminance were:

Fair Good
Series (1) All roads 0.7 cd/m2 1.3 cd/m2
Series (2) Secondary roads 0.6 cd/m2 1.2 cd/m?
Main roads ( 0.6 cd/m2 1.6 cd/m2
E 1.3 cd/m2 2.8 cd/m2

(The two values for main roads arise from observations in

two cities.)

In a British appraisal, in which the observers had to rate
installations in terms of a number of qualities, it was found that the
variation between scores of individual observers and between the mean
score for apparently similar installations is large. Confidence
limits were wide and coefficients of determination poor. It was found
that average road illuminance was a better predictor of luminance
level appraisal than was road luminance (3.27).

NECESSARY REQUIREMENTS FOR AVERAGE LUMINANCE.

It can be concluded that for mixed road user, low speed urban
traffic routes an average road luminance of about 1 cd/m2 will result
in good visual performance. At such a level the subjective appraisal
will be "fair" to ''good". A level of about 2 cd/m? should ensure a
rating of ''good', although the rating will tend to be influenced by

road importance.
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APPLICATION TO FREEWAY LIGHTING.

Whilst the appraisal results could well be applied to motorway
and freeway lighting, the objective data needs treating with caution.
Speeds are normally higher on motorways and hence it is necessary to
be able to see further ahead with reliability. As this necessary
distance increases, so the angular size of objects decreases. The
data of Blackwell (Fig. 3.7) suggests that in order to maintain the
level of contrast sensitivity the light level will need to be increased
in these situations, ® what level depends on what is deemed to be the
visual task in motorway driving. The writer has dispensed with
observations of standard objects. He considers a primary task in
freeway driving to be that of station-keeping within the traffic
stream. He is currently investigating the influence of light level
on detection of relative longitudinal motion i.e. change of headway of
a leading vehicle through its acceleration or deceleration.

The writer has measured, in a laboratory simulation, the effect
of light level on reaction time to the detection of change in visual
angle for objects with different initial sizes (simulating different
headways), different rates of change of size (simulating different
accelerations and decelerations) (3.28). A sample of the data is shown
in Fig. 3.10; as the light level increases reaction time decreases,
quickly at first then more slowly, until a point is reached when
further increases in light level produce little further reduction in
reaction time. This effect is the same regardless of the initial
value of simulated headway & deceleration, although as the difficulty
of the visual task increases (long headways, small decelerations)
the reaction time increases. The writer has devised a mathematical
model linking reaction time and the parameters investigated: this

is shown in a numogram in Fig. 3.10. It is concluded that for
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traffic operations found on freeways a light level recommended by the
CIE (2 cd/mz) is a better basis on which to design lighting installa-
tions than that of the Australian standard for urban traffic routes
(0.7 cd/m2).
UNIFORMITY OF ROAD LUMINANCE.
Objective Measures.

Both visual performance and subjective rating increase as the
average road luminance increases, but with diminishing return.
However, the road carriageway cannot be absolutely uniform in luminance
and an object will therefore be seen against luminance gradients. It
is intuitively obvious that if the object to be detected is large the
non uniformity along the road, in the form of light and dark bars as
may be experienced with installations employing cut off lanterns, will
hardly effect its visibility. This is because the road behind the
object is foreshortened and the object will be seen against several
light bars. Streaks along the road, as occur when the road is flooded,
are more serious since an object could be viewed within a longitudinal
dark streak. In addition it is known from basic psycho-physical
experiments (3.29) that luminous gradients effect contrast sensitivity:
it declines in the regions of light/dark boundaries.

Early work of de Boer (3.7) suggests that ratios of maximum to
minimum luminance of 10 to 1 along the road and 3 to 1 across the
road are permissible, for E =2 cd/mz, without significantly
effecting the visibility of the 200mm x 200mm standard object.

Narisada(3.30) simulated, in the laboratory, a cut-off lighting
installation. He determined the probability of detection (p) for
200mm x 200mm objects of 25% contrast for various light levels (L)
and non uniformities (u). He found:

TuZ = constant
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for p = 75% and u = Lmin/L.

Thus as the average road luminance increases uniformity may be
relaxed: for T =1 cd/m2, u = 0.43 approximately and for L = 2 cd/m2,
u = 0.28 approximately. These results show that the minimum luminance
should not be less than about 0.5 cd/m? in any installation. It should
be noted that these conclusions apply only to objects at 100m or less
from the observer, uniformity had no demonstrable effect on the
visibility of more distant objects.

Schreuder (3.31) in an investigation into the ''black hole
effect" at tunnel entrances showed that at an adaptation luminance of
2 cd/mz, the entrance must have a luminance of 0.8 c:d/m2 i.e. .

Lmin/L = 0.4, for a 75% probability of detection of an object of

7 min. of arc diameter (200mm at 100m) and contrast 20%. Whilst this
result is similar to that of Marisada the experimental set up was
different in that the 'black hole'" was only shown intermittently with
the test object and did not contribute to the overall state of
adaptation.

Others in Britain (3.32) and Australia (3.25) have reported
observations in experimental installations, the former in a scale
model and the latter in full scale field trial. Their results are
given in terms of installation layouts giving satisfactory results.
Photometric measurements in Australian installations designed on the
basis of these observations to be described fully in the next chapter,
show L/Lmin and Lmax/Lmin to be better than 3.5 and 8 respectively,
the majority better than 3 and 6 respectively.

Subjective Appraisals.

De Boer and his associates have used appraisal methods to

determine the permitted degree of non-uniformity. Twenty five observers

appraiséd an experimental installation in an outdoor laboratory in
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which a range of light levels and uniformities were presented (3.7).
He found that as the average luminance increased poorer uniformity would
be accepted. However, uniformity had to be better than was necessary
for good visibility in order to ensure ''good' ratings. For example,
at a level of 1 cd/m? the ratio of maximum to minimum luminance could
not éxceed three to obtain a rating of '"fair" or two to obtain a
rating of ''good'.

Extensive appraisals were made on a scale model installation over
a large range of light levels and light patterns, the light patterns
appearing to move as in the normal course of driving (3.33). The
results showed that the quantity Lmax/Lmin is not as important as the
luninance gradient in determining ratings. Luminance gradient (Smax)
is defined as the maximum luminance variation found over any 1lm trans-
verse or 3m longitudinal distance in the light pattern.

The rating Q on a numerical scale could be represented by

Q = 6.8 + 4 1ogL - 2 log Smax.
A subjective rating of ''good" (Q = 7) can be obtained with the

following combinations:

L Smax
5.0 20%
3.0 | 7
1.5 2

It can be seen again that the subjective rating of uniformity is a
function of light level.

Appraisals have been carried out in lighted streets (3.26, 3.27,
3.34, 3.35). In the Dutch ones referred to above, no correlation was
found between rating and the quantity Lmin/L. However, when
appraisals were examined on the basis of installation layout, it was
found that reasonable co_r'relations were obtained between mean

appraisals score and the parameter Lmin/Lmax: See Fig. 3.11. It was
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found that for opposite and staggered arrangements a value of
Lmin/ILmax = 0.6 gave an appraisal of '"good'" and a value of 0.4 gave
a "fair" response. For single sided arrangements Lmin/Lmax had
little effect on subjective response.

Thus the degree of luminance gradient appears to effect
appraisal response. It is known that sharp step like gradients,
especially of high spatial frequency and amplitude induce a greater
sensation of brightness difference than would be indicated photo-
metrically. Thus it is to be expected that ladder-like patterns
likely to occur in installations of cut-off lanterns will be
visually unpalatable.

It is interesting to note that in wet weather, when the
luminance gradients might be expected to increase sharply the
subjective appraisal scores were only slightly less than in the dry.
This seems to be another example of subjects modifying their
appraisals to their expectations.

In the British appraisals, referred to above, no good
correlations were found between scores and any photometric parameters.
However, it was found that uniformity appraisal significiantly
contributed towards the overall visibility appraisal of subjects.
NECESSARY REQUIREMENTS FOR LUMINANCE UNIFORMITY.

It would seem that to ensure good visual performance a limit to
non uniformity should be set, as well as an average luminance.
Objective measurements suggest that the minimum luminance should not
fall below about 0.5 cd/m? regardless of the average value L. It
would seem better to quote one absolute minimum rather than a limiting
value of Lmin/L, which should strictly vary with T: See Narisada

| It will be shown in the next chapter that the distribution of

luminance varies with lantern arrangement. It is difficult to get rid
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of small areas of low luminance, particularly in staggered arrange-
ments: See Fig. 3.12. Rather than base the conformity with the
minimm value requirement on a single spot measurement, it would be
better to say that this minimum value should not occur over an area
of roadway of more than a given size.

In order to ensure a reasonable subjective rating, some
restriction jn luminance gradient over a span of lighting is necessary.
The results of appraisals suggest that the ratio of Lmax to Lmin
should be two or less for a '"fair'" to '"'good'" rating. This seems an
onerous restriction applied to the whole carriageway. If for good
visibility minimum values of L = 1.0 cd/m? and Lmin = 0.5 cd/m? are
specified then the value of Lmax/Lmin must be expected to be greater
than two in practical installations. It has already been noted that
step-gradients are probably the most unpalatable and these are likely
to occur in cut-off installations. Thus it would be better to
restrict the Imax/Lmin < 2 requirement to each traffic lane
separately. However, this does not overcome the difficulty that in
staggered installations severe gradients can arise in the areas
adjacent to near lanterns on the opposite side of the road. | This
pattern will be in the motorist's field of view as he scans the scene,
especially on relatively narrow roads. The specification of
Lmax/Lmin < 2 along a lane does not overcome this problem. It seems
that some relaxation is necessary for this practical situation.

GLARE LIMITATION
Objective Measures.

It has been shown in Part One that disability glare in terms of
a veiling luminance (G) can be readily calculated and its effect on
general visual performance in terms of rise in threshold deduced.

Both Hentschel in Germany (3.36) and Cvtrovsky and his colleagues in
the U.S.S.R. (3.37) have suggested that a rise in threshold of 18% can
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be tolerated before the visibility of objects against the carriageway

is adversely affected. Then,
b

Lo = alL — no glare condition
Ly = a(+ G)P — glare condition
Ly — L1, = 0.18

Where L, is the luminance of an object necessary for it to be seen
under threshold conditions against a background of luminance L
and a and b are constants. Values of a = 0.4 and b = 0.6 to 0.9
are given in (3.36, 3.37).
hence, G/L = 0.2 to 0.3.

Thus it appears that disability glare in terms of veiling luminance
has to be a considerable fraction of the roadway luminance before it
is a problem. However, Christie and the writer (3.38) have pointed
out that the surrounds to the road are often dark and the low values
of revealing power associated with them can be further reduced by
glare: See Fig. 3.8.

Christie and Fisher elicited the appraisals from 121 drivers
using two experimental installations. One had non cut-off lanterns
with T = 1.2 cd/m2, G/L = 0.6, the other cut-off lantern with
L =0.6 cd/mz; G/L = 0.2. The calculated values of revealing power (RV)
through each installation, both uncorrected and corrected for glare,
were about the same except those for the dark backgrounds. There RV
was 42% for the cut-off installation and only 6% for the non cut-off
installation; without correction for glare they were 75% and 79%
respectively. There was a marked difference between the mean scores
for the rating of freedom from glare which may indicate different
degrees of discomfort. Visibility of objects was rated appreciably
higher in the cut-off installation, which is in agreement with revealing

power corrected for disability glare and not with incorrected values.



3.20

There was also little difference in ratings for the level of
brightness, though-the luminance was twice as high in the non cut-off
installation as in the cut-off one. This suggests that disability
glare lowers the subjective brightness of the carriageway (3.39).
Subjective Appraisals.

Before the second world war Hopkinson (3.51 using a static
laboratory simulation of a street scene, related the degree of
discomfort to classical lighting parameters. (Source luminance and
their size and number and position in the field of view). He claimed
reasonable correlation between field observations and prediétions
based on his laboratory data.

De Boer (3.24) essentially repeated the investigation of
Hopkinson, obtaining the relationship between the illuminance at the
eye (E), the source size (W), its position (8) and the carriageway
luminance (L), over the range of these parameters met with in lighting,
for criterion of '"'satisfactory' discomfort glare control. He took
considerable pains in the experimental method to.remove sources of
bias that may have influenced the observer's judgement.

He expressed his data in the form

E = 7.5T %3 ¢"/3 /5
where E is in lux, L in cd/m?, © in degrees and W in steradians.
Like Hopkinson he found the effect of several sources to be additive.
The exponents in the formulae given by the two workers are different.

Hopkinson's observers appear less prone to glare than those of
de Boer although large variations in response between observers are to
be expected in this type of investigation. In addition there appears
to be differences in the semantic descriptions of glare, leading to
large differences in tolerable intensities emitted by lanterns, for

the same degree of stated glare.
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The chief drawback to these observations is that they were static:
in real installations the illumination at the eye varies cyclically
and its magnitude depends on the lantern light distribution. De Boer
and Schreuder (3.40) constructed an impressive scale model road in
which the surface and lanterns moved to simulate movement of the obser-
ver. Observations on luminance uniformity using it have already been
discussed above.

They asked observers to rate on a multiple scale the glare
experienced in a ''standard'" installation which had the following

apparent dimensions:

road width: 10 m

mounting height of lantern: 9m |
length of road: 300 m .
number of lanterns: 11 m

flashed area of lanterns: 0.07 m2

cut-off of car- roof: 120

speed of travel: 50 km/h

The light distribution was characterised by the ratio 1I80/Igg =
1.75 where Igp and Iggvare two intensities on the run back of the
distribution at angles of 80° and 880 to the downwards vertical:
this simulates a semi cut-off distribution. A large number of
situations were employed with different values of Igp, L and S max
i.e.the glare, road luminance and uniformity were all varied. In
order to avoid concentrating the subjects' attention on the glare
aspect, appraisals were made of all three attributes of the
installation.

The subjects were asked to rate glare on the scale:

Unnoticeable 9

Satisfactory 7
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Just admissable 5
Disturbing 3
Unbearable 1
The semantic descriptions are allocated numerical values as shown in
order that the data may be manipulated using normal mathematical
methods.
The glare data can be expressed in the form
G = 14.56 - 3.31 log Igg + 0.97 log L
i.e. the degree of glare in the standard situation is dependent on
the intensity within the run back and the carriageway luminance but
not its uniformity.
De Boer and Schreuder investigated the effect of other practical
parameters and used the results together with those from the
static investigation in order to make their formula general:
G = 13.82 - 3.31 log Igy + 0.97 log L + 4.41 log W'
+ 0.65 log (Igp/Igg - 0.9) + 1log F - 1.46 log n + AC
where h' is the height of the lanterns above the observer's eyes.
Igo/Igg is a measure of the severity of run back or cut-off.
F is the flashed area of the lanterns.
n is the number of lanterns per km.
AC is a correction for colour.
A graphical representation of these results is shown in Fig. 3.13.
These quantities are the practical parameters of street
lighting and replace the classical parameters of the early workers and
the need to sum the effects of several light sources. The writer has
detected an apparent change in assignment of the numerical scale to
semantic descriptions of glare with time and there is a somewhat poor
correlation between results from the static and dynamic investigations

which casts some doubt on the validity of combining the results from
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two experiments

However, it would be churlish to emphasise these since a very
useful and unified relationship between discomfort glare experienced
and lighting parameters has emerged. De Boer and Schreuder (3.40)
claim good agreement between observations in lighted streets and
predicted values from the formula. Others also have obtained good
agreement (3.26, 3.35), see Fig. 3.14. Adrian and his associates
(3.41, 3.42, 3.43) have confirmed the laboratory data of de Boer with
a long series of observations using a static road simulation.

Only the British appraisals referred to above gave a grossly
differing result: Cornwell (3.27) found a better correlation between
the subjective assessment of glare and a simplified formula containing
only terms in Igp/Igg and F. It is surprising indeed that his
observers found the absolute intensity emitted by the lantern to have
no effect. He found also that the assessment of glare played little
part on his observers' overall assessment of visibility.

The de Boer and Schreuder formula contains a correction for the
colour of light. The original experiment used white light; subsequent-
ly it was found:

AC

0 for incandescent and fluorescent lamps

+0.4 for low pressure sodium lamps

-0.1 for high pressure mercury lamps
=+0.1 for high pressure sodium lamps (3.44)
The writer, after analysing the then available data on visual perform-
ance on the road, concluded that the colour of light has little
influence on performance, except that discomfort is less from low
pressure sodium lamps than from other sources (3.45).
The ‘value used above for the cut-off angle from the car:roof

appears to be excessive, the writer would have preferred a value of 20°
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to have been used rather than 12° (3.17). The degree of cut-off will
influence the length of time lanterns are in view, the amount of the
lantern distribution run back and the highest intensity experienced
by the observers and the subjective impression of build-up and fall-df
glare as each lantern is successively approached and then cut off.

De Boer and Schreuder used their dynamic road model to investigate
the effect of the last two parameters (3.46). They found that in order
to keep the state of build up of illuminance (dEﬁit) at the driver's
eye within a tolerable rating (5 - fair), the value of lux/sec should
not exceed 85. As an example, they suggest for both discomfort glare
and illumination build up not to fall below a subjective rating of 5
the absolute intensity in the lantern beam should not exceed 20 kcd and
this peak should not be higher than 70° to the downward vertical.

The one remaining deficiency yet to rectify is that the general
formula contains no allowance for the effect of the luminance of the
surrounds. The investigators seem to assume that the bright carriage-
way alone determines the general adaptation luminance. The writer
would expect bright facades of buildings to also mitigate discomfort
glare. The simulation appeared to have dark backgrounds to the
carriageway.

NECESSARY REQUIREMENTS FOR GLARE LIMITATION.

As discussed earlier there must be a compromise between require-
ments of road illumination and glare restriction in that part of the
beam distribution termed the run-back. If attention is only paid to
visibility of objects against the carriageway, disability gldre is not
a problem and needs no formal consideration. However, the surrounds
to the carriageway are considered an essential part of the visual
field and disability glare becomes appreciable when the surrounds are

intrinsically dark. Some restriction in terms of veiling luminance or
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rise in threshold should be devised.

It is discomfort glare, the brightness of the lanterns, that is
most obvious to road users and since there is now a full description
of the effect it is a simple matter to set a tolerable level of glare.
Having done so the requirements of the run back of the light output
distribution of the lantern can be calculated and, if required,
formalised. For general application a rating of 5 (just admissable
glare) is probably sufficient: this allows the use of semi cut-off
lanterns. However, where higher quality is required or the general
environment is dark a rating of 7 (satisfactory) or above is
warranted: this rating takes the lantern performance into the cut-off
classification.

THE SPECIFICATION OF STREET LIGHTING.

The criteria of quality for street lighting have been assessed
as level of road luminance and its uniformity and limitation of glare.
It has been shown how the light output distribution from lanterns,
their arrangement and the reflection characteristics of the road
surface influence the performance of an installation in terms of these
criteria. Further there is an impressive amount of data on visual
performance and system efficiency upon which to base numerical values
of the criteria.

Discussed next is the way in which this knowledge can be
formalised into specifications for lighting design and the equipment.
Whether the specified lighting is used or not in any particular
situation will not be discussed here in detail. Obviously, specified
lighting has to be an economic proposition. Urban traffic route light-
ing can be justified because the cost of it can be more than set against
accident savings. The form of the lighting cost benefit equation and

the various costs and benefits that need to be taken into account have
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been discussed fully by the writer (3.47). These discussions lead to
traffic warrants for the implementation of lighting.
LIGHTING LEVELS.
What emerges from this review is a set of minimum values for
the lighting criteria for mixed road user, low speed, urban traffic
routes. For example:
Average luminance > 1 cd/m?
Minimum luminance > 0.5 cd/m2
Glare restriction > 5 (on the de Boer/Schreuder scale)
These values, which can be expressed in different ways are those
below which the lighting engineer should not go. If a higher quality
is required the various relationships discussed above show in what way
and by how much parameters should be adjusted. For example average
luminance needs to be raised to 2 cd/m? and glare restriction increased
to 7 before the next subjective rating is reached.
The minimum requirements may be upgraded for other road situations.
In many specifications the level of lighting depends on the road
importance, i.e. the level of activity (3.2). In the writer's view,
this is not justified per se. There is no evidence in the street
lighting literature that visibility of objects, level of lighting and
complexity of situation interact. In the writer's view, if the
lighting is sufficient for objects to be visible in isolation added
complexity of the situation will not make them less visible. As
discussed in Chapter One, complexity can lead to relevant information
being ignored; this is a traffic management not a lighting problem.
However, in difficult situations, the genéral engineering principle
of having margin for safety is sensible; the experimental data does
have limits of resolution and confidence. On high volume routes, where

accidents have a greater probability of happening and when they happen,
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have a greater potential repercussion, say in terms of delay to
traffic, a higher level is warranted. Economically, a higher level can
be justified because the potential savings in accident costs are
higher, the higherrthe traffic volume.

Generally, higher values of lighting criteria are also specified
for motorways. Higher volumes justify higher levels as before simply
because it is better to err on the side of safety. However, it has
also been pointed out that the visual task is probably more difficult
in motorway driving justifying higher light levels.

Thus the minimum standard can be readily justified together with
increases on it for various situations, the increases being at least
one step in the rating scales. The question arises whether a
specification should be written just in terms of the criteria and

-their values or whether a specification needs to be amplified into a
specification for installation and equipment design.
NATIONAL LIGHTING CODES.

Some national lighting codes of practice state the design criteria
and their values explicitly, describe necessary lantern attributes
and give methods of design procedure, e.g. U.S.A. (3.48). Others,
whilst stating the design criteria, jump over the necessary values and
basic design procedure and end up as working doctments of
installation layouts. These cover all likely road configurations and
employ lanterns of specified attributes, e.g. United Kingdom (3.49).

The present CIE International recommendations (3.3) state desigh
criteria and values; some in a rudimentary manner. They indicate the-
minimum amount of illumination, maximum lantern spacing to height ratios
and lantern attributes necessary in order to fulfil the criteria. Only
the CIE document gives quantitative data on the effect of the road

surface on installation design and requirements.
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BASIC FORMAT OF CODES

The upsurge of experimental data on the requirements for good visual
performance and appraisal rating, on the reflection characteristics of sur-
faces and easy access to computers for data manipulation have led to a
reappraisal of lighting specifications. In particular the CIE recommendation,
which may be expected to influence national codes of practice, is being
revised. Committee papers suggest that the criteria of road luminance,
luminance uniformity and glare restriction will be precisely specified.
Emphasis will be laid on the influence of the road surface in determining
installation performance. Llujl less emphasis will be given to specification of
practical installations and lanterns. However, standard methods of measurement
and presentation of surface and lantern data will be specified, togetherwith
computer methods using this data to predict installation performance.

Protagonists of this approach seem to be saying that each lighting
installation must be an individual design based on precise knowledge of the
road surface. Further, they would say that each criterion is not independent,
they interact in a complex manner which does not lead to simple tabulations
of installations. Thirdly, they would affirm that rigid specification of
light distribution impedes development of efficiency. Others have questioned
the implied complexity of lighting insisting that only a limited number of
solutions for day to day applications are feasible. They suggest that
current data should be used in the development stage: but not in the application
stage (3.50, 3.51).

It is certainly true that current methods yield many insights in
street lighting mechanisms. The data on reflection characteristics and glare
limitation show how the run back section of the beam distribution should be
designed. Computer techniques allow the expected performance of installations

designed to specifications to be checked and analysed
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(3.12,3.51). Outstanding problems can be investigated; Frederikson
(3.10) has shown how the wetness of surfaces and lantern beam distribution
influence the appearance of installations in wet weather. It appears to
the writer, however, that computer design of installations is an iter-
ative process, criteria values are arrived at by trial and error by
feeding in designs until the required results are achieved.

The writer has pointed out that the form of the specification must
reflect to what use it will be put and how street lighting is administered
(3.52). In Australia, for instance, there are many relatively small
authorities responsible for installing lighting, they buy equipment and
government pays a subsidy on instéllations reaching a given standard.
This requires a document which not only clearly states the criteria and
their values but which also gives working tables of installation design
and details of lanterns. This enables installations to be easily
designed, equipment to be easily specified and, finally, proposals to be
easily checked and passed, in the design stage. Checking after
implementation is laborious and difficult, as will be seen in the next
chapter.

AUSTRALTAN CODE OF PRACTICE:

The first revision of the Australian Traffic Route Lighting Code
after the war, ASCA19:1964, was based on field observations referred to
above. It was found that satisfactory road luminance, uniformity and

glare restriction was achieved in a standard installation (3.25):

Arrangment of Lanterns: Staggered
Road width : (13.7m) 42ft
Lantern spacing : ( 36.6m) 120£t
Lantern mounting .

height : (7.6m) 25ft

Lantern type : semi-cut-off
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Lantern lower hemisphere. ¢4, 1umens
flux

Road surface : asphaltic concrete.

This standard installation embodies the quantitive design
criteria

@) Level of luminance - 0.2 ft L (0.7 cd/mz)

b) Uniformity - No dark area
should cover a longitudinal distance greater than 80ft(24.4m). When
seen from the position of a driver, eye height 4 ft(1.2m) at a
distance of 250 ft(75m). The ratio of average to_minimum luminance should
not exceed 5:1 across and 10:1 along the road.

A single minimum standard of lighting was specified by tabulations
of installation geometries and lantern requirements, the requirements
being extrapolated from the standard installation, using stated
procedures and boundary conditions (3.53, 3.54).

This code of practice has been recently revised and reissued as
AS1158, 1973. The revision was based substantially on the old

requirements with upgrading which took into account:

(a) Proven success of installations in accident reduction
(3.55);
(b) Practical experience of implementation of over 1000 km of

installations in one state alone under the government
subsidy scheme (3.54, 3.56);
(c) Measurements in in-service installations of photometric
parameters, to be described in the next chapter (3.57);
(@ Results of experimental work into the requirements for
- good visual performance, including those embodied in the
CIE recommendations and proposals before its street light-

ing committee.
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Upgrading included raising the luminance level to at least
1 cd/m2 for new installations, not falling to below 0.7 cd/m? in
service; improved uniformity by raising the minimum mounting height
to 8.5 m (27.6 ft), preferred 9.0m(29.6 ft) and by reducing the lantern
spacing to height ratios; simplifying glare restriction by not permitting
non cut-off lanterns and reducing the semi-cut-off class to one instead of two.
The stated design criteria are now:

(@) Level of luminance. The luminance of surfaces against
which objects on the road and its verges are to be seen
in silhouette must be sufficiently high to provide the
contrast necessary for visibility. The recommendations
relating to the installation geometry and lantern flux
to be provided will ensure that an average road surface
luminance of at least 1.0 cd/mZ is attained initially.
Provided that maintenance is carried out in accordance
with the recommendations, the average road surface
luminance will not fall below 0.7 cd/m# throughout the
life of any installation.

d) Uniformity of luminance. The luminance of the roadway
should be sufficiently uniform to prevent the occurrence
of dark areas of such size as to conceal an object of
significant dimensions (0.3 m square). On a straight
road at uniform grade, the top of an object 0.3 m high
and 75 m away is seen against the road surface 100m away,
from a driver's eye-height of 1.2m. The recommendations
have therefore been framed to ensure that no dark area
will extend a longitudinal distance of more than 24 m when
seen from 75 m away so that any concealment from an
approaching driver at that distance would be momentary
only.

The uniformity of luminance should also be such that the
appearance of the road is comfortable to the driver for
long periods. Considerable non-uniformity will cause
both discomfort and fatigue. Installations will provide
ratios of minimum-to-average luminance of greater than
0.33, taken over the whole carriageway. Ratios of
minimum-to-maximum luminance of greater than 0.25 along
the centre-line of each traffic lane will also be
provided.

(©) Direct illumination. Objects on the carriageway are seen
partly against the carriageway but also against the road
verges as a background. Thus lighting of the verges is
as important as that of the carriageway.

The general concept of traffic route lighting is the
seeing of objects in silhouette. This may be achieved
when the material surfaces comprising the verges are
sufficiently light in tone. But frequently the nature of



3.32

these surfaces makes silhouetting impossible. It is
therefore necessary to consider the direct illumination
of the road verges and of objects on them, especially
pedestrians.

Direct illumination is also important in revealing
roadway features such as the islands of channelizations,
and other vehicles on the road particularly in dense
traffic conditions.

(d) Control of glare. At the illumination levels economically
practicable in street lighting, glare from lanterns is
accentuated by the low level of average brightness and
may cause both visual discomfort and disability.

To minimize glare, requirements for the distribution
characteristics of lanterns are included which provide
for a choice between cut-off and semi-cut-off distributions.
It should be noted that glare limitation is given only in terms
of necessary lantern characteristics. However, it has been shown that
semi-cut-off lanterns give rise to a discomfort glare limitation rating,
according to the de Boer method, of about 5 (just admissable).
Qualitative reference is also made to the importance of the surrounds.
The tables of installation layouts refer to an asphaltic concrete
surface, that of the original test site, assumed to be typical of those
in Australia. Jackett and the writer (3.12) have shown, by means of
computer analysis using road surface reflection data, that over a wide
range of installation geometries, average road luminance and uniformity
vary little on this surface, using a specified semi-cut-off lantern; see
Table 3.1. They point out that some other surfaces measured had
different reflection characteristics. Installations on them could be of
high luminance but less uniform or lower in luminance and more uniform,
depending on the characteristics.
In the writer's view the Australian code of practice has evolved
logically, paying regard to and keeping pace with necessity, experience
and knowledge. In due course more attention will be paid to the road

surface aspect, if it is shown to be a problem, as sufficient knowledge

is accumulated and as it becomes amenable to action. It is relatively
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easy to measure reflection characteristics in the laboratory. It is
relatively easy to draw up a classification so that once a surface is
classified, standard reflection data for that classification can be
used to determine the photometric performance of an installation to a
few percent accuracy.

What is not easy or indeed possible to do at present, is to
measure a surface insitu for classification or predict the classification
of a surface to be laid. Present experimental equipment for on site
measurement is hardly practicable (3.7) and none is available commercially.
Currently a lighting organisation in the U.K. holds a government contract
to develop viable equipment for this purpose. Until this comes along, it
is not feasible to include detailed requirements based on surface
characteristics in working specifications.

In the writer's view it would be a simple modification to the
present Australian code,when the time is ripe, fo give tabulations of
installation geometries for several classes of surfaces in common
occurrence. However, one could hopefully look to the day when the
wearing, skid resistant, lighting, noise producing and riding properties
of surfaces are optimised so one surface type is always used.

DISCUSSION:

It has been shown that quality criteria for street lighting are
well established. There is an impressive amount of knowledge on those
factors which influence lighted appearance and an equally impressive
amount of knowledge on what appearance is necessary for good visual
performance. How those data can be used to draw up a code of practice
has been indicated, with particular reference to the Australian Standard.

Whilst it is easy to check by computor methods that a design will
give a particular performance on paper, it is less evident what

actually happens in practice. Chapter 4 describes an extensive check of
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the photometric characteristics of installations designed to the then
current Australian Standard.

Earlier it was pointed out that the whole of the visual field is
important. Current specifications develop detailed requirements for the
carriageway and the lanterns. A similar treatment for the surrounds to
the carriageway is not evident, because it is very difficult to give
them the same degree of formalisation as the carriageway. It will be
shown in the next chapter that the surrounds can be dark and disability
glare can be appreciable in real installations. Chapter 5 shows what
parameters of the run back of the light distribution from lanterns
are important in the control of disability glare. Chapter 6 investigates
the visibility of objects viewed against the surrounds and the influence
of disability glare. It will be suggested that surround luminance and
restriction of disability glare should be included in the criteria of
quality.
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