


ABSTRACT 

This thesis describes the methods and results of an investigation 

into the nature and impacts of unce.rtainty on the current economic 

evaluation practices in New Zealand. The thesis consists of four 

parts. Part I introduces the issue of uncertainty and decision 

making within the context of transportation planning. Part II takes 

a critical look at the economic evaluation procedures for urban 

projects in New Zealand, with particular reference to the 

underlying concepts and the possible areas of deficiency; via a 

case study and with the use of a traffic model in conjunction with 

the formal evaluation procedures, the sources of error and 

uncertainty associated with the current evaluation practices in New 

Zealand are identified and discussed. Part III presents the results 

of risk analysis performed on some rural transport projects. The 

techniques of sensitivity analysis and Monte Carlo simUlation have 

been utilised for estimating and quantifying the uncertainty in the 

projects. Various measures of risk and the concept of stochastic 

dominance have been put forward as aids to the process of decision 

making. The methodology of Monte Carlo simulation and the selection 

of probability distributions for various input parameters are also 

described. Lastly, Part IV records the conclusions, implications 

and recommendations arrived at for this study. 
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PART I 

INTRODUCTION 



CHAPTER 1 

UNCERTAINTY AND DECISION MAKING 

1.1 Introduotion 

If deoision making is to be viewed as a ubiquitous aotivity 

inherent to the behaviour of individuals, organisations and sooiety 

(Bunn 1984), then it would be very hard to find many decision-

making activities vlhich are not characterised in some sense or 

other by the presence of risk and uncertainty. The pervasiveness of 

uncertainty can be reflected in almost every level of human 

decision making; from the election of national leaders, to the 

construction of nuclear power plants and to personal business 

ventures, there invariably exist some elements of uncertainty. 

The extent and importance of the decision-making activities, and 

hence the associated uncertainties, will depend upon, firstly, the 

context of the decision and, secondly, the importance of the goals 

involved. Even though the context of this study is to investigate 

the effects of uncertainty in transportation project evaluations, 

it would be improper without first putting the process of decision 

making and its associated uncertainty into perspective. 

In view of this, the introduction to uncertainty in transport 

investment appraisals will therefore be preoeded by a more general 

introduction to the issue of uncertainty and decision making; to 

move, so to speak, from the general to the specific. 



1.2 Decision Making and Decision Analysis 

1.2.1 Categorisation of Decision-Making Processes 

It may be appropriate to begin by considering the different 

categories of decision-making process. The process of decision 

making is capable of several forms of categorisation. A common form 

(Bunn, 1984) includes one which is based on the distinction between 

processes that are: 

(1) intuitive, 

(2) programmed, and 

(3) analytical. 

Intuitive deCisions, as the name implies, relate to decisions which 

are made intuitively and instinctively. When confronted with 

certain situations, where either through habit or experience or 

instinct, the decisions made are involuntary and without conscious 

thought as to the alternatives and their relative utilities. This 

category of decision making seems to be commonly found at the level 

of everyday routine of individuals where activities have become 

habitual. 

In other situations where strict and rigid guidelines or 

instructions are set up to be followed, decision making in such 

circumstances will be of the category of programmed decisions. The 

programmed rigidity ensures a uniformity in deCisions, which, in 

prinCiple, shQuld be capable of being automated. 

Finally, the category of analytical decisions pertain to those 

decisions about which careful thinking is required. These are 

situations where neither instincts nor instructions provided are 
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adequate to cope with the problem satisfactorily; a greater 

understanding of the structure of the problem and of the 

consequences associated with the possible actions are necessary. In 

other words, a decision analysis is required. 

It is the last category of decisions mentioned above which is of 

relevance to this study; hence, the need to understand some basic 

philosophy and techniques of decision analysis. 

1.2.2 Decision Analysis: Decomposition and Recomposition 

Broadly, decision analysis can be viewed as having two major roles 

(Hertz, 1979; Raiffa, 1968). Firstly, it offers a broad perspective 

for structuring the process of decision-making. Secondly, it 

provides a set of techniques for evaluating the worth of 

alternative decision options. The basic philosophy of decision 

analysis involves the breaking down of a decision problem into 

component parts (decomposition), 

issues arising from each of the 

separately. After the critical 

component have been analysed 

thereby enabling the critical 

components to be focused upon 

issues associated with each 

and evaluated, the individual 

components are then recomposed to give greater overall insights on 

the original problem. 

The basic tenet underlying this approach of decomposing and 

recomposing is the belief that a complex decision problem may be 

viewed essentially as an assemblage of individual features which is 

capable of being structured into simplified components. The pattern 
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of relationships forming the structure is often referred to as the 

decision model or the structure of the problem (Bunn, 1984). 

Another assumption underlying the above approach is that, provided 

the problem decomposition 

process ultimately results 

(Hertz and Thomas, 1983). 

is appropriate and meaningful, the 

in better judgements and decisions 

However, the structure of a decision problem constitutes only one 

of the important features of decision model; the other is the 

criterial specification. The criterial specification consists 

essentially of the criteria or attributes against which the 

outcomes are evaluated. Should the outcomes be evaluated only in 

monetary terms, or should other attributes like environmental or 

health impacts be considered as well? Even if monetary criteria are 

to be used, should it be evaluated in terms of net present value, 

.or benefit-cost ratio, or internal rate of return? These are some 

of the possible questions which have to be answered when specifying 

the evaluation criteria for a decision model. 

It is therefore clear that the need for decomposition and 

recomposition arises out of the complexity of a decision problem. 

Problem complexity has indeed been recognised to be the motivating 

force behind the desire for decision analysis. Bunn (1984) has 

identified four important elements of complication, and suggests 

that most decision problems of any seriousness will be complicated 

by one or more of them. They are: 

1. Uncertainty. This is one of the most critical elements 

of complication in decision making, and is reflected in 
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the fact that decision analysis was originally developed 

primarily to overcome this element of uncertainty, i.e. 

to aid decisions under an environment of uncertainty 

(Raiffa and Schlaifer, 1961). 

2. Multiple Objectives. The recognition of the inadequacy 

of reducing the basis for decision making to a single 

criterion, has prompted the development of a field of 

study in multiple-criteria decision making (MCDM) that 

deals with decision problems with multiple, often 

conflicting, objectives (Chankong et aI, 1985). 

3. Multiple Options. Most decisions, which are not within 

the programmed category, are complicated by the need to 

select the optimal option from among many alternatives. 

Sometimes the number of options are so numerous that the 

development of a reliable screening procedure to 

eliminate inferior options becomes an important part of 

the decision analysis. Screening of options is part of 

the simplification function of decision analysis. 

4. Sequentiality. Many decision problems are multi-stage in 

nature, in that they involve decisions spread over a 

sequence of stages which are contingent upon those taken 

previously. The complication due to sequentiality may be 

overcome by adopting a sequential decision-making 

approach, e.g. the decision tree approach (Raiffa, 1968; 

Bunn, 1984). The essence is to incorporate the sequential 

element of the decision problem into the decision making 
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process, so that responses to new information and events 

occurring in the process are allowed. 

Since the central theme of this study is about the impacts of 

uncertainty on project evaluations, the complication due to 

uncertainty shall form the focus of our discussion. Also, as 

uncertainty analysis deals mainly with analytical decisions, one 

will be confronted with the complication of multiple options as 

well. The methodology of project screening therefore becomes 

relevant to our discussion. However, decision problems relating to 

multiple objectives and sequentiality are beyond the scope of this 

study, and hence they will not be considered. 

1.3 The Analysis of Uncertainty 

1.3.1 Risk and Uncertainty 

Rowe (1977) defines risk as the potential for realisation of 

unwanted negative consequences of an event. In a similar way, 

Lowrance (1976) describes risk as the probability of harm and its 

severity, while the Royal Society (1983) views risk, as perceived 

by an individual, as the combined evaluation of the likelihood of 

an adverse event occurring in the future and its likely 

consequences. 

Risk and uncertainty have been viewed as two distinct situations by 

some writers (e.g. Sage and White, 1980; Dasgupta and Pearce, 

1972). A distinction is drawn between risk and uncertainty in the 

following manner. A risk situation is argued as one in which the 
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probabilities of the outcomes are known. The probabilities may be 

objectively determined or subjectively assumed. On the other hand, 

an uncertainty situation arises when the probabilities of the 

outcomes are unknown or undefined. 

However, Hertz and Thomas (1983) argue that while the distinction 

between risk and uncertainty may be useful in conceptual terms, it 

has limited value in the practical process of risk assessment and 

analysis. On a similar basis, Heggie (1972) has treated risk and 

uncertainty, in the context of transport project evaluation, as 

"inseparable aspects of the same phenomenon". Hertz and Thomas 

(1983) define risk as both uncertainty, and the results of 

uncertainty. In a decision or planning situation, risk refers to a 

lack of predictability about structure, outcomes or consequences. 

Risk is, therefore, related to concepts of chance such as the 

probability of loss or ruin. Concepts of risk in a context of 

decision situation, Hertz and Thomas argue, must reflect the 

realities of the decision situations. A meaningful concept of 

strategic risk should recognise that strategic decision-making 

situations involve uncertainty at the structure level. That is, 

there is considerable uncertainty, even at the basic level of 

problem formulation, associated with its structure and underlying 

assumptions. As a result, the definition of risk should be 

broadened to include both the lack of predictability about outcomes 

and also all_of the elements of problem structure (Hertz and 

Thomas, 1983). 

The broadened definition of risk, as advocated by Hertz and Thomas, 

has been adopted for this study. Apart from the arguments given 
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above, there are two additional reasons for the use of the 

broadened definition in our case. Firstly, the primary purpose of 

this study is to analyse the impacts of uncertainty, hence the 

central consideration is the adoption of an approach that would aid 

in a more thorough and effective analysis. A distinction, in this 

case, between risk and uncertainty can only be meaningful if it 

aids in the process of analysis. However, in the process of our 

analysis, it has been found that the distinction has had little 

practical usage. Secondly, the probabilistic character of risk and 

uncertainty constitutes only one of the dimensions of risk and 

uncertainty; the other dimension which is as important in decision 

problems, is the structural dimension. Given the stage of 

development of urban network evaluation methodology at the present 

moment, it has in fact been found (from our case study on an urban 

network) that the qualitative, structural dimension of uncertainty 

seems to be the more dominant feature than the quantitative, 

probabilistic dimension. 

The distinction between risk and uncertainty represents only one 

aspect of the terminology on uncertainty analysis which requires 

clarification. To avoid possible confusions over the usage of 

various terminologies in the literature of uncertainty analysis, 

the following section attempts to clarify some oft-mentioned 

characteristics of uncertainty and to propose a frame of reference 

where they can be placed in relation to one another. 
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1.3.2 Uncertainty: Dimensions, Types and Causes 

This section basically draws together the works of Rowe (1977), 

Mahmassani (1984) and Pearman (1983), and places them in a frame of 

reference for the discussion of uncertainty in relation to its 

(a) dimensions, 

(b) types, and 

(c) causes. 

(A) The Dimensions of Uncertainty 

Uncertainty has been categorised by Rowe (1977) into two broad 

classes: 

(i) descriptive uncertainty, and 

(ii) measurement uncertainty. 

Descriptive uncertainty is considered as more of a qualitative 

nature. It is associated with the errors resulting from an ill-

defined relationship or model, e.g. some significant variables or 

specification parameters may have been omitted. It is descriptive 

in the sense that the uncertainty cannot be quantified. The 

oversimplification of a decision problem, or the omission of some 

important considerations in the evaluation procedures, cannot in 

itself be quantified by a probability distribution nor by a 

physical scale, though their consequences may be quantifiable. The 

second category of uncertainty, as proposed by Rowe, results from 

the inability to measure a variable or its probabilities 

accurately; hence, it is called the measurement uncertainty. 
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Hm'Jever, the difficulty with Rowe's categorisation is that it is 

based neither on the source of uncertainty nor on the type of 

uncertainty. Its division appears to be along the qualitative and 

quantitative dimensions. It is therefore proposed here to refer to 

Rowe's approach as a categorisation of uncertainty by dimension. 

Uncertainty in general can thus be viewed and discussed in relation 

to its qualitative or quantitative dimension. (Here, the term 

IIquantitative" is preferred over "measurement", not only because it 

relates better the meaning of dimension, but also to avoid possible 

confusions over the term IImeasurement uncertainty II which has been 

used by some writers (e.g. Pearman, 1983) for a different 

categorisation.) 

Indeed, the earlier discussion on the significance of "structural 

uncertainty" has been carried out with reference to the qualitative 

and quantitative dimensions. These two dimensions are not mutually 

exclusive; they can both be present in a given type of uncertainty. 

(B) The Types of Uncertainty 

Mahmassani (1984) categorises uncertainty into the following five 

types: 

1. Uncertainty associated with new and unforeseen 

situations. Its nature is virtually unknown and 

unpredictable. Unsuspected political upheavals or social 

revolts, and unanticipated technological breakthroughs 

are some examples. In the absence of any awareness of the 
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possibility of its occurrence, the representation of this 

type of uncertainty is a non-issue. This category of 

uncertainty is, therefore, by definition outside the 

scope of any formal uncertainty analysis. 

2. Uncertainty associated with the occurrence of exogenous 

events (that is, events which are external to the 

immediate surroundings, but are affecting the wider 

environment in which the system concerned is located). In 

the context of transport eval ua tion, the wider 

environment here may be taken as the socio-economic 

activity system, while the immediate surroundings are the 

transport system (~anheim, 1979). This type of 

uncertainty is, therefore, associated with changes in the 

activity system; such changes are of relevance only in so 

far as they affect the performance of the alternative 

options with respect to any of the evaluation criteria. 

Consideration of this type of uncertainty may be given in 

two ways: (i) through the use of a "scenarios" approach, 

where possible impacts on the alternative options are 

conditional upon the realisation of such scenarios, 

and/or (ii) through the treatment of uncertainty in the 

variables which are likely to be affected by the changes 

in the wider environment. 

3. Uncertainty associated with the values of measured or 

predicted impacts. The origins of this type of 

uncertainty can be numerous, and may have a qualitative 

and/or quantitative dimension. This type of uncertainty 
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is found in most modelling activities, and is often 

characterised by the element of randomness. These 

uncertainties include those arising from ill-defined 

model structures (e.g. benefit estimates, assigned 

traffic flows in a transport network, and delays from a 

traffic simulation model), those associated with the 

quantitative dimension of the model parameters (e.g. 

errors in the calibration or estimation of these 

parameters), and those resulting from the inaoouracies in 

the input data (e.g. demand estimates, traffio oounts, 

and spot speed measurements). Representation of this type 

of unoertainty may be made in the form of interval 

estimates (ranges, coefficients of variation), or more 

oompletely in the form of probability distributions 

covering the whole domain of interest. 

4. Unoertainty resulting from the vagueness in the 

definition of a oriterion and in the desoription of 

performanoe with respeot to that oriterion. Examples of 

suoh oriteria inolude attributes like "aesthetios" and 

"politioal desirability". Vagueness or "fuzziness", as 

distinot from "randomness", is a property which oonoerns 

the very definition of a oriterion or a variable. OWing 

to this vagueness and its ill-defined nature, Mahmassani 

(1984) argues that unoertainty assooiated with a fuzzy 

quantity cannot be adequately expressed through the sole 

use of probabilistio notions. Writers in the field of 

fuzzy set theory (Blookley et aI, 1983; Brown and Louie, 
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1984; Munro, 1984), however, have argued otherwise. They 

suggest that the ideas of probability and fuzzy sets are 

in fact entirely compatible, and that the use of fuzzy 

set theory allows semantic ideas to be accommodated. 

5. Uncertainty relating to the preference structure or value 

system of the decision makers. Examples of this type 

include uncertainties in: (i) the selection of evaluation 

criteria, (ii) the choice of trade-offs among criteria, 

and (iii) the risk attitudes of the decision makers. 

Though the representation and quantification of this type 

of uncertainty can be a highly complex task, the 

developments in the science of decision analysis and 

decision aids may provide a means by which such 

uncertainty can be represented. 

The types of uncertainty which are of direct concern to this study 

are those under Types 2 and 3, where the issues of variable 

measurement and impact prediction are raised. In general, these 

uncertainties can be represented by the use of standard statistical 

and probabilistic tools. Type 1 (the completely unreachable) and 

Type 4 (fuzziness in criteria definition) are beyond the scope of 

our study, while Type 5 (the values and risk aversiveness of 

decision makers) belongs to the last stage of risk management 

process, and would ideally be studied in a follow-up to the present 

work. The next section will discuss, within a more specific context 

of transport evaluation and planning, the basic causes of 

uncertainties under the Types 2 and 3 categories. 
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(C) The Causes of Uncertainty 

Uncertainties in transport investment appraisals have often been 

identified and classified from a traffic-modelling perspective. 

That is, error and uncertainty are categorised according to the 

basic causes related to the use of traffic models in transport 

planning exercises (Pearman, 1983; Lowe et aI, 1982; Ashley, 1980). 

Based on their basic causes of error, four categories have been 

suggested, and they are described below: 

1. Measurement Error. To understand the operation of a 

system, observations have to be made and recorded. If 

models are employed, values have to be obtained as input 

through surveys. In attempting to quantify or measure 

these values, errors could arise; hence, measurement 

errors. Errors may be introduced during the direct 

measuring process, due to misreporting or breakdowns in 

the instrumentation, or they may arise indirectly from 

the sampling process. 

2. Specification Error. Building and using models may be 

fraught with many pitfalls. One of these has to do with 

the inclusion of all variables that are relevant to the 

problem situation. The second one is related to the 

determination of the functional relationships among these 

variables. How exactly or how fully have these 

relationships been expressed? If important variables are 

omitted or the functional relationships incorrectly 

determined, specification error results. It therefore 

14 



appears that specification error is predominantly one of 

descriptive or qualitative dimension. 

3. Calibration Error. Before a well-specified model can be 

usefully deployed, it has to be calibrated. Values which 

are assigned to calibrate the model parameters, will need 

to bring about an output that resembles the concrete 

reality. One can attempt to approximate reality, however, 

a completely accurate model calibration seems virtually 

impossible. Hence calibration error, to varying extent, 

will always exist in the application of a model. 

4. Forecasting Error. At times, some of the input to a 

model may be derived from other previous forecasts. 

Forecasting error will be introduced if those input have 

been forecast inaccurately. GDP growth, population 

projections and fuel price changes are some typical 

variables of this nature in transportation system 

planning. Although argument can be carried further to 

suggest that forecasting error may in fact be caused by 

errors in measurement, specification or calibration of 

the previous models, for the purpose of this study it is 

felt more useful to retain forecasting error as a 

category rather than disaggregating it further. 

So far, the discussion has aimed primarily at clarifying the issue 

of uncertainty categorisation, firstly, to provide a frame of 

reference and, secondly, to avoid possible ambiguities over the use 
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of various terminologies. The section which follows, will deal with 

the process for the treatment of risk and uncertainty. 

1.4 The Assessment and Management of Risk 

1.4.1 Separation of Chance and Value of Risk Variables 

Risk analysis has been considered by some writers as a consistent, 

general method of evaluating uncertain options, and through the 

process an awareness of the impacts of risk and uncertainty on 

decision problems is developed (Bunn, 1984; Hertz and Thomas, 

1983). In the quantification of risk associated with a variable, a 

basic separation of chance and value is necessary. The chance of an 

event happening is usually quantified by means of a probability, 

while the value is usually measured by some form of index. 

In his study of businessmen, Rothkopf (1975) found that most 

businessmen view risk in relation to both the likelihood and the 

magnitude of possible loss. To the businessmen, the risk of a 

business venture increases if the likelihood of loss increases, or 

if the magnitude of possible loss increases. From his observations, 

Rothkopf argues that 

definition of risk, the 

considered as well. 

probability alone is not an adequate 

magnitude of potential loss has to be 

The separation of chance and value in risk variables is necessary 

not only for the conceptual reasons cited above, but also for 

practical application. In risk analysis, the representation of a 

risk variable by a probability distribution, is usually expressed 
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in terms of its value (along the abscissa) and the probability of 

occurrence (along the ordinate). Having achieved this separation of 

chance and value for each of the risk variables, the task of risk 

analysis then is to combine the assessed probabilities, in the 

recomposition phase, along a suitable criterion upon which 

decisions can be made in accordance with the risk attitudes of the 

decision makers. 

1.4.2 The Process of Risk Assessment and Management 

The process of risk assessment and management, which comprises 

analyses along both qualitative and quantitative dimensions, may be 

decomposed into the following five stages (Haimes and Leach, 1985): 

1. Risk Identification; 

2. Risk Estimation; 

3. Risk Evaluation; 

4. Risk Acceptance or Aversion; and 

5. Risk Control. 

The process of risk identification, as a first stage of risk 

assessment, involves the discovery and recognition of causative 

factors and interdependent relationships among variables. Risk 

identification is primarily a process which seeks to reduce the 

uncertainty, in descriptive terms, about the identity and potential 

impacts of the key variables. In essence, the process involves a 

diagnosis of the problem to develop an understanding of its 

structure. 
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Conducting research, diagnosing causes of error, monitoring 

probable causative factors, and screening and ranking important 

variables are but some of the possible approaches for risk 

identification. There can be cases where the causative factors may 

already have occurred for some time, but only be identified through 

the impact of a recently realised outcome. The discovery of 

excessive lead content in petrol as a probable causative factor for 

lead-related harmful effects on the population in areas with dense 

traffic is one such example. This serves to underline the 

importance of research and diagnosis in uncovering important 

causative factors. As for the screening and ranking of key 

variables, sensitivity analysis remains one of the most commonly 

used techniques. A recent development in the uncertainty analysis 

for highway appraisals has seen the incorporation of probability 

analysis into sensitivity testing (Lowe et aI, 1982). 

Risk estimation involves basically the formulation of appropriate 

measures of risk and the estimation of the likelihood of occurrence 

of all consequences as well as the magnitude of such consequences. 

It is here that the separation of chance and value of risk 

variables becomes necessary, in order to measure risk. Judgements 

are inevitable when estimating probability. The accuracy or quality 

of such judgements varies, however, with the skill and experience 

of the analyst. Some desirable prerequisites for good judgements 

have been outlined by Reutlinger (1970) as: 

(a) knowledge of past outcomes of the event (experience and 

data); 
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(b) knowledge of basic relationships which could explain why 

the outcomes of the event might have varied in the past 

and how they might vary in the future (a model); and 

(c) sound procedures for interpreting the interaction of 

model and data (statistics). 

The process of risk evaluation involves, firstly, the selection of 

an evaluation procedure (e.g. optimising expected value, trade-off 

analysis) and, secondly, the analysis of various possible impacts 

of uncertainty on the outcome. The results from the recomposition 

phase, with respect to some chosen criteria, are analysed in the 

process. Here, interpretations are drawn concerning the riskiness 

and the worth of various alternative options; further elimination 

of "inferior" or "dominated" options may also be possible. 

Essentially, this is the stage which aims at arriving at some clear 

statements, both qualitative and quantitative, over the impacts of 

uncertainty associated with the various options. 

Risk acceptance or aversion concerns the process of making explicit 

the risk attitudes of the decision makers. It may also involve the 

development, with respect to risk and uncertainty, of some sets of 

decision rules with which the principle of coherence in decision 

making can be maintained. At this stage of the process, the 

preference options will have to be specified and the preferred 

strategy established. 

It is against this background of risk aversion and choice 

preference that the strategy for risk management and control is 

developed. Risk control refers to the formulation of policies, and 

19 



the development of options or methods to reduce or prevent risk. 

Risk management, on the other hand, relates to the execution of 

such policy options. 

1.4.3 Conclusions 

In conclusion, it can therefore be said that, in risk assessment 

and management, information on the problem situation is processed 

and evaluated systematically through well-developed procedures and 

methodologies. It begins with the task of structuring the pattern 

of relationships among the relevant variables, followed by the 

decomposition phase to enable critical issues in each component to 

be focused upon separately, 

provide greater insights 

then 

into 

by the recomposition phase to 

the original problem. This 

constitutes an important aspect of risk identification in reducing 

the descriptive uncertainty of a problem situation. In addition, 

sensitivity analysis can be conducted to screen and rank important 

key variables. 

The quantification of risk and uncertainty and the development of 

alternative policy options are carried out at the stages of risk 

estimation and evaluation. Ultimately value judgements are 

introduced, within the overall decision-making process, concerning 

the level of acceptable risk and its trade-off, the selection of 

preference options, and the formulation of risk-control policies. 

All these, in general, will occur at the stages of risk aversion 

and risk control. 
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It is felt that the last two stages of risk analysis (involving the 

establishment of risk aversiveness of decision makers and the 

development of policy options for risk control) are beyond the 

scope of our present study. Hence, in the subsequent practical 

applications of risk analysis to the case studies, only the first 

three stages of the process (i.e. risk identification, estimation 

and evaluation) were considered. The following chapter (Chapter 2) 

gives a brief review of the development and the application of risk 

analysis in the field of transport investment appraisals. 
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CHAPTER 2 

UNCERTAINTY AND THE TRANSPORTATION PLANNING PROCESS 

2.1 Introduction 

The ultimate aim of most planning processes is to generate sound 

alternatives and to provide relevant information about their 

performance to aid in decision making. As in other decision making 

processes, transport planning is also fraught with a great deal of 

uncertainty. Over the past decade, uncertainty has increasingly 

been recognised as an important factor vlhich transportation 

planners and decision makers have to contend vlith. Despite this 

widespread recognition, formal consideration of this factor is 

often not present in the evaluation and design of transportation 

options. In addition, discussions of uncertainty in transportation 

textbooks and in the research literature are also surprisingly 

scanty. 

This chapter presents a brief review of the works, both theoretical 

and applied, that attempt to redress this imbalance and accord a 

greater importance to uncertainty in transportation planning 

exercises. 
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2.2 Nature and Effects of Uncertainty in Transportation Planning 

2.2.1 The Transportation Planning Process: A Brief Overview 

Transportation is concerned with the movement of people and goods. 

Resources are channelled into transportation system to cater for 

societal needs for accessibility to services and goods as well as 

for mobility for cultural exchanges and other human needs. 

Transportation has evolved through time; it is dynamic. Continual 

changes in the nature of demand for transportation, in technologies 

and in the values of society that are brought to bear on 

transportation planning and decision making have induced 

substantial changes in the transportation system. 

Figure 2.1 shows the major stages in a typical transportation 

planning process. If transportation planning is considered as 

deterministic, then the process can be treated as a unified whole 

on a once through basis. On the other hand, if the planning process 

is considered as a dynamic process, imbued with uncertainties in 

all stages of the process, then the process will need to be 

decomposed, analysed and recomposed again. The decomposition and 

recomposition of the major stages of the planning process are 

equivalent to the problem-structuring aspect of risk 

identification, and hence constitute a part of the risk reduction 

process. The following sections shall discuss the nature and the 

effects of uncertainty associated with each of the major stages in 

the planning process, and the efforts made, to date, to overcome 

them. 
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Monitoring 

Figure 2.1: Major Steps in a Typical Transportation 
Planning Process 

Source: Witheford (1982) 

2.2.2 The Setting of Goals and Objectives 

Goals which express the desired eventual end states of a planning 

process and _ are usually formulated without reference to time or 

place, set the direction along which efforts will be guided. Some 

examples of transportation goals may include: the development of an 

efficient, attractive and safe mass transport system, to provide 
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equal accessibility to work places for all urban residents, or to 

improve mobility for all disabled persons. 

Decision making, particularly in the formulation of transportation 

goals, can be influenced strongly by the values of the decision 

makers. Bieber (1971) has attempted to show, with the following 

flow-diagram (Figure 2.2), a framework in which transportation 

planning may be understood within the socio-economic environment. 

THE NORMATIVE FRAMEWORK 

Component:s 01 the socio .. economic environment 

Figure 2.2: Schematic of a Normative Approach 

Source: Bieber (1971) 
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Figure 2.2 suggests that the goal-setting stage of transportation 

planning is subject to two main sources of influence. Values held 

by the society, the community or the decision makers is one 

important source; the pressures exerted by various social 

institutions constitute the other. Motor vehicle manufacturers, 

contractors' association, environmental protection groups or even 

political parties form some of the notable institutions which may 

act as sources of influence on transportation projects. 

While goals are thought of as a broad, eventual end state, 

objectives may be viewed as the more defined, operational 

statements of goals which are attainable and measurable. The 

formulation of explicit goals and objectives is fundamental to any 

systematic planning process. Bruton (1974) has in fact argued that 

without a clear idea of goals and objectives, the choice of courses 

of action to follow would become indeterminate. Given its 

significance in the planning process, where then do uncertainties 

lie in the formulation of goals and objectives? 

Uncertainties, taken in this context, relate largely to an 

uncertain situation as to what elements and whose viewpoints should 

form the fundamental basis of transportation goals. Therefore, 

uncertainties here are of a descriptive nature, and are closely 

related to the question whether all relevant factors have been 

included and what emphasis should be given to them. 

OVer the last two decades, various efforts have been made to 

broaden the basis of transportation planning, to include viewpoints 

from, and considerations for, more sectors of the society when 
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formulating transportation goals and objectives. Some of these 

efforts include: 

(a) the incorporation of normative elements into the 

planning process and a greater emphasis on the 

mul tiple-criteria eval ua tion procedures so that a vlide 

range of impacts can be taken into account (the 

normative approach; Bieber, 1971); 

(b) to move away from the purely "traffic-functional" 

oriented planning to a more "form-determining" oriented 

(i.e. a more land-use oriented) approach (Bruton, 

1974); 

(c) greater emphasis on the distributional aspects of 

accessibility and benefits (Nutley, 1983; Hillman et 

aI, 1973 ); and 

(d) wider recognition to the social dimension in 

transportation planning (Wilson and Neff, 

Manheim, 1975). 

2.2.3 Alternatives Generation 

1983 ; 

As shown in the flow diagram above (Figure 2.2), the search for 

alternatives are greatly influenced by the level of technology and 

the availability of resources, and guided by the objectives and 

strategies which have been formulated. 
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Assuming that uncertainties concerning the setting of objectives 

and the selection of criteria will already have been dealt with by 

this stage, a search for alternatives can only be meaningfully done 

if there is adequate information on the existing state of affairs. 

A closer look at the typical transportation planning model in 

Figure 2.1 reveals that there are at least three major stages 

preceding the design of alternative plans (i.e. inventory, analysis 

and forecast), so that sufficient information concerning the 

present and future states of nature is available for the generation 

of alternatives. 

Uncertainty associated with this stage of transportation planning 

seems to depend on a number of factors. First is the question of 

exhaustiveness concerning the efficient set of alternative options. 

(A set is considered efficient when it includes only the "non-

dominated" options, i. e. the "inferior" options have already been 

screened. ) The omission of any good, sound al terna ti ve from the 

set may risk the exclusion of a possible optimal solution from 

being considered. The second factor relates to the creative 

dimension of the proposed options. Often, the basic details in the 

design for a particular option are found to have a strong influence 

on the performance of the option. The uncertainty, in this respect, 

is descriptive and depends on how far the creative bounds in option 

design are being stretched to the limit. The third factor concerns 

the sufficiency and quality of the information available. The 

generation of sound and creative alternatives, in general, requires 

the input of accurate and up-to-date information about the problem 

situation. The use of defective information for alternative 
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generation can render the solutions so generated equally defective 

and unworkable. In a planning context, this type of uncertainty 

seems to relate closely with the inventory stage. 

2.2.4 Inventory 

Inventory, or an assemblage of data, forms an indispensable part of 

sound planning, for any assessment of present service or future 

improvement will have to be based on an existing inventory. Travel 

facilities, travel characteristics, distribution of population and 

land use, and economic activity are some of the main items of a 

transportation inventory. 

For travel facilities and characteristics, uncertainties due to 

error in measurement appears to dominate. Inadequate compilations 

of accident data have kept analyses of accidents, and the 

potentials for improvement associated with many projects, at only 

the judgemental level. 

Traffic volume counts are another important assemblage of data 

which several other planning submodels rely on as their major 

input. Most traffic count data are not collected continuously, and 

they will need to be expanded or aggregated to represent flow in a 

month or a year. Discontinuity in the counting process means a 

precise quantification, taking account of variation of traffic 

flows throughout the year, cannot be obtained. Gaps in information 

on the flow of traffic become a source of uncertainty. This 

uncertainty has significant implications for planning and 
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evaluating road schemes, because the size and timing of peak flows 

have critical effects on the extent of traffic delays and 

congestion. Indeed, it will be shown in the case study of an urban 

network (Chapter 4) that failure to take adequate aocount of the 

short run variation in demand condition can result in serious 

errors in benefit evaluation. Statistical stratification into 

different flow groups has been suggested as a way to overcome this 

uncertainty (Phillips and Reeson, 1984). Recognition of the need to 

reduoe the uncertainty of traffic counts has also prompted further 

works in this area, including attempts to improve the accuracy and 

reliability of the instrumentation and the methodology for traffic 

counting (I.C.E., 1978), as well as enhanced statistical teohniques 

for the assessment of transport data composed of counts (Gipps, 

1984). 

As for the distribution of population, land use and economic 

activity, such things do not remain stagnant. With the economies in 

more and more of the developed oountries shifting from farming, 

mining and, to some extent, heavy manufacturing into the 

administration and provision of publio goods and sooial services, 

the oorporatisation of business enterprises and the increasing use 

of "high-tech" production systems, the need to continually monitor 

and update such demographic and economic data has also increased. 

Also, the growing importanoe of the role of public authorities, 

especially in town and regional planning, environmental control and 

the provision of housing and accessibility, means that the 

existence of gaps in information in some vital areas may lead to 
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the needs of some sections of the community being neglected or, 

worse still, their way of life being affected adversely. 

Uncertainty arising from the lack of information on the changes in 

the socio-economic activity system belong typically to the 

Mahmassani's Type 2 class of uncertainty, which addresses the 

relationship between the socio-economic activity system and the 

transport system. However, uncertainty related to the collection of 

traffic information and the estimation of its characteristics 

belong to the Type 3 category (Mahmassani, 1984; see also Chapter 

1). 

Because of the fact that traffic parameter estimations are so basic 

to all transportation planning and evaluation, the uncertainties 

associated with these estimations therefore demand some careful and 

rigorous examination. This forms the focus of Part III of the 

present study where the above mentioned uncertainties were examined 

via the application of Monte Carlo simulations to two rural road 

improvement projects. 

2.2.5 Analysis and Forecast 

Network analysis and forecast are two closely related stages of 

transportation planning. Particularly, the sequential traffic 

models (i.e~ trip generation, distribution, modal split and 

assignment) are as much models for network analysis as for traffic 
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forecast. Figure 2.3 shows a typical traffic model, and illustrates 

schematically the relationship between network analysis and 

forecast. 

(Household Income 
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Forecast Irattic flow 

(Roadside 5U(vey data ) 

ease year parhal frip 
matrices 

Base year full Irip 
matrices 

(Road neiWOlk ) 

Figure 2.3: A Typical Traffic Model Showing the Relationship 
Between Network Analysis And Forecast 

Source: Ashley (1980) 

Uncertainties associated with traffic forecasts have been studied 

in detail (Martin and Voorhees Associates, 1980), That study 

utilises the Monte Carlo method for quantifying and combining 

uncertainties (expressed in the form of probability distributions), 
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and discusses the implications of the uncertain traffic forecasts 

for decision making. 

Since traffic forecasts are inevitably derived from traffic models, 

the uncertainty can be traced to two main sources: (i) the 

inaccuracy of the forecast model inputs, and (ii) the 

approximations inherent in the relationships so modelled. A risk 

analysis of the two sources of uncertainty leads to a 

representation of traffic forecast uncertainty as a cumulative 

probability distribution for a particular road link (Figure 2.4). 

The project can then be appraised according to criteria chosen for 

the particular type of appraisal under consideration. 

Cumulative probability 

1'0 

0'5 

10.000 
lowforl>CJlst 

20,000 
High for""""t 

30.000 
Traffic flow 

Figure 2.4: Forecast Traffic Flow as a Cumulative 
Probability Distribution 

Source: Martin & Voorhees Associates (1980) 
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The main items of information of direct relevance to various 

appraisals, as identified by the Martin and Voorhees Associates Y 

study, are listed in Table 2.1 below. Traffic flows and net present 

value constitute the two central criteria. 

Table 2.1: Types of Appraisal and The Relevant Items of Information 

Type of Appraisal 

Operational 
Appraisal 

Engineering-
Design 
Appraisal 

Economic 
Appraisal 

Revelant Items of Information 

The probability that the forecast daily 
traffic flow, in the design year, will 
exceed the existing design capacity of the 
corridor. 

The probability that the existing roads in 
the corridor will carry traffic flows within 
their capacity in the design year. 

The probability that a lower standard layout 
will have adequate capacity, and the 
probability that a higher standard layout 
will be required. 

The probability that the net present value of 
the economic benefits is positive, for each 
option. 

The probability that the net present value of 
the economic benefits, of each additional 
cost increment, is positive. 

The dependence of operational appraisal on traffic forecasts is 

obvious. Most operational appraisals involve the study of the 

adequacy of a road network in coping with forecast traffic levels. 

In engineering-design appraisal for rural roads, the choice of 

layout and design is also heavily flow-dependent (Dept. of 

Environment, 1974, 1975 and 1978). Under these circumstances, the 

estimates of traffic flows would certainly constitute a decisive 
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factor in highway appraisals; hence the strong emphasis given so 

far to the uncertainty of traffic forecasts (e.g. Martin and 

Voorhees Associates, 1980; Dept. of Transport, 1978; Gilbert and 

Jessop, 1977). Similarly, the study by Knudsen (1977) on 

uncertainties in airport cost also involves a heavy emphasis on the 

element of air traffic forecasting. 

In contrast, the emphasis of this study (in connection with rural 

road projects in New Zealand) is directed at the uncertainties at 

the level of traffic parameter estimations and their possible 

impacts on evaluation. There are two main reasons for adopting such 

an approach: 

(i) Formal evaluation procedures for rural road projects in 

New Zealand do not require the forecast of future 

traffic level. Instead, a standard growth rate is 

recommended and to be incorporated in the discounting 

procedure. In addition, most rural road projects are of 

small to medium size, for which long range projections 

of traffic level are unnecessary. 

(ii) As the evaluation procedures for rural road projects, 

currently practised in New Zealand, are relatively 

uncomplicated (Chapter 5), the accuracy of the results 

therefore depends critically on the accuracy of the set 

of inputs for various parameters. Under these 

circumstances, uncertainties due to forecasting and 

specification errors are rather secondary when compared 

with those due to measurement error. 
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It is felt that by focusing on uncertainty associated with the 

estimation of these basic input parameters, aspects of the 

estimation process that have given rise to significant sources of 

uncertainty may be uncovered and identified. Thus, with an 

increased awareness of the nature and origin of this uncertainty, 

decision makers concerned with transport investment may find 

themselves in a better position in effecting changes to improve the 

current evaluation procedures and practices. It should also be 

noted that the emphasis of this study is not on uncertainty 

associated with long-range planning, but uncertainty arising from 

the inadequacy of current methods of evaluation as they are 

practised specifically in New Zealand. 

A study which similarly focused on imprecise inputs, but dealt with 

aspects of pavement design, has recently been conducted by Jessop 

and Harrison (1982). Other studies, in which risk analysis has 

similarly been applied to deal explicitly with imprecise inputs, 

include the earlier works by Pouliquen (1970) and Reutlinger 

(1970). 

Decision Making Under Uncertainty for Transport 

Investment 

Various ways of allowing for risk and uncertainty have been 

proposed. They range from the rather crude and conservative 

approaches of risk premium and of varying the discount rate or 

analysis period to insure against potential risk, to the use of 

some form of decision rules. Discussion of the merits and demerits 
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of some of these methods can be found in a number of references; 

for instance, the assumed certainty approach, the payback period, 

the conservative adjustment to data, sensitivity analysis and risk 

adjusted discount rate are discussed in Copeland (1980) and in 

Gilbert and Jessop (1977), while the standard decision rules (e.g. 

maximax, maximin, Laplace criterion, Hurwitz criterion and minimax 

regret) are found in Pearce (1983), Pearman (1983) and Bunn (1984), 

and the method of decision trees in Gilbert and Jessop (1977) and 

Raiffa (1968). They will not be repeated here. Since the method of 

risk analysis is the central approach which was adopted for the 

study, only techniques of decision making that are of direct 

relevance to the application of risk analysis will be elaborated 

upon. The following section details some possible techniques, 

within a risk analysis framework, that may be used in aiding 

decision making. 

2.3.1 Measures of Risk in Decision Making 

In choosing among alternatives in the face of uncertainty, it is 

necessary to first decide upon some measures of risk, that is, how 

risk is to be measured and compared. It is felt that instead of 

developing a more elaborate single-attribute criterion to 

incorporate risk, it may be more appropriate to separate risk out 

as a second but measurable at tribute. Several risk measures have 

been used. Bunn (1984) gives the following: 

(a) Variance 

(b) Semivariance 

(c) Critical Probability 
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(A) Variance 

The variance for the outcome of an option can be defined as: 

s2::: r: (y - y)2 fey) dy 

where y ::: the outcome for a univariate probability 

distribution, 

y ::: the mean of the distribution, 

f(y) ::: the probability density function, 

and s2 ::: the variance of the distribution. 

It is clear that, when using variance as a measure of risk, the 

higher the variance of the outcome, the higher the risk for the 

option. However, the use of variance as a measure is generally 

limited only to situations where the mean-variance dominance 

reasoning has applicability. That is, if two options have the same 

mean but one has a lower variance, then the one with the lower 

variance is preferred. Alternatively, if two options have the same 

variance but different means, then the one with the higher mean is 

chosen. 

It should be noted that this measure does not take account of the 

skewness of the distributions. The use of the measure can be 

unreliable for situations which deviate from the mean-variance 

dominance reasoning. Thus, as shown in Figure 2.5, two options 

can have equal mean and variance, yet on closer examination of the 

shape of the distributions, option A (with greater probability of 

achieving higher value for y) is generally preferred to B. 
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!(Y) 

~~~------------------------~~y 

Figure 2.5: Two Distributions with the Same Mean 
and Variance 

Source: Bunn (1984) 

(B) Semivariance 

Instead of focusing attention upon the deviation of results from 

the central mean value, some times the use of some critical value 

as a reference is preferred. Thus, the use of semivariance has been 

suggested from time to time. If c is being chosen as the critical 

value, then the semivariance of an option is given by: 

(y - c)2 fey) dy 

Even though semivariance has the advantage of focusing attention 

upon some defined "risky domain" (that is, the extent of deviation 

from the critical value), it is far from reliable. Figure 2.6 

illustrates two options with equal mean and semivariance about the 

critical value of zero, but on examination of the shape of the 
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distributions, option A would generally be considered the less 

risky. 

!(Y) 

~~--~--------------------------------.. y o 

Figure 2.6: Two Distributions with the Same Mean 
and Equal Semi variance about Zero 

Source: Bunn (1984) 

(C) Critical Probability 

The use of critical probability is very similar in spirit to the 

use of semivariance, except that the measure of risk is now the 

probability, and not the "spread" of the outcome. The critical 

probability is given by: 

P(y ~ c):: L~ f(y) dy :: F(c) 

It can be seen that the critical probability is, in fact, the area 

under the probability density function (i.e. the cumulative 

probability) below the critical value. Options with higher critical 

probability will be considered to be less desirable. This measure 
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focuses attention upon regions below the critical value, and can be 

unreliable in situations where characteristics of. the distributions 

above the critical regions are decisive. Figure 2.7 shows two 

distributions having the same critical probability below the value 

y = 0, but option B (having the possibility of greater loss) would 

generally be considered as more risky. 

A A 

&-____ ~ ____ ~ __________________ L_ __ ~y 

o 

Figure 2.7: Two Distributions with the Same Mean 
and Equal Area below Zero 

Source: Bunn (1984) 

The use of a critical value can be an important measure, because it 

sets a target or an aspiration level to which the performance of a 

particular venture is reasonably expected to achieve. It acts as 

some kind of a cut-off point; anything greater is a success, 

anything lower is a failure. The use of such critical value, or a 

subjective reference point, in the assessment of risk has been 

found to be quite common for many individuals (Kahnemann and 

Tversky 1 1979; Payne et aI, 1980). Bunn (1984) further suggests 
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that the risk attribute may, in some circumstances, be treated as a 

constraint in decision making, and that provided the level of risk 

is no greater than a critical level, the decision can be made on 

straightforward expected value grounds. 

2.3.2 Choosing among Alternatives in Risk Analysis 

The lack of guidance on how to choose between alternatives has been 

ci ted as an inadequacy in the applications of risk analysis, to 

date, to transport problems (Pearman, 1983). In view of the 

criticism, this section tries to draw together some of the possible 

ways by which the above weakness may be overcome. 

Implicit in the discussion of risk measures above, are the 

possibilities that alternatives can indeed be compared and selected 

by reference to some of these measures. For instance, the use of a 

critical value in conjunction with other measures may serve as a 

practical and meaningful criterion for choosing among alternatives 

(Chapter 7), whilst the use of mean-variance dominance can be a 

useful tool for screening off the "non-starter II options. Other 

possible ways include the use of selection models developed from 

the concept of "stochastic dominance II (Porter and Carey, 1974 i 

Eilon and Tilley, 1975). The conditions for two of the commonly 

used stochastic-dominance criteria are given below. 
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(A) First-Degree Stochastic Dominance (FSD) 

In the use of FSD, the following assumptions have to be made on the 

form of the utility function, U(y): U(y) is finite, continuously 

differentiable, and strictly increasing over y, that is, the 

decision maker prefers more of y to less. 

Let F 1 (y) and F 2(y) be the cumulative distribution functions for 

two options, then option 1 dominates option 2 in the sense of FSD 

if the condition 

holds for all y. 

In practice, selection using FSD can be done by plotting the 

cumulative probability curves for each option, and then eliminating 

those whose curves are completely to the left of another and do not 

intersect it (Figure 2.8). 

1·0 

0.0 L-_c::.... ___ ~ ____________ _ 

y 

Figure 2.8: First-Degree Stochastic Dominance (FSD) 
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However, for cases where curves intersect one another, use of the 

FSD criterion will be inconclusive. It means the FSD criterion used 

is not powerful enough to discriminate between those two options. 

This is where second-degree stochastic dominance may be used to 

further discriminate bettveen the two options. 

(B) Second-Degree Stochastic Dominance (SSD) 

In addition to the assumptions of FSD, SSD requires a risk-averse 

utility function (that is, the decision maker is risk-averse over 

y). Under these assumptions, option 1 will dominate option 2 if the 

condition 

f_~ (F2(y) - F1(y» dy ~ 0 

holds for all z over y. 

In other words, for SSD to be true, the accumulated area under 

F1(y) must always be less than that of F2(y) for each point on y 

(between - 00 and z). In practice, this can be done by plotting the 

cumulative curves for the two options, and then investigate the 

pattern of intersection of the two curves (in this way, integration 

of the above expression is thus avoided). 

Figure 2.9 shows a situation in which SSD can be satisfactorily 

applied. For option 1 to dominate in the sense of SSD, all that has 

to be ascertained is that the area under F1(y), at any point, is 

always less than that under F2(y); that is, area B has to be less 

than area A (Figure 2.9). Hot-lever, if area B is greater than area 
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A, then the SSD test is inconclusive. The areas A and B can often 

be estimated easily and visually if the cumulative curves are 

plotted on graph paper. 

AreaB 

~(y) 

Area A 

o~~~=-------------------________ _ 
y 

Figure 2.9: Second-Degree Stochastic Dominance (SSD) 

Source: Bunn (1984) 

Conditions for higher degrees of stochastic dominance are not 

elaborated here for the reasons that they require more stringent 

assumptions and do not have as much intuitive attraction as FSD and 

SSD (Hertz and Thomas, 1983), and more importantly they are 

difficult to apply in practice. 
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2.4 Summary 

In summary, it can therefore be said that transportation planning, 

being a dynamic process, is imbued with uncertainties at all stages 

of the process. Uncertainties at the stages of goal and objective 

formulation are mainly of the descriptive or qualitative dimension, 

whilst those associated with the stages of inventory, analysis and 

forecast arise mainly from errors in modelling and estimation. 

The emphasis of this study is focused upon the application of risk 

analysis at the level of problem-structuring, and at uncertainty 

associated with the estimation of basic input parameters, with a 

view to improve the current methods of evaluation as they are 

practised in New Zealand. 

However, in the application of risk analysis, risk has to be 

separated out as a second but measurable criterion, alongside the 

conventional expected value criterion. Several risk measures such 

as variance, semivariance and critical probability may be used. In 

conjunction with some of these risk measures, several other 

criteria can also be used for choosing among alternatives. The 

concept of dominance reasoning is commonly employed for this task. 

The conditions of mean-variance dominance, first-degree stochastic 

dominance and second-degree stochastic dominance are three criteria 

that have been found to be useful and can readily be applied in the 

framework of risk analysis. 

This summary concludes this introductory chapter on uncertainty and 

decision making in transport investment. The next two parts of the 
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study will focus on the evaluation procedures in New Zealand and 

their associated uncertainty, as they are applied to various case 

studies. 
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PART II 

THE URBAN CONTEXT 



CHAPTER 3 

PROCEDURES FOR ECONOMIC EVALUATION 
OF URBAN PROJECTS IN NEW ZEALAND : 
UNDERLYING CONCEPTS. UNCERTAINTY 

AND DEFICIENCY. 

3.1 Introduction 

Public investment in transportation projects in a developed country 

like New Zealand occurs within a setting of an already established 

transportation system. Given such a setting, transportation 

investment would aim generally to upgrade or to improve the 

efficiency of portions or the whole of the established system. 

Improving the transport system requires the expenditure of 

society's scarce resources; thus, the efficient allocation of these 

resources becomes an important consideration when investments are 

made on behalf of the public. 

One of the major concerns of transport economics is the optimal 

allocation of resources. Though transportation plays an important 

role in resource allocation and in the distribution of goods and 

services, its improvements nonetheless have to be placed alongside 

the needs of other public sectors such as health, education, 

housing etc. Misallocation of resources can sometimes lead to 

substantial loss in opportunity cost to the public. In this 

respect, the contribution of transport economics can therefore be 

very significant. Economic analysis provides a technique to ensure 

the efficient and optimum allocation of scarce public resources. 

48 



It attempts to 

associated with 

incidence, and 

measure resource costs and social benefits 

an investment, identify their geographical 

allow full accounting of the time effects of 

alternative investments. Besides, if properly understood and 

utilised, it can also be an effective aid to decision making. 

3.2 Market Economy: Demand and Supply of the Travel Market 

The efficient allocation of resources between competing needs is 

tradi tionally assumed to be taken care of by the market economy, 

where prices are set in accordance to consumers' willingness to pay 

for the commodi ty rather than go without it. Accordingly, the 

markets for travel in urban areas can be expressed in terms of 

demand and supply curves (Figure 3.1). The demand curve describes 

the number of people who will travel at different levels of prices. 

The supply curve indicates the relationship between the actual 

price of travel and the volume using a particular facility. Both 

the demand and supply curves are conditions-specific. A particular 

curve is only valid for a particular set of conditions. A change in 

the prices of other goods, or a growth in population or income may 

resul t in a shift of the demand curve; likewise, a change in a 

facility's capacity or system design may introduce a new 

relationship between the price of travel and the volume on a 

facility, and hence a new supply (price-volume) curve. 
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Figure 3.1: Travel Market: Supply and Demand 

The economic rationale underpinning the recommended evaluation 

procedures in New Zealand is based on the same market economy 

concept (Copeland, 1980). The conceptual framework and the 

methodology in cost-benefit identification and valuation associated 

with the recommended procedures (the national viewpoint, 

externalities, problems of transfer payments, questions of sunk 

costs, relevant items of cost and benefit for inclusion in the 

evaluation, etc.) are detailed in the above report. Three points of 

theoretical uncertainty need to be discussed here. The first 

concerns the distinction between perceived and resource costs, the 

second relates to the variation in travel demand in both short and 

long terms, and the third deals with the question: to what level of 

disaggregation should benefits be assessed? 
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3.2.1 Perceived and Resource Costs 

For the prediction of travel demand and the appraisal of transport 

investments, it is necessary to consider not only the costs which 

influence people's behaviour in their travel decisions but 

society's valuation of the resources consumed as well. In most 

cases, the two items are not the same. The difference can arise 

from two main areas: 

(1) People may misperceive the cost of their travel 

(imperfect perception of cost). Reasons for this are 

varied. They include: the tendency of car drivers not 

to take account of the full journey cost generally 

ignoring the cost of vehicle maintenance and 

depreciation (Quarmby, 1967); travellers dismissing or 

attaching little weight to small time savings (Jennings 

& Sharp, 1976); users being unaware of the relation 

between their actions and the costs involved, e.g. 

higher fuel cost with higher speed (Button,1982). 

(2) The prices that people pay may not reflect the true 

resource costs. For instance, taxation on fuel or 

parking fees do not represent societal consumption of 

resources, but a transfer of resources from one sector 

to another (McIntosh & Quarmby, 1972). Perceived cost, 

in this instance» would have included an element of 

non-resource cost. 

The significance of this distinction depends on the extent of 

divergence of perceived cost from resource cost. Figure 3.2a and 
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3.2b show a linear demand curve for a facility with an initial 

perceived cost of usage equal to pl. (Figure 3.2a represents a case 

in which resource costs are greater than perceived costs, whilst 

Figure 3. 2b relates to a situation where resource costs are less 

than perceived costs.) Improvement to the facility causes the 

perceived cost to fall to pll. If the actual resource costs are 

represented by r' and I'" for the 'without' and 'with' improvement 

situations respectively, the economic gains or benefits associated 

with the investment may be generalised for an urban network and 

modelled by the following formula (Neuburger, 1971b): 

Benefits = L
l
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Figure 3.2a: Divergence of Perceived 
Cost from Resource Cost 
( r > p ) 

Figure 3.2b: Divergence of Perceived 
Cost from Resource Cost 
( r < P ) 



Recognition of the distinction between perceived and resource costs 

was also made by McIntosh and Quarmby (1972). Though the treatment 

adopted there was to introduce a non-resource correction n' or n" 

(Figure 3.3), the model can be generalised into the same form as 

that proposed by Neuburger. 

p' 

p" 
aJ 
U 

t-
o... n' 

n" 

Change in 
Consumers' Surplus 

t' t" 
Number of Trips 

Change in 
Resource Cost 

Figure 3.3: Benefit Estimation with Non-Resource 
Correction 

Source: Adapted from McIntosh and Quarmby (1972) 

McIntosh & Quarmby suggest the following formula: 

Benefits = 1/2 (t'+ t")(p'- p") + (t"n" - tin') ---- (3.2) 

where n" = non-resource cost of travel incurred for 

the 'with' improvement option; 

n' = non-resource cost of travel incurred for 

the 'without' improvement option. 
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McIntosh and Quarmby also point out that since non-resource costs 

are equal to the difference between perceived and resource costs 

(i.e. n = p - 1" ), Eq.(3.2) can be rewritten as: 

Benefits = 1/2(t'+ t")(p'- p")+(t"p" - t'p')-(t"r" - til") --(3.3) 

i.e. Benefits = increase in user surplus 

+ increase in cost to users 

- increase in resource costs 

Indeed, Eq.(3.3) can be rearranged to give: 

Benefits = 1/2(t'+ t")(p'- pll)-[t"(r"- pll) - t'(r'- p')] ---<3.4) 

Generalising Eq. <3.4) in terms of zonal origin-destination trips 

and modes, a generalised model as proposed by Neuburger is obtained 

(See Eq. (3.1». The conceptual model proposed by Neuburger and 

McIntosh-Quarmby has since become an important basis of benefit 

measurement in the evaluation of urban transportation projects. 

On a closer look, the model described above however reveals some 

interesting implications. If no account is taken of the distinction 

between perceived and resource costs, the apparent benefits 

resulting from the project improvement is equal to area plp"T"T' --

the 'traditional' consumer-surplus trapezoid (Figure 3.2a and 

3.2b). First, consider the case where 1" > p (i.e. resource costs 

greater than perceived costs). Since the genuine resource costs are 

represented by 1'" and 1"", the investment will result in a net 

benefit equal to the area (a+b+c-e) in Figure 3.2a. It is a result 

which can be derived directly from Neuburger and McIntosh-Quarroby 

approach: 

54 



From Eq.(3.4), we have 

Benefits = 1/2(t'+ t")(p'- pH) - [t"(r"- pH) - t'(r'- pi)] 

= area ( c+d ) - [ area ( d+e ) - area ( a+b )] 

= area ( c+d-d-e+a+b ) 

= area ( a+c+b-e ) 

If area Vb' and area 'e' in Figure 3.2a (sometimes termed the 

'deadweight' welfare losses at the t' and t" traffic levels) are 

equal, then Eq. (3.4) will yield a net benefit equal to area a+c 

(the shaded area in Figure 3.2a) -- which is a straight resource 

cost saving under the demand curve as a result of the investment. 

The term ( b-e ) reflects the change in 'deadweight' welfare loss 

betvleen the two traffic situations (Button, 1982). It is also an 

indicator of the degree of departure from which the formula is 

representative of a straight resource-cost saving model. 

In situations where r < p , the diagrammatic representation will 

be different. The situation is given in Figure 3.2b. From Eq.(3.4), 

we have 

Benefits = 1/2(t'+ t")(p'- pH) - [t"(r"- pH) - t'(r'- p')] 

= 1/2(t'+ t")(p'- pH) + t"(p"- r") - t'(p'- r') 

= area ( A+B+C ) + area D - area A 

= area ( C+D+B 

Thus, if area B = area E then 

Benefits = area ( C+D+E ) (shaded area in Figure 3.2b) 

Area (C+D+E) is effectively the straight resource cost saving under 

the demand curve. Again, the term ( B-E ) provides an indication of 
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departure from which estimates obtained from the formula (Eq.(3.4» 

are representative of straight resource cost savings. 

Even though it is commonly recognised that social welfare gains 

arising from an investment should be assessed by comparing the 

resource costs with the benefits generated, the difficulty remains 

in that it is perceived costs which influence users v demand, not 

resource costs. The actual traffic levels using a facility depend 

upon how users perceive their cost of travel. 

In reality for most cases area 'B' (or 'bY) may well differ from 

area 'E' (or Ie'). Nevertheless the formula suggested by Neuburger 

and McIntosh-Quarmby remains an important attempt to correct the 

discrepancy resulting from misperception. The benefits so 

estimated may thus reflect more accurately the societal resource 

cost savings. It appears that essentially the formula seeks to 

modify the benefit measurement from one being represented by the 

trapezoid under the demand curve bounded by the pre- and post-

investment perceived costs to one bounded instead by the 

corresponding resource costs (See shaded areas in Figure 3.2a and 

Figure 3.2b). The second term in Eq.(3.4) may therefore be 

considered as the correction for misperception. 

In the event where people accurately perceive the cost of their 

travel (i.e. r = p ), then area b = area e = area B = area E = O. 

The correction factor in Eq.(3.4) will disappear, simplifying the 

formula to what is generally known as the "rule of half" formula 

(Harrison, 1974; Button, 1982): 

Benefits = ----<3.5) 
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In New Zealand, there was an attempt to incorporate into the 

evaluation procedures, at least at the theoretical level, the 

distinction between perceived and resource costs. However, this 

distinction was only applied to generated trips, and it remains 

unclear how perceived costs were proposed to be estimated 

(Copeland, 1980). Recommended values for the cost of trip making in 

the official guides are all based on the actual resource costs (MWD 

1986, 1984 and 1980). Since it is not the purpose of this study to 

research for a detailed treatment on perceived and resource costs, 

values of travel costs as recommended in the official guide (MVID, 

1984) have been adopted for the subsequent case studies. The 

distinction between perceived and resource costs will not be 

incorporated in this study; the correction factor for misperception 

in Eq.(3.4) will thus not be considered here. Eq. (3.5) is 

therefore adopted as the basis for our subsequent analysis. 

3.2.2 Variation in Travel Demand 

Observations of traffic flow patterns over the short-term period of 

a day (Figure 3.4) or over a longer term period of several years 

(Figure 3.5) suggest that volume of traffic in a system or on an 

individual link varies considerably throughout the day as well as 

over the years. Equilibrium flow as indicated by 

intersection point of the demand and supply 

representative of only a particular set of flow 

the single 

curves is 

conditions. 

Temporal volume variations throughout the day and over the years 

should be interpreted to mean that the demand-price relationship is 
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not fixed either; it is changing throughout the day as well as over 

the 
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Figure 3.4: Variation of Traffic Pattern 
over the Day 

Source: Hutchinson (1974) 

Figure 3.5: Traffic Pattern over 
the years for Four Major Routes 
near Sydney. 
Source: Hutchinson (1974) 

Looking first at the effects of short-run variations on benefits 

estimation, Figure 3.6 attempts to relate the characteristics of 

vol ume variation over the day (an operational analysis) with the 

costs of trip making (an economic analysis) for a given facility. 

Equilibrium volumes representative of three particular hours of the 

day have been projected onto the price-volume (supply) curve of the 

facility. The points of intersection indicate the positions of the 

demand curves associated with flow conditions at the specified 

three hours. Considerations of short-run demand variations are 

necessary in benefit estimation for two principal reasons: 
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Figure 3.6: Variation in Short-term Demand and 
Price-Volume Relationship 

Source: Wohl and Martin (1967) 

(b) 

(1) Cost of travel can vary considerably for different time 

periods (Figure 3.6). The extent of cost savings or 

benefits accrued from an improvement may also fluctuate 

accordingly. For example, schemes that are designed to 

relieve congestion would give large benefits during 

peak periods and little or no benefits for off-peak and 

night hours. Benefits are thus time-dependent, and can 

vary substantially over the day. Besides, the benefits 

for each time period do not vary linearly with the flow 

rates for those periods. Stratification of varying 

demand conditions into representative time groups 

(demand periods) is therefore necessary. 
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(2) The length of time over which a particular traffic 

characteristic prevails may also vary substantially. 

Congestion or a bottle-neck condition generally occurs 

only for a portion of the peak hours. Trips on 

employers' business which are commonly accorded higher 

value, occur mainly during the day hours in weekdays. 

These different characteristics which occur over different lengths 

of time usually also carry different economic significance. Scaling 

up benefits on the basis of a single time period would thus seem to 

be a rather unjustified oversimplification. By doing so, it would 

ignore the economic implications arising not only from the 

variations in the flow pattern, but also from the variations in the 

timing and nature of some important traffic characteristics. In 

fact, this "scaling up" approach has been found, in the context of 

a case study (Chapter 4), to have resulted in serious errors in 

benefit estimation. 

It has been shown that travel demand varies not only over the day, 

but also over the years (Figure 3.4 and Figure 3.5). Growth in 

population and income will tend to shift the demand curve upward 

and to the right in the price-volume diagram. Figure 3.7 shows the 

interactions of price-volume (supply) curve with long-run 

varia tions in travel demand (Wohl and Martin, 1967). While the 

concept of a changing demand curve over the analysis period as 

introduced by Wohl and Martin is a more meaningful approach, the 

approach remains at a theoretical level. Wohl and Martin do not 

indicate how these demand curves can be estimated. Problems in 

defining demand functions far into the future and for circumstances 
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which may be very different from those prevailing at present remain 

substantial (Gwilliam, 1972). The problem may still be reflected in 

the fact that even though the significance of the general approach 

of selecting more than one year for study has been recognised in 

the revised 1977 AASHTO evaluation manual (Andersen 1978, p.85), 

practical techniques of estimating demand curves into the future 

have yet to be developed. 

Avg unit price 
of travel 

Price - volume curve 

°1 

~ / 0, = demand curve j for xth year 

Figure 3.7: Long-term Shifts of Demand Functions and 
Relationship to Price-Volume Curve for 
Facility of Fixed Capacity 

Source: Woh1 and Martin (1974) 

3.2.3 Level of Disaggregation 

There are two aspects of discussion concerning the level of 

disaggregation for benefit assessment. The first one has to do with 

the validity of the output variable resulting from the 

disaggregation, and the second relates to the distributional nature 

or biases associated with the measures. The two aspects will be 

examined in turn. 
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For urban project evaluation, the validity of the use of link 

volumes as a measure of the economic good consumed by urban 

tripmakers has been questioned by Hutchinson (1974, p.275). 

Hutchinson considers the use of link volumes as an economic measure 

to be a major deficiency in evaluation procedures. Neuburger has 

argued likewise. Neuburger maintains that the demand for travel 

along a particular link should not be considered as a good of final 

consumption. It is only an intermediate good 'fIlhich combines with 

others to provide the final good: a journey (Neuburger 1971 a, 

p.63). Neuburger also points out that other practical problems 

would arise with the assumption that demand for a link is an 

economic good. They include: 

(i) the demand relations are rendered unstable and 

difficult to determine, and 

(ii) where links are present in only one network, e.g. the 

construction of a new facility for the improved 

network, the problem of "new goods" is raised 

unnecessarily. 

Thus, disaggregating demand relations to the level of individual 

links would seem inappropriate. The correct level of aggregation 

should be the journey from a particular origin to a particular 

destination by a particular mode (Neuburger, 1971a). Most of the 

major works (for example, the London Transport Study) are all 

developed in terms of trip making between origin and destination 

pairs as a measure of the underlying economic good (see Freeman, 

Fox and Wilbur Smith and Associates, 1968; Beesley and Walters, 

1970 i McIntosh and Quarmby, 1972) • Owing partly to this 
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consideration, the demand relations in the case study on the 

Southern Arterial (Chapter 4) are thus aggregated at the level of 

origin-destination interchanges instead of at the level of link 

volumes. (This problem with the practice of using link volumes as 

an economic measure in project appraisal will be discussed further 

in Chapter 4, in the context of a case study.) 

The second aspect of aggregation involves the nature of bias of an 

aggregated measure. The aggregation of benefits as an economic 

measure can sometimes carry some implicit biases. Economic measures 

expressed in the aggregate fo:rm of "total user benefits" have been 

criticised for focusing on the net effects rather than on the 

distribution of benefits and adverse effects (Manheim 1979, p.381). 

A single aggregate measure is appropriate only for a market segment 

which is relatively homogeneous with respect to income, 

preferences, geographic origin, and possibly destination patterns. 

Manheim advocates an approach in which impacts on different market 

segments can be disaggregated and clearly displayed. It means, in 

practical terms, for each market segment which has an explicit 

demand function benefits should be determined at the lowest level 

of detail -- by origin, by destination, and by time of day, income, 

purpose, and so forth -- to the extent that these distinctions are 

relevant (Manheim,1979). 

Disaggregation of benefits by income levels was reckoned to be 

beyond the scope of this study. Rather, disaggregation by origin 

and by destination was considered sufficient. Benefits were 

calculated and displayed by origin and destination zone. A 

geographic representation of the differential incidence of user 
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impacts was thus obtained. Figure 3.8 presents one way in which the 

differential incidence of user benefits can be displayed by origin 

zone for a particular region. 

~user Benefits 

-ve (Disbenefit) 

Figure 3.8: Geographic Display of User Benefit 
by Origin Zone 

With respect to the three points of theoretical uncertainty 

associated with the demand relation (i. e. the. difference between 

perceived and resource costs, the variation in demand conditions, 

and the level of disaggregation), the approach adopted in this 

study can be summarised as follows: 

(1) In the absence of information on perceived costs, 

evaluations were carried out solely on the basis of 

resource costs. Although this assumption may be 

suspect, it is necessary given the fact that it is not 

the purpose of this study to research on the economic 

cost of travel, perceived or resource-based. The 
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objective in this work was to identify the uncertainty 

or deficiency in the appraisal techniques currently 

practised in New Zealand, rather than to attach or 

recommend values for the economic parameters. 

(2) In addition to the short-run demand varia tions, 

consideration has also been given to temporal 

variations of one other traffic characteristic, namely 

trip purpose. Demand has been stratified by time of day 

into six demand periods weekday morning-peak, 

weekday evening-peak, weekday offpeak, weekday night, 

weekend day, and weekend night. Implications from long-

run demand variations have not been considered. 

(3) The level of aggregation adopted in the study was 

"journeys by origin and by destination". Benefits were 

calculated by origin and destination zone, enabling a 

geographic display of the differential distribution of 

benefits to be made. 

3.3 Supply Curves for Urban Travel 

Though it has been noted that the concept of demand and supply, and 

their interaction in the travel market, is central to the 

evaluation of public investments, the concept can only have 

meaningful application if both the demand and supply curves are 

compatible in scale or unit. It should be noted that the supply 

curve is a plot of the average unit cost of travel (as perceived by 
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the user) expressed as a function of the volume using the facility 

in a given time period. Average unit cost is used instead of 

marginal cost because it is assumed that the user does not take 

into account the changes in costs to other users caused by his 

presence on the facility; each user is only interested in their min 

cost. The shape of the supply curve thus depends on the physical 

characteristics of the facility and the interactions between 

vehicles travelling over it. It should also be emphasized that 

supply curves do not provide information on how many travellers 

will use the facility (i.e what the demand will be), but indicate 

what the price will be if a given number of travellers use the 

facility. 

3.3.1 Additive Property of Supply Curves 

At the level of interzonal travel, a supply curve for an entire 

interzonal trip over a given route can be derived by adding up the 

supply curves for each of the links comprising the route (Harvey. 

1968). The additive property of supply curves is illustrated in 

Figure 3.9. It shows the derivation of an interzonal supply curve 

in the form of a minimum path. In a network Situation, a particular 

link may simultaneously be loaded with trips for different zone 

pairs. In such a situation, the supply curve for travel between t\-lO 

zones may actually be made up of portions of the supply curves for 

other zone pairs, as ahol-In in Figure 3. 10. In the example of Figure 

3.10, link 4-2 is shown to carry traffic for two zone pairs -- zone 
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pair 1-2 and zone pair 3-2. The supply curve for travel between 

zones 1 and 2 is derived from the addition of three curves: 

(1) the cost of travel on link 1-4, 

(2) the cost of travel on link 4-2 due to traffic for zone 

pair 3-2, and 

(3) the cost of travel on link 4-2 due to traffic for zone 

pair 1-2. 

The interzonal cost matrices for the Southern Arterial case study 

(Chapter 4) were derived in a similar manner. 

Supply Curve for Travel 
between Zones 1 & 2 

j 

Supply Curve for Travel 
between Zones 1 &. 2 

f 
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3.3.2 Components of Supply Curves 

So far, the cost of trip making has been discussed in terms of 

broad conceptual notions of perceived and resource costs i it is 

necessary however to understand what essentially constitute the 

cost of a trip. Improvement in a transport system would invariably 

impact directly and sometimes disproportionately on these cost 

constituents. One way of understanding this is through an analysis 

of the makeup of the price-volume (supply) curve. 

Total perceived 
price of trip 

Nol 10 scale 

Total perceived price 
to average traveler ---/ 
(price - volume curve) 

Perceive 1 
Perceived parking fee payments 

. f rl paymen1S . d lime - disc am 0 

Perceived vehicle operating payments 

Perceived user tax po ments 

V, volume of trips 
v 

Figure 3.11: Makeup of a Typical Price-Volume Curve 

Source: Wohl and Martin (1967) 

Figure 3.11 shows a detailed breakdown of the makeup of a typical 

price-volume curve for a public facility (Wohl & Martin,1967). It 

illustrates basically the components of perceived price of travel. 

User tax payments reflect the perceived price by users towards 

recovery of the facility construction and maintenance costs levied 

through some form of vehicle-licensing tax. In most cases, it is a 
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uniform charge in that it does not vary either with the facility 

cost or with the volume using it (hence its flat appearance in 

Figure 3.11) _ Vehicle operating cost, travel time and discomfort 

are flow dependent; they vary with the volume using the facility_ 

The parking fee is an item which is self-explanatory. 
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Figure 3.12: Supply Curves: Pre- and 
Post- Investment 

AVERAGE DAILY TRAFFIC VOLUME (000) 

Figure 3.13: Supply Curves for 
Different Facilities 

Source: Haika1is (1962) 

System improvements affect the cost components differently. With 

public facilities (as opposed to private or toll facilities) the 

cost component associated with the user charge to recover facility 

costs will not be increased if the system is improved/expanded. In 

contrast, costs associated with vehicle operating, travel time and 

discomfort will almost certainly be reduced with an increase in 

capacity. Consequently, the price-volume curve for an improved or 



expanded facility will always be Im-ler than the existing one 

(Figure 3.12). Price-volume curves for a variety of facilities of 

different capacity are sho'Vln in Figure 3.13. The exact shape of the 

curves sho'Vm should not be unduly emphasized; Figure 3.13 is 

presented to illustrate the relative positions of the supply 

curves, with respect to cost and volume, for varying road types. 

3.4 The ~~keup of Supply Curves: The New Zealand Case 

For evaluation procedures used by roading authorities in New 

Zealand, the associated price-volume curve is made up of three 

major components (Brown and Copeland, 1983; MWD, 1984): 

(1) non-fuel cost; 

(2) fuel cost; and 

(3) travel time cost. 

3.4.1 Non-Fuel Component 

The derivation of the non-fuel component is detailed in a report by 

Brmln and Copeland (1983). Four main items are included in the 

calculation of this non-fuel component, namely oil consumption, 

tyres and tubes, repairs and maintenance, and vehicle depreciation. 

Table 3.1 displays the aggregate non-fuel costs derived by Brovln 

and Copeland for use in the evaluation of roading projects in New 

Zealand (MWD 1984). 
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Table 3.1: Aggregate Non-Fuel Costs (cents/km 1982 Prices) 

Oil Tyres Repairs and Total non-
consumption & tubes maintenance Depreciation fuel costs 
_ ......... 0=0 _______ -_ .... _--- -_ .... _------- ----------_ ..... ----------

Urban: car 0.1173 1.0488 3.9104 1 .2361 . 6.3126 
LCV 0.3518 1.5608 3.6808 1.5374 7.1308 
HCV 0.3472 1.3728 5.9573 1 .2794 8.9568 

Rural: car 0.1173 1.0488 3.9104 1.2361 6.3126 
LCV 0.3518 1.5608 3.6808 1.5374 7.1308 
HCV 0.3472 4.5675 8.2468 1.7373 14.8988 

Source: Brown & Copeland, 1983 

As it is assumed that this non-fuel component is distance-linked 

and does not vary with the volume on a facility, it can thus be 

expressed in the price-volume form as shown in Figure 3.14. 

Cost 
Aggregate 

Cost Cost Cost Non - Fuel Oil Tyres & Repairs & 
(Cents/km) Consumption Tubes Maintenance 

Depreciation Component 
6.312 

+ + 3.910 .+ 
0.117 1.049 1.236 

Flow Flow Flow Flow 

Figure 3.14: Supply Curve for Non-Fuel Component for an Average Car 
in Urban Conditions in New Zealand 

3.4.2 Fuel Component 

In New Zealand, the cost of fuel consumption for use in evaluation 

have been derived essentially on the basis of the studies by 
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Claffey (1971) and Pelensky (1970). Based on the fuel consumption 

rates (relating to different speeds and different gradients) 

produced by Claffey and Pelensky, the costs of fuel consumption 

have been obtained by multiplying these rates by the appropriately 

defined resource costs for fuel (Brown and Copeland, 1983). These 

fuel costs are then further adjusted with the use of modification 

factors to allow for the effects of road geometrics and the impact 

of number of stops. Figure 3.15 shows the cost of fuel consumption 

at different speeds and different gradients for car on urban roads 

(MVlD~ 1984). The shape of the curves (Figure 3.15) suggests that it 

is average travel speed that is being considered. Indeed, the use 

of average travel speed as a basis to model fuel consumption has 

been found to be suited for large urban traffic systems (Bowyer 

et aI, 1985). 
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Figure 3.15: Cost of Fuel Consumption for an Average Car 
in Urban Conditions in New Zealand 

Source: MWD (1984) 
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Fuel consumption expressed in relation to travel speed is useful 

for operational or performance analysis, however it is less so in 

the case of economic analysis. Cost and volume are the two basic 

dimensions involved. The fuel-cost/travel-speed relationship has to 

be transformed into a fuel-cost/traffic volume relationship. 

Figures 3.16a and 3.16b show a typical relationship between fuel 

consumption and travel speed p and that between travel speed and 

flow rate respectively. Now, based on the t\-10 relationships shown, 

and working backwards from the tail end of the curve in Figure 

3.16a Le. at high speed but low-volume conditions, the rate of 

change in fuel consumption with respect to decreasing speed (or 

increasing volume) is relatively small with hardly any change 

between the 60kph to 70kph range. As volume increases, greater 

impedance occurs both at the links and the intersections owing to 

more intense vehicular interaction and intersection queueing, and 

the rate of fuel consumption increases drastically as increased 

volume forces travel speed to drop below 40kph (Figure 3.16a). 
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Figure 3.16a: variation of Fuel 
Consumption with the Average Car 
Speed. 
Source: Evera1l (1968) 

Figure 3.16b: Typical Speed/Flow 
Relationships 

Source: HeM (1985) 
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In general, the fuel consumption curve when expressed in relation 

to traffic volume will thus take on a shape as that shown in Figure 

3.17 -- flat at the "low-volume, free-flow" region but rising 

steeply in the "high-volume, forced-flow" region. 
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Figure 3.17: Relationship between Fuel Consumption 
and Traffic Volume 
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For New Zealand road conditions, the fuel cost for a car on urban 

roads of level gradient has been prescribed to lie within the range 

of 4 - 13 cents per km (Figure 3.15). A supply curve representing 

the combined non-fuel and fuel components for urban car at level 

gradient is shown in Figure 3.18. The range for this case is shown 

to be defined by the limits somewhere between 10 - 20 cents per km. 

3.4.3 Travel Time Component 

In addition to the non-fuel and fuel components (generally termed 

vehicle operating costs when combined), the third major constituent 

of the supply curve is the travel time cost of occupants. To 

estimate the travel time component of the supply curve, it is 

necessary to discuss the performance functions of urban streets. A 

performance function expresses the relationship between travel time 

on a link (which its associated intersection) and the flow 

traversing this link. It should capture both the time spent in 

travelling along the road segment and the delay at the downstream 

intersection. The feature, which distinguishes performance 

functions of urban streets from those of rural roads, is the 

particular dominance of intersection delay for the former case. 

The relationship between travel time on a rural road segment and 

the flow on it is commonly represented by Greenshield's model. The 

diagrammatic representation of the link performance function 

corresponding to Greenshield's model is shown in Figure 3.19 

(Sheffi, 1985). However, when intersection delays are being 

considered as in urban network, the backward turn of the 
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performance curve (Figure 3.19) will not be observed i instead it 

will exhibit a monotonically increasing curve. The reason for the 

difference is that most of the delay in urban network is dominated 

by intersection queueing rather than interactions among vehicles in 

moving traffic as on rural roads. A closer look at the delay 

functions of both signalised and unsignalised intersections 

provides an indication of the shape of the performance curves of 

urban links. 
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Figure 3.19: Travel Time Versus Flow 
(from Greenshield's Model) 

Source: Sheffi (1985) 

Consider firstly the delay at\signalised intersection. An analysis 

of the delay at an approach to a signalised intersection requires 

the calibration of four critical parameters, namely the vehicle 

arrival rate, the departure rate, the cycle time and the green 

time. For a given set of parameters, it has been shown that the 

delay can be estimated with good accuracy by the use of';Webster 
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formula (Sheffi,1985). As in the case of any queueing system, the 

delay is observed to grow drastically as the arriving flow 

increases and approaches the output volume capacity. When this 

intersection delay is added to the on-street or road-segment delay, 

the magnitude of the intersection delay usually dominates (Sheffi, 

1985). Consequently, performance curves of monotonically increasing 

functions as those shown in Figure 3.20,are obtained. The curves in 

Figure 3.20 depict the expected vehicle delay at an approach to a 

signalised intersection as a function of the arrivaJ,. rate; the 

approach capacities and green times have been assigned different 

values while the cycle time and departure rate were kept the same. 
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Figure 3.20: Performance Functions of Signa1ised 
Intersection with a Departure Rate 
of 29 veh/min. 

Source: Sheffi (1985) 

Delay analysis for unsignalised intersections involves the use of 

different parameters. Here, the three determining ones are the mean 

flows on both the major and minor roads, and the drivers' critical 

acceptance gap. (The critical acceptance gap is the minimum length 
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of time between two consecutive cars in the major road, which is 

acceptable to a driver on the minor approach to make a merging or 

crossing manoeuvre). 

Consider the delay on a minor approach of an unsignalised 

intersection as that shown in Figure 3.21, in which the major 

traffic flows has priority over the minor flow. A vehicle on the 

minor approach will only move into the intersection if the gap in 

the major traffic stream is larger than the driver i s critical 

acceptance gap. Thus delay is dependent critically not only on the 

arrival rate on the minor approach, but also on the flow 

characteristics of traffic on the major road and the drivers i 

critical gap. 

Figure 3.21: Example of an Unsignalised Intersection. 
The flow from the minor approach q has 
to yield to the flow in the major direction ~. 

Performance functions for an approach to an unsignalised 

intersection, based on the gap acceptance model have been derived 

by Sheffi (1985) for various sets of parameters i values and are 

shown in Figure 3.22. The general shape of the performance function 



in this case is also shown to be one which increases monotonically 

with increasing flow. Thus, the monotonically increasing curves as 

depicted both for the signalised and unsignalised cases can be said 

to be typical of the shape of link performance functions for urban 

streets. 
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Figure 3.22: Expected Delay at an Unsignalised Intersection 
as a Function of the Flow 

Source: Sheffi (1985) 

It is obvious that travel time costs in urban networks reflected 

through the link performance functions are not peculiar to anyone 

country. The relationship between travel time and traffic flow on a 

facility, as expressed by the monotonically increasing function, is 

the result of certain traffic engineering principles. Its validity 

for New Zealand roading conditions is not in doubt. Derivation of a 

supply curve representing the travel time component, at this stage, 

involves the multiplication of the link performance function by the 
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appropriate value of travel time. This will effectively transform 

the time unit of a performance function into the monetary unit with 

the general shape of the function remaining unchanged. The values 

of travel time adopted for this study were those recommended by the 

New Zealand Ministry of Works and Development (see MWD,1984). 

By putting the price-volume curves of the three major components 

together, the probable shape of the supply curve as found in New 

Zealand can now be drawn. Figure 3.23 shows the makeup of one such 

supply curve for the case of an average car in urban conditions. 

Supply curves for other vehicle categories can also be similarly 

derived. It has to be emphasised here that the supply curve is 

facility-specific; even though the general shape of the curve will 

be as shown in Figure 3.23, each facility will have its own unique 

curve. It should also be recalled that the level of aggregation 

used in this study is trip making at the origin-destination zonal 

level. Thus supply curves for links will have to be added up (see 

section 3.3.1) to produce the required interzonal curves. 
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3.5 Cost-Benefit Analysis and Urban Network 

During the last two decades (that is, since the early 60's) cost-

benefit analysis (CBA) has emerged to become one of the most 

important and. widely used investment appraisal frameworks in the 

transport sector. It has formed the basis of investment appraisal 

of many major transport schemes in the UK (including the M1 

Motorway, the Victoria Line underground railway, the siting of a 

Third London Airport and the London M25 orbital motorway). In New 

Zealand, CBA is the only officially sanctioned and accepted form of 

appraisal for major transportation projects. 

In view of the central importance of CBA in project appraisal, some 

brief discussion on CBA may be warranted here. CBA has been defined 

by Prest and Turvey (1965) as being: 

" a practical way of assessing the desirability of 

projects, where it is important to take a long view (in 

the sense of looking at repercussions in the further as 

well as the nearer future) and a wider view (in the 

sense of allowing for side effects of many kinds on 

many persons, industries, regions etc) i.e. it implies 

the enumeration and evaluation of all the relevant 

costs and benefits. 1I 

Or, to put it more precisely, the CBA framework may be regarded 

essentially as consisting of four main stages: 

(1) Identify the range of relevant costs and benefits for 

inclusion; 
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(2) Estimate the magnitude of costs and benefits associated 

with different alternatives; 

(3) Evaluate, on a common scale, the disparate cost and 

benefit differences for different alternatives; 

(4) Interpret, in accordance with selected criteria, the 

evaluated costs and benefits so as to provide 

information to aid in decision making. 

The basic function of CBA is to set out in a systematic way those 

relevant considerations which are quantifiable to help management. 

It is therefore an aid to decision making, not a substitute for it. 

The technique itself has its inherent weaknesses in both theory and 

practice. These weaknesses may be summarised (Button~ 1982; Dunbar, 

1980; Manheim,1979; Gwilliam,1972) as: 

(1) Overemphasis on efficiency considerations. Measures 

include only impacts that are quantifiable; many 

significant social, environmental, ecological, 

aesthetic and other externality items are ignored; 

(2) Non-user benefits and disbenefits are generally not 

included; 

(3) Distributional issues are usually not addressed; 

(4) Assumptions underlying the demand models do not include 

enough transportation attributes that affect travel 

behaviour; 

(5) Inappropriateness of single measure criteria. 

Compressing all the considerations into a single 

measure in monetary unit seems unduly restrictive and 

therefore inevitably inadequate; 
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(6) Elements of risk and uncertainty associated with the 

cost and benefit estimates are ignored. 

From the brief descriptions above, it can be seen that CBA is no 

more than just a technique of appraisal, conceived and thought of 

as a practical way for fulfilling the economic rationale of 

efficient resource allocation. Given its inherent weaknesses, the 

results generated by CBA should not be taken as the only 

consideration which governs a decision. The results must be placed 

alongside a variety of other wider considerations before reaching a 

final decision. As Heggie and Thomas (1982) have aptly put it: 

\I The final number or set of numbers produced by an 

economic evaluation '\oTill therefore not point to a 

unique and unequivocal decision. The economic 

evaluation must thus be seen in context, with its 

measures of priority contributing to only one part of 

the overall process of choice and decision." 

Since the economic theory underlying the CBA has already been 

all uded to in previous sections 1. e. in the concepts of market 

economy, supply and demand relations etc., we shall move on to 

examine the working of CBA in the context of urban transport 

system. 

3.5.1 Issue of Induced Traffic 

In the application of CBA to urban transport system, there's an 

additional difficulty associated with urban networks. It involves 
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the problem of induced traffic that can result from increases in 

demand for an improved facility. The increased traffic over the 

improved facility can be a result of: 

(1) generated traffic consisting of people and goods that 

did not previously travel, and/or 

(2) diverted traffic which switches from its previous route 

onto the improved facility. 

It is therefore important to incorporate adequately these 

interrelated effects in an appraisal of urban transport system. 

Indeed, one of the major deficiencies of the 1960 AASHO (American 

Association of state Highway Officials) guide on "Road User Benefit 

Analyses" relates to its failure to take adequate account of these 

effects (1\..ndersen, 1978). (For this study, "induced" traffic is 

taken to be a collective term for tlgenerated II and "diverted" 

traffic. ) 

To appreciate how these interacting effects may be incorporated 

into the CBA framework, three groups of trips would need to be 

isolated: 

(1) Trips which remain on their original routes; 

(2) Newly generated trips due to a reduction in transport 

costs; 

(3) Diverted trips due to differential changes in the costs 

of travel between origin-destination pairs. 

For simplicity, consider the case of two roads, XY and XZ, in which 

an improvement is introduced on XY (Figure 3.24). All demand curves 

are assumed to be linear. 
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Figure 3.24: Issue of Induced Traffic 

The benefits accruing to the three groups of travellers are as 

follows (Button, 1982; Hutchinson, 1974): 

(1) Total benefit to those who remain on their original 

(2) 

routes (i.e. for trip makers Qxy and ~z): 

Benefit = Qxy (C, - C2) + Qxz (D1 - D2) 

The average benefit accrued to generated traffic (G ), xy 

given lineal" demand curves, will amount to half as much 

as the non-switching travellers (because this group of 

travellers will span, in terms of benefit gained, 

between those marginal trip-makers who would only just 

gain by making a trip and those who would enjoy as much 

additional consumer surplus as the non-switchers): 
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(3) For the diverted traffic (n) from route XZ to XY, the 

benefit may be viewed as consisting of two components. 

The first is the full benefit which will arise from the 

difference in travel cost on route XZ due to their 

switching, i.e. R(D 1 - D2). The second is the average 

benefit which they enjoy 'Vlhile travelling on route XY, 

which is equal to half of the difference in benefit 

between the cost reductions on the two routes, 1. e. 

1/2 R[{C1 - C2) - (D, - D2)]. 

The total benefit to those who switch from route XZ to 

XY is thus given by the sum of the two components: 

Benefit::: R(D 1 - D2) + 1/2 R[(C 1 - C2) - (D 1 - D2)] 

::: 1/2 R[(C1 - C2) + (D 1 - D2)] 

The total benefit of the improvement is the summation of these 

three items: 

Total Benefit ::: Qxy (C 1 - C2) + Qxz (D 1 - D2) 

+ 1/2 Gxy (C, - C2) 

+ 1/2 R [(C, - C2) + (D1 - D2)] ---(3.6) 

To translate it into the travel market concept, let 

t' ::: number of trips between origin X and destination Y xy 
before improvement; 

til ::: number of trips between origin X and destination Y xy 
after improvement; 

t' xz ::: number of trips between origin X and destination Z 

before improvement; 

til ::: xz number of trips between origin X and destination Z 

after improvement. 
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We know that 

t' ::: Qxy xy 
til ::: Qxy + xy 

t' xz ::: Qxz + 

til ::: Qxz xz 

From Eq.(3.6), we have 

Total Benefit 

) 

Gxy + R 

R 

) 

1/2 Qxy (C1 - C2 ) 

+ 1/2 [(~y + Gxy + R)(C1 - C2)] 

+ 1/2 [(Qxz + R)(D1 - D2)] 

+ 1/2 Qxz (D1 - D2 ) 

Substituting Eq.(3.7) into Eq.(3.8), 

Total Benefit ::: 1/2 t' (C 1 C2) xy 
+ 1/2 til xy (C1 - C2) 

+ 1/2 t' xz (D 1 - D2) 

+ 1/2 til xz (D1 - D2) 

::: 1/2 (t' + til )(C C2) xy xy 1 
+ 1/2 (t' + xz t" ) (D xz 1 - D2) 

---(3.8) 

Generalising Eq.(3.9) into origin i and destination j for mode k, 

and let the pre- and post-investment perceived cost of travel be 

represented by the notations p'and pI! respectively, we have 

Total Benefit::: 2: 2: 2:1/2 [(tVo ok + til ° °k)(P'o ok - p"o ok)] --(3.10) 
i j k ~J ~J ~J ~J 

Eq.(3.10) is identical to the "rule of half" formula as suggested 

by Neuburger (see Eq. (3.5) ). In so far as the demand curves are 

linear, the "rule of half" formula can be applied to all transport 

schemes irrespective of whether the interacting effects resulted in 
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any induced traffic in the system. The robustness of the "rule of 

half" approach may be reflected from the fact that, given a linear 

demand curve, each of the six cases of "gain" and "loss II displayed 

in Figure 3.25 has been shown by Harvey (1968) to have a total 

benefit equal to: 

= 1/2 [(tV + t")(pl - p")] 
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Figure 3 .. 25: The Six Cases of "Gain" and "Loss" 
Source: Adapted from Harvey (1968) 

Some other points of interest may also be drawn from Figure 3.25. 

The total benefit accrued to route XY and route XZ for the example 

cited earlier can in fact be represented by the shaded are in 

Figure 3. 25a and 3. 25c respectively. On route XY (Figure 3. 25a) , 

improved facility (or supply condition) has lowered the cost of 

travel but at the same time has induced greater demand. On the 
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other hand, route XZ (Figure 3.250) has experienced a decline in 

demand and a corresponding drop in travel cost as the route is 

relieved of part of its traffic -- the diverted traffic. 

Figure 3.25b resembles a situation where a shift in demand curve to 

the right has brought about an increase in the cost of travel, 

depicting a deterioration in the level of service. Figure 3.25d is 

a converse of the situation in Figure 3.25a. It involves a net loss 

in consumer surplus analogous to a situation where changes have 

brought about adverse impacts and have made certain trip-makers 

worse off. The last two cases (Figure 3. 25e and 3. 25f) depict 

"gain" and IIloss" situations where demands are fixed. 

Despite its robustness, the "rule of half ll approach does have its 

weaknesses. The main weakness lies in the assumption of linearity 

of demand curves. In mathematical terms, this is equivalent to the 

assumption that benefits accrued to induced traffic lie midway 

between their possible maximum and minimum. The assumption, 

however, may not be strictly accurate because in general demand 

curves tend to be convex towards the origin. It is debatable as to 

how valid such an assumption is, but Neuburger has argued that 

given the kind of travel behaviour generally encountered the error 

arising from the assumption is not serious and that any deviation 

is unlikely to be of any practical significance in actual 

evaluation exercises (Neuburger 1971a, p.64). Nonetheless, given 

the other major difficulties of evaluation and measurement, the 

Ilrule of half ll would still remain as a plausible and useful 

approach within the CBA framework for the estimate of user benefits 

in urban transport schemes. 
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CHAPTER 4 

CASE STUDY: 
ECONOMIC EVALUATION OF THE CHRISTCHURCH 

SOUTHERN ARTERIAL 

4.1 Objectives of the Case Study 

At the broad level, the primary concern of this case study is about 

the application of economic evaluation procedures to an urban 

network, whilst at the specific level, the aim is to examine 

critically how in practice the evaluation procedures have been and 

can be carried out in the New Zealand road~ng environment via an 

actual case study. It is also an attempt to integrate the 

methodology of a simulation-assignment traffic model, SATURN 

(Simulation and Assignment of Traffic to Urban Road Networks) with 

that of urban evaluation procedures. 

It is also hoped that advances made in the field of traffic 

modelling can in practice be brought to complement the role of 

economic analysis, to help close the gap which may exist at the 

interface of traffic modelling and economic assessment. 

The objectives of the case study are described as below : 

(a) To utilise the potential offered by the simulation -

assignment model SATURN, to bring the methodology of 

network modelling to be an integral part of an urban 

evaluation process. 

90 



(b) To identify the possible sources of errors and 

uncertainty in the application of the evaluation 

procedures on urban network in the light of New Zealand 

experience, and to estimate their impacts on the 

outcome. 

(c) To make suggestions by which the procedures for urban 

transportation appraisal may be improved to minimise 

the inaccuracy resulting from such errors and 

uncertainties. 

(d) To investigate the differential incidence of user 

impacts within the region under consideration. 

4.2 Background to the study 

4.2.1 The Development of the Christchurch Southern Arterial 

The Christchurch Southern Arterial was first conceived in the 

Master Transportation Plan of 1962 (CRPA, 1962). The central basis 

for the network system in Christchurch as envisaged in the Master 

Transportation Plan consisted of a Northern and a Southern 

Motorway, channelling traffic to and from destinations north and 

south of Christchurch respectively (Figure 4.1). The Southern 

Motorway, which is the subject of this study, was conceived with 

the objectives (CRPA, 1967): 

(a) To give relief to the network of arterial roads which 

were serving traffic in the areas to the south and west 

of Christchurch. The arterial roads which the South 
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Motorway was aimed to relieve were Lincoln Road, 

Blenheim Road and Riccarton Road. 

(b) To provide free and convenient access to the central 

business district (CBD) and beyond, for traffi c from 

the regions to the west and south-west of Christchurch. 

Figure 4.1: The Proposed Northern and southern Motorways 
in Christchurch 

When construction of the Southern Motorway scheme began in 1971, 

the basis for route selection and design details relied largely on 

operational and construction cost considerations (Hasell and Scott, 

1981). Work on the motorway was later halted in 1977, after an 
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investment of approximately $4.85 million (at 1980 prices) had been 

made (Hasel! and Scott, 1981). vlhile finance was being withheld, 

the Ministry of Works and Development (MWD) did an economic 

evaluation of the project. Various modifications to the Southern 

Motorway scheme were made. Essentially it involved the scaling down 

of the size of the project I with the motorway being reduced to a 

two-lane arterial. The MWD 1977 evaluation, based on the modified 

scheme, gave an estimate of the benefit-cost ratio equal to 0.78 

(MWD, 1977). Work then continued on the Southern Arterial in 1978 

until completion in 1981. The total capital cost of the whole 

project amounted to $10 million at 1980 prices (Hasell and Scott, 

1983) • 

In 1979, a second study of the Southern Arterial was commissioned. 

It was to be a before-and-after study based on direct traffic 

surveys (including number plate surveys, floating car and spot 

speed surveys, and origin-destination roadside interviews) • The 

economic analysis from the second study suggested that the Southern 

Arterial scheme was indeed beneficial for it gave an estimated 

benefit-cost ratio of 1.88, almost two and a half times that of the 

MVlD 1977 study. 

4.2.2 The present study 

The present study which constituted a third study of the economics 

of the Southern Arterial, was different from the previous two in 

the following respects: 
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(a) The operational analysis for the present study, which 

was essentially an ex post study, was carried out with 

the use of a computer model. With the previous two 

studies traffic performance was estimated empirically. 

(b) This third study was basically a study of an urban 

network system involving the use of a complete trip 

matrix. The previous two studies considered only a 

subset of trips and the flows on some major links. 

(c) The issue of induced traffic was addressed in the 

present study. This issue was ignored in the first 

study (MWD, 1977), and it is unclear how generated 

traffic was incorporated in the second study. 

The nature of the Southern Arterial scheme involved, in fact, more 

than just the construction of a new arterial road. It 

simultaneously involved changes in intersection control at no less 

than eight locations and the closure of two feeder roads. Placing 

these changes and their possible impacts within the context of an 

urban network, the appraisal of the arterial scheme would have to 

be more than just an analysis of a set of primary roads; it had to 

be an appraisal of an urban network traffic management scheme. The 

use of traffic models, particularly the simulation-assignment model 

SATURN, within the context of an urban network was thus a central 

feature of the present study. The location of the study area is 

shown in Figure 4.2; a network of the streets covered by the study 

is displayed in Figure 4.3(a), and the associated link and zone 

labels coded for the study are shown in Figure 4.3(b). 
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4.2: Location of the study Area 
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Figure 4.3b: Southern Arterial Network with 
Zone and Node Labels 

4.2.3 The Computer Model: SATURN 

As stated earlier, one of the objectives of this case study was to 

integrate the methodology of traffic modelling with the procedures 

of economic evaluation for urban networks. Here, SATURN served as 

the medium with which the above task could be carried out. 
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SATURN (Simulation and Assignment of Traffic to Urban Road 

Networks) is a traffic model developed at the Institute for 

Transport Studies, University of Leeds, UK. It is essentially a 

traffic assignment model, with its strength lying primarily in its 

ability to simulate delays at intersections in great detail. SATURN 

places a great deal of emphasis on intersections and specifiC 

turning movements, and it assumes that delays in a journey are due 

entirely to the delays at intersections. 

Structurally, SATURN consists of two basic iterative phases -- a 

simula tion and an assignment phase (Figure 4.4) • The simulation 

phase determines junction delays resulting from a given pattern of 

traffic. This information on delays is then passed to the 

assignment stage whose role is to select optimal routes through the 

network for each element in the trip matrix. The resulting traffic 

pattern in turn determines a new set of simulated junction delays. 

These iterative loops continue until the flows on two successive 

assignments are within some user-defined convergence criteria (van 

Vliet, 1982). 

SIMULATION 

NEIJ LINK FLOIJ S FL OIJ DELAY CURVES 

ASSIGNMENT. ~ TRIP MATRIX 

Figure 4.4 - The Simulation and Assignment Phases of SATURN 
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In addition, SATURN is also closely interfaced with a trip matrix 

estimation model called ME2 (Matrix Estimation using Maximum 

Entropy). The ME2 model is designed to generate a "most likelyll 

trip matrix consistent with both prior information on the matrix 

plus observed traffic counts to minimise the inherent errors in the 

trip matrix (van Zuylen and Willumsen, 1980). 

4.3 Study Method: Modelling Traffic Behaviour in the Network 

The process adopted for the study is summarised diagrammatically in 

Figure 4.5. 

BEFORE 
IMPROVEMENT 

f 
Trip Generation 

i 
Trip Distribution 

* Updating Prior 
Trip Matrix with 
Observed Counts 

~ 
Assignment and 
Simula tion with 
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Inventory 
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Benefit and Cost 
Estimation 

Benefit-Cost Ratio 
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Estimation of 
Differential Impacts 

AFTER 
IMPROVEMENT 

+ Trip Generation 

• Trip Distribution 

t 
Updating Prior 
Trip Matrix with 
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t 
Assignment and 
Simulation with 
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I 

Figure 4.5 - Schematic Showing Steps in the Evaluation Process 
for this Case Study 
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This study was of the ex post evaluation nature. It had the 

advantage of the availability of actual field data for both the 

pre-investment and post-investment situations. Traffic behaviour 

before and after the improvement could be modelled using inputs 

from observed field data; the need for forecasting was avoided. 

Thus, uncertainty associated with forecast error did not arise. 

Basic input data could be broadly divided into three categories: 

(a) Land-use data of the region. They included zonal 

household distribution, car availabili ty, and 

employment data (required for the stages of trip 

generation and distribution, and trip matrix updating). 

(b) Network data. They were the physical characteristics 

of the links and intersections in the network; to be 

coded and input into SATURN for simUlation and 

assignment. 

(c) Accident records. Needed to predict the impacts of the 

improvement on road accident occurrence. 

As the results simulated by SATURN could not be more accurate than 

the data input to it, the reliability of the results therefore 

depended critically on the accuracy of the two major sets of input 

data namely the trip matrix and the network data. Because of this, 

an elaborate process was carried out to ensure the establishment of 

reliable trip matrices. A two-step process was involved: 

(a) The production of a "prior" trip matrix, and 
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(b) Updating the "prior" trip matrix with observed link and 

intersection counts, to produce a final trip matrix for 

input to SATURN. 

Several traffic sub-models were utilised in the two-step process; a 

Ca tegory Hodel for household trip productions, a Regression Hodel 

for trip attractions, a Gravity Model for trip distribution, and 

the final updated trip matrix was estimated with the ME2 model. 

In comparison, the collection of network data was more straight-

forward and less complicated. The physical arrangement of_links and 

intersections was read directly from road maps, while the input 

saturation flow, which was a function of the physical 

characteristics of the facility, could also be estimated directly. 

Within this network data set, only two parameters were thought to 

involve a slightly more significant degree of uncertainty. First 

was the estimation of link running speed. For an accurate 

estimation, a spot speed distribution for the links concerned was 

required. Since it was beyond our means to conduct speed surveys 

for all the links in the network, estimates for all but three links 

were made on the basis of the opinions of traffic engineers from 

local authorities. The second relates to the timing of signal 

phases at traffic-actuated signalised intersections. One of the 

constraints SATURN has is the requirement to input fixed-time 

signal phases for the signalised intersections for the particular 

time period under simulation. To overcome the problem, a 

preliminary run of SATURN was carried out for each time period. 

(Note that the whole evaluation process was stratified into six 
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time periods; see Chapter 3 for the basis of the stratification.) 

From the preliminary assignment results, the phases times for the 

movements at the intersections were then revised to be proportional 

to the flows for the movements, reproducing a situation analogous 

to a traffic-actuated signal control. The revised signal timings 

became the input to SATURN for analysis. 

'Vlith the establishment of an updated matrix and the relevant 

network data, SATURN formed the last in the sequence of traffic 

sub-models. Using the stochastic user equilibrium principles 

(Ferreira et al, 1984; Sheffi, 1985), SATURN would assign and 

simulate traffic and its behaviour, given the input origin-

destination trip pattern. Relevant outputs included details of link 

flows, turning movements, intersection delays, queue information, 

minimum time trees, and a matrix of interzonal journey time. 

The next stage involved the adoption of information generated from 

the sequence of traffic sub-models for the evaluation procedures. 

Critical linkages 'were provided by the various interzonal matrices 

generated by the traffic models: trip matrices, journey-time 

matrices, distance matrices and journey-speed matrices. From these, 

cost matrices for different vehicle types with different trip 

purposes could then be derived for each of the six time periods. 

The final results were sets of matrices detailing the distribution 

of user benefits by origin or destination zones, and the net 

present value and benefit-cost ratio associated with the road 

scheme. Although the basic level of disaggregation was set at the 

level of origin-destination trips, the procedures used also allowed 
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for further disaggregation in terms of time of day (time periods), 

vehicle types (car, LCV and HCV) , and trip purpose (employer's 

business or other). 

4.3.1 Trip generation and distribution 

For an analysis of an urban network, the availability of a reliable 

trip matrix is an important prerequisite. To this end, trip 

generation and distribution were concerned primarily with the 

production of a "prior" origin-destination (O-D) trip matrix. 

Household trip productions for this Southern Arterial study were 

carried out with the use of a category model formulated from the 

National Urban Transportation Study (NUTS) in 1978, whilst trip 

attractions were estimated with a regression model developed by 

the Transport Study Working Group of the Canterbury United Council 

(Canterbury United Council, 1985a). The basic structures of the two 

models are shown in Figure 4.6 and Figure 4.7. 

Household No. of Persons 
Categor:z: EmElo:z:ed 

1 0 
2 0 
3 0 
4 1 
5 1 
6 1 
7 2+ 
8 2+ 
9 2+ 

TRIP TYPES 
HBII : Home-Based \lork 
RVE : Home Visit Employment 
HBO : Home-Based Other 
NH8 : Non Home-Based 

Car Coefficien ts 
Availabilit:z: HBII HVE HBO 

0 0.00 0.02 0.02 
1 0.02 1.00 1.06 
2+ 0.65 1. 93 1.42 
0 0.00 0.00 0.00 
1 1. 24 1.14 1.08 
2+ 1. 90 2.05 2.57 
0 0.00 0.00 0.00 
1 1.45 0.95 1.30 
2+ 2.68 2.16 2.60 

Figure 4.6 Basic Trip Rate of Categor:z: Model for Trip Production 
(Car Trips) 

NHB 

0.11 
0.76 
1.45 
0.22 
1.86 
3.44 
0.20 
2.54 
4.73 
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HB~ = O.688*TOTEHP 
HVE = O.519*HHOLD+O.823*RETEHP+l.114*PUBEHP 
HBO = O.567*HHOLD+O.732*OFFEHP 
NHB = O.483*HHOLD+2.052*RETEHP+l.196*PUBEHP 
EXTL = O. 142*HHOLD+O. 1 25*TOTEHP 
LCV = O.501*HHOLD+3.770*OFFEHP 
HCV = O.264*HHOLD+O.B12*INDEHP+2.032*STOEMP 

TRIP TYPES 
HB~ Home-Based ~ork 
HVE Home Visit Employment 
HBO Home-Based Other 
NHB Non Home-Based 
EXTL External-Based 
LCV Light Commercial Veh. 
HCV Heavy Commercial Veh. 

EXPLANATORY VARIABLES 
RETEMP Retail Employment 
PUBEHP Public Employment 
OFFEMP Office Employment 
INDEHP Industrial Employment 
STOEHP Storage Employment 
TOTEMP Total Employment 
HHOLD Households 

Figure 4.7 Regression Hodels for Trip Attractions 

Trip productions with the category model were derived from nine 

basic categories with respect to different combinations of car 

availability and number of persons employed per household (Figure 

4.6). For the category model, households formed the basic unit with 

car availability and number of persons employed being the 

explanatory variables. For the regression model, zonal trip 

attractions were conceived as a function of seven independent 

variables associated with the particular zone, namely number of 

households, retail employment, public employment, office 

employment, industrial employment, storage employment and total 

employment (Figure4.7). 

The input data for the two models in the study were extracted, and 

interpolated when necessary, from the New Zealand Census of 

103 



104 

Population and Dwellings 1976 and 1981 (Dept. of Statistics, 1977 

and 1982). 

CAR AVAILABILITY PERSONS EMPLOYED 
ZONE HHOLD (% of Households) (% of Households) 

0 2+ 0 2+ 

17 252 25 52 23 38 38 24 
18 472 15 57 28 10 59 31 
19 118 15 57 28 10 59 31 
21 215 31 46 23 29 47 24 
22 36 31 46 23 29 47 24 
23 106 29 48 23 12 60 28 
24 106 29 48 23 12 60 28 
25 427 29 51 20 36 39 25 
26 427 29 51 20 36 39 25 
27 756 24 53 23 47 29 24 
28 261 20 54 26 23 52 25 
29 392 20 54 26 23 52 25 
30 36 31 46 23 29 47 24 
31 170 36 48 16 26 49 25 
32 252 24 53 23 47 29 24 
33 168 25 52 23 38 38 24 

Figure 4.8 - Input Data for Category Model 

ZONE BHOLD INDEMP STOEMP OFFEMP RETEMP PUBEMP TOTEMP 

17 252 60 32 22 122 95 356 
18 472 208 50 30 116 263 737 
19 118 104 26 8 29 66 249 
21 215 15 4 7 40 84 183 
22 36 30 8 1 7 14 66 
23 106 12 4 4 24 31 83 
24 106 85 31 8 24 62 248 
25 427 148 47 36 75 119 480 
26 427 98 47 36 113 179 528 
27 756 135 44 55 75 146 500 
28 261 83 28 19 73 80 322 
29 392 124 43 28 110 171 533 
30 36 76 22 1 7 14 126 
31 170 74 18 8 53 66 261 
32 252 135 44 55 150 292 750 
33 168 18 10 7 40 63 168 

Figure 4.9 - Input Data for Regression Models 

Figure 4.8 and 4.9 show two sample sets of input data for the two 

models i the resulting outputs are displayed in Figure 4.10 and 
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Figure 4.11. It is to be noted that the category model above did 

not provide for the production of trips for commercial vehicles, 

hence commercial vehicle trips were estimated from the regression 

model only, and that it was further assumed that the zonal trip 

productions and attractions for commercial vehicles were equal 

(Figure 4.10 and Figure 4.11). 

ZONE HBII HVE HBO NHB Lev Hev TOTAL 

17 202 255 272 396 209 180 1514 
18 586 561 634 1022 350 395 3548 
19 145 140 159 255 89 168 956 
21 178 207 222 337 134 77 1155 
22 30 35 36 55 22 50 228 
23 107 106 118 190 68 46 635 
24 107 106 118 190 83 160 764 
25 326 401 433 639 350 328 2477 
26 326 401 433 639 350 288 2437 
27 548 764 807 1121 586 399 4225 
28 265 288 316 484 202 193 1748 
29 398 433 475, 728 302 292 2628 
30 30 35 36 55 22 116 294 
31 128 142 154 242 115 142 923 
32 182 255 270 374 334 266 1681 
33 135 169 181 264 III 79 939 

Figure 4.10 - Zonal Trip Productions 

ZONE HBII HVE HBO NHB EXTL LeV Hev TOTAL 

17 245 337 159 486 80 209 180 1696 
18 507 633 290 781 159 350 395 3115 
19 171 159 73 195 48 89 168 903 
21 126 238 127 286 53 134 77 1041 
22 45 40 21 48 13 22 50 239 
23 57 109 63 138 25 68 46 506 
24 171 144 66 175 46 83 160 845 
25 330 416 268 502 121 350 328 2315 
26 363 514 268 652 127 350 288 2562 
27 344 617 469 694 170 586 399 3279 
28 222 285 162 372 77 202 193 1513 

-29 367 484 243 620 122 302 292 2430 
30 87 40 21 48 ' 21 22 116 355 
31 180 205 102 270 57 115 142 1071 
32 516 580 183 779 130 334 266 2788 
33 116 190 100 239 45 111 79 880 

Figure 4.11 - Zonal Trip Attractions 



With a previous region-wide trip matrix being made available by the 

Transport Study Working Group (TSWG) of the Canterbury United 

Council, the task of trip distribution for the study was greatly 

simplified. Trips generated from the two sub-models earlier were 

distributed manually in proportions similar to the TSWG's O-D trip 

matrix (which was derived from a gravity model). However, the 

"prior" trip matrix so obtained was a 24-hour, daily trip matrix; 

it had to be subdivided, to give a trip matrix for each of the six 

time periods. 

Scaling was necessary for two reasons. Firstly, it was to account 

for the variation in demand conditions over the day (See Chapter 

3). Secondly, as one of the fundamental assumptions intrinsic to 

SATURN is that the pattern of traffic flow is constant over the 

time period of analysis, the investigation of the average behaviour 

of the traffic system therefore has to be restricted to within a 

certain time period. Analysing the behaviour of a traffic system 

with a daily trip matrix would, in this case, be too aggregated to 

be of any meaningful purpose. Stratifying traffic conditions along 

the temporal dimension into meaningful time periods was therefore 

essential. 

The proportion of trips per hour (expressed as a percentage of the 

daily trips) for each of these time periods, are given in 

Table 4.1. 
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Table 4.1 The Average Proportion of Trips Per Hour for the 
Six Time Periods 

------------------------------------------------------------
Time Period Time Hours Proportion 

of . per of the daily (3)x(4) 
day day trips 

(1) (2) (3) (4) (5) 

WEEKDAY ----_ .... -
Morning Peak 0100-0900 2 9.6% 19.2% 

Evening Peak 1600-1800 2 9.6% 19.2% 

Off Peak 0900-1600 1 6.4% 44.8% 

Night 1800-0100 13 1.3% 16.9% 

Total 24 100%" 

WEEKEND 
.... _--_ .... -
Day 0800-1800 10 6.0% 60.0% 

Night 1800-0800 14 1.0% 14.0% 

Total 24 14%11 

Note : Proportions for the 4 weekday periods were based on 
the 1918 National Urban Transport Study; those for 
the weekend periods were estimated from the hourly 
volume inventory for the area. For most locations in 
the area, the weekend flows (24-hour) were found to 
lie between 10% - 15% of the average daily volume. 

II Values rounded. 

At this stage, the six trip matrices had still to be "balanced" to 

satisfy the production/attraction constraints (such that the column 

and row sums of the matrix were comparable with the observed zonal 

trip productions and attractions). Special attention was given to 

the phenomenon of peak hour "build-up". To account for the build-

up in demand at both the morning and evening peaks, the following 

assumptions in terms of land-use and trip-making were made: 
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Nature of zones Proportions of daily trips 

Residential zones P (am-peak) :::: 12.2% P (daily) 

A (am-peak) :::: 7.0% A (daily) 

p (pm-peak) :::: 7.0% P (daily) 

A (pm-peak) :::: 12.2% A (daily) 

Employment zones P (am-peak) :::: 7.0% P (daily) 

A (am-peak) :::: 12.2% A (daily) 

p (pm-peak) :::: 12.2% P (daily) 

A (pm-peak) ::: 7.0% A (daily) 

Mixed zones P (am-peak) ::: 9.6% P (daily) 

A (am-peak) :::: 9.6% A (daily) 

p (pm-peak) ::: 9.6% P (daily) 

A (pm-peak) ::: 9.6% A (daily) 

p :::: Trip productions 

A :::: Trip attractions 

Note : The assumptions above were partly judgemental and 

partly the result of a local study (Williman et al, 

1977) . 

4.3.2 Updating the "prior" trip matrices 

The process carried out so far had one basic aim: to produce sets 

of "prior" trip matrices which were reasonably reflective of the 

traffic situation at the particular time periods. These "prior" O-D 

matrices were then revised and updated with the use of the ME2 

model to get as good a match as possible between observed and 

predicted link and intersection flows, producing the "final" O-D 

matrices for input to SATURN for analysis. Since SATURN was based 
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on a fixed matrix it was clear that the accuracy of the results 

would depend critically on the validity of that matrix. The need 

for a valid trip matrix for input to SATURN could not be 

overemphasised. Putting the errors in count measurement aside, it 

appeared that the accuracy of the "final" O-D matrices generated by 

ME2 '\-laS also dependent on the accuracy of the IIprior" O-D matrices. 

Tests were carried out on ME2 for two cases in which equal amounts 

of count information were provided, except that one case started 

with a "prior" matrix and the other without. [Note: In the latter 

case, the model would start from the premise that all trips were 

equally likely which was, in effect, equivalent to the assumption 

of a "prior" matrix in which all elements were equal (Ferreira et 

al, 1984)]. The "final" matrix produced by the model for the first 

case (Le. the one with the "priorI! matrix), when compared with the 

flow pattern in the study area, was found to be more accurate and 

realistic than that for the second case. 

The use of extra and better information from a good "prior" matrix 

served to speed up the rate of convergence and improve the accuracy 

of the updated matrix. The availability of good "prior" matrices 

was particularly significant in view of the fact that count records 

were available for only less than half of the links in the region. 

For each of the six time periods, three trip matrices were 

constructed: 

(a) an O-D matrix based on the 1979 trip pattern before the 

construction of the Southern Arterial [OD79BF]. 
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(b) an O-D matrix based on the 1981 trip pattern after the 

completion of the Southern Arterial [OD81AF]. 

(c) an O-D matrix based on the trip pattern of a 

Ifhypothetical" situation where the Southern Arterial 

was assumed to be absent [OD81BF]. 

There were two main reasons for selecting 1979 as reference for the 

Ifbefore lf case and 1981 for the Ifafterlf study. First, the Curletts 

Road to Halswell Road extension (one of the two major arms of the 

Southern Arterial project) was opened to traffic in October 1979; 

vlhile the other arm was made operational only in May 1981. Impacts 

of the scheme on traffic in the region thus began as early as 

October 1979. Inventory data representing the pre-investment 

situation would have to be based on those dated before October 

1979. Similarly, post-May 1981 data would be needed to estimate the 

post-investment conditions. 

The second reason was a practical one: the time reference was made 

to coincide deliberately with that of an earlier work, the "Before 

and After Study of Christchurch Southern Arterial" (Hasell and 

Scot t, 1981 and 1983). Hasell and Scott's vlOrk was primarily an 

empirical study based on field surveys carried out in the month of 

September, in both 1979 and 1981. The network coded for analysis 

with SATURN in this study was identical to that defined in Hasell 

and Scott's study. The locations of the three O-D matrices along a 

time base are shown in Figure 4.12. 
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Trip 
Matrix 
OD79BF 

1 
I 

Sept. 
1979 

Halswell 
Extension 
was Opened 

I 

Oct. 
1979 

The Southern Arterial 
was Completed and 
Opened to Traffic 

Trip 
Matrix 
OD81BF 

Trip 
Matrix 
OD81AF 

T 
I 

May 
1981 

I B:oo Time 
Sept. 
1981 

Figure 4.12 Time Frame Showing Development of the Arterial and 
Dates of Trip Matrices 

The two sets of O-D matrices, OD79BF and OD81AF, were obtained 

through updating the "prior" matrices by ME2. Apart from the count 

information from the appropriate time period, zonal trip 

productions and attractions were also input to serve as constraints 

so that zonal trip ends in the updated matrix would not deviate 

greatly from the original estimated values. Figure 4.13 displays a 

schematic showing the different segments of SATURN, including its 

linkage with the ME2 sub-model. 
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New Trip Matrix No 
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Yes ~ 
New Flow-Delay No 
Curves Required? --'=--;-----' 

Yes I 
~-----------~ 

Network Building 
and Checking 

Assignment 

Simulation 

Route Choice 
Probability 

Update Trip 
Matrix 

** STOP when link flow changes sufficiently small and final simulation 
complete. Then use SAT LOOK to get final performance measures. 

Figure 4.13: Schematic Showing Different Segments of SATURN 

It would be improper, however, to compare the effects of "before" 

and "after ll Arterial with O-D matrices from the two different time 

periods (1979 and 1981) separated by a gap of two years. Even 

without the introduction of the Southern Arterial, traffic 

conditions may be very different at the two time periods due to 

changes in the land-use pattern and other socia-economic factors. 
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Besides, the computation and comparison of economic cost and 

benefits require the reference of a common base time. Effects due 

to the natural traffic growth and those due to the existence of the 

Arterial ,,[ould need to be separated. Thus, a trip matrix which took 

into account the natural traffic growth but ignored the effects of 

the Arterial, was thus needed. To do that, it was decided to 

generate a "fictitious" trip matrix (OD81BF) by multiplying the 

updated 1979 matrix (OD79BF) by a factor of 1.054, as the general 

rate of traffic growth for the region was recorded to be 5.4% over 

the two-year period (Hasell and Scott, 1983, p26). Therefore, 

subsequent economic analyses of the pre- and post-investment 

conditions were all based on the trip matrices OD81BF and OD81AF. 

4.4 Results From SATURN 

An analysis of the results from SATURN will be discussed in two 

parts: 

(a) an analysis on the flow pattern before and after the 

introduction of the Southern Arterial, base on results 

from the assignment phase, and 

(b) a delay analysis on the differential impacts of the 

Arterial scheme on the interzonal journey times, based 

on the output from the simulation phase. 

From the above operational analyses, attempts will be made to draw 

out areas that may have significant implications in the appraisal 
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of the economic worth of the project. This will form the third part 

of the discussion. 

4.4.1 Traffic Assignment: Analysis of Flow Pattern 

4.4.1 . 1 Reliability Check 

o Before change 
x After change 

2000 AM-PEAK 2000 OFF-PEA/ 

1000 1000 
o J"* 

0 
--... 1000 2000 0 1000 2000 
J:: 
Q ;:,. 
"-

PM-PEAK / NIGHT 
~ 2000 2000 
a 
G: x x 0 

fi 1000 1000 
::::.. 
Cl:: 
iJ..J 
V) 
Q) a a a 1000 2000 1000 2000 

2000 
WEEK/ 2000 WEEKEND 

DAY NIGHT 

1000 AO 1000 

0 
1000 2000 0 1000 2000 
- ASSIGNED FLOW (vph)-

Note (1) Check points on links: 40-41, 23-24, 44-47 (before only), 
39-42 (after only), 29-30 (before only), 35-38, 
23-25 (after only), 27-53 (after only), 22-23 (after only), 
41-42 (before only), and 36-42 (after only). 

(2) The lines do not represent best-fit lines, but represent 
the ideal case of assigned flow always exactly equal to the 
observed flo,'/. 

Figure 4.14: Comparisons of t,'"::e :~ss2;ned and Observed FlOvlS at 
Various Chec~ ?c~~cs 
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The results of traffic assignments from SATURN for the "before" and 

"after" Arterial networks, for each of the six time periods, can be 

found in Appendix A. Taking advantage of the ex post nature of 

this study, the reliability of assigned flows by SATURN have also 

been checked against observed counts from nine locations in the 

network. These are the selected strategic locations whose count 

information have deliberately been excluded from the information 

set (of observed counts) input into ME2 for matrix updating. These 

serve as check points at which assigned and observed flows can be 

compared. 

The results of assignment from SATURN have indeed turned out to be 

satisfactory. Comparisons of the assigned and observed flows at the 

various check points for the six demand periods are summarised 

graphically in Figure 4.14. 

4.4.1.2 Traffic on the Southern Arterial: Where does it 

come from? 

To establish the impacts of the Southern Arterial on the traffic 

pattern in the network, a screen line approach is employed. Figure 

4.15 shows the location of the Southern Arterial, the Central 

Business District (CBD) and regions to the North-West and the South 

East, while Figures 4.16 and 4.17 show the location of the screen 

line, selected on the basis that vehicles passing a particular 

point at the screen line will be most unlikely to be crossing it 
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again at any other point. This is to prevent "double counting" the 

movement of a vehicle; thus the movement of traffic from one half 

of the network to the other can be more reliably established. 

Figure 4.16 and Figure 4.17 show the changes in the assigned two-

way flevlS (!ibefore" and "after II the Arterial) for all the links 

which cross the screen line during weekday morning peak (am-peak) 

and weekday off-peak respectively. (An analysis on all the six time 

periods will be discussed later.) It is sufficient for the moment 

to draw on the flow patterns in the am-peak and off-peak time 

periods to establish some general ideas on where the traffic on the 

Arterial must have come from. 

NORTH 
WEST 

BLENHEIM 
ROAD 

• MAIN ACCESS 
POINT TO THE 
ARTERIAL 

~ 
~ ;=:: 
~ ):,. 

~ 
~ 
~ 

):,. ~ 0 

r-~ 
):,.~ 
~lt) 
1110 
~ 
It) 

RICCARTON ROAD 

N 

J 
CBD 

BROUGHAM ST. 

'\ JERRO\"O 
5T. 

SOUTH 
EAST 

Figure 4.15: The Southern Arterial, the CED, Regions to 
the North-West and South-East. 
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Figure 4.16: Changes in Flow Volume After 
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Figure 4.17: Changes in Flow Volume After 
the Improvement (offpeak) 
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The assignment from SATURN suggests that an average of 1313 vph 

will be loaded to the main arm of the Southern Arterial during the 

am-peak period (Figure 4.16). The decrease in flow on the three 

parallel roads (Riccarton Road, Blenheim Road and Birmingham Drive) 

totals 806 vph. This decrease, which reflects the amount of traffic 

diverted onto the main arm of the Arterial after its introduction, 

makes up about 61% (=806/1313) of the traffic there. If it can be 

assumed that generated traffic on these three parallel roads is 

unlikely to be significant, then the actual proportion of diverted 

traffic on the Arterial will not be very far from the estimated 

61%. The assumption is not unreasonable, as it will be shown later 

in Section 4.4.2 , that the attractiveness of these roads in terms 

of journey time has hardly been enhanced by the Arterial. The 

remaining 39% of Arterial traffic can thus be assumed to consist of 

generated traffic and traffic attracted from routes outside the 

network. 

An examination of traffic on the Halswell Extension (the other arm 

of the Arterial) reveals that 80% (=380/477) of its traffic would 

probably have been diverted from the closure of Annex Road. These 

results suggest that diverted traffic from the neighbouring 

arterial roads seem to form the major proportion of the Southern 

Arterial traffic during the peak hours. However, it is otherwise 

for the off-peak hours. Table 4.2 shows that generated traffic 

actually dominates during the off-peak hours. 
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Table 4.2 Diverted and Generated Traffic on the Southern 
Arterial 

AM-PEAK 

Diverted Traffic 

Generated Traffic 

Total 

OFF-PEAK 

Diverted Traffic 

Generated Traffic 

Total 

Southern Arterial 

Main Arm 

61% 

39% 

100% 

39% 

61% 

100% 

Halswell Extension 

80% 

20% 

100% 

24% 

76% 

100% 

In economic terms, Table 4.2 also suggests that user benefits for 

the peak hours would accrue predominantly from diverted traffic, 

while benefits due to generated traffic would account for the major 

proportion of the benefits at offpeak hours. 

From Figure 4.16 and Figure 4.17, it can be deduced that the 

diverted traffic on the main arm of the Arterial comes mainly from 

Blenheim Road and Birmingham Drive, while that on the RaIswell arm, 

as has been mentioned, comes largely from Annex Road. It may not be 

as obvious in the case of generated traffic, nevertheless certain 

plausible deductions can still be made. Since the Southern Arterial 

is a I imi ted acce ss, high standard arterial road, any increased 

attractiveness due to the Arterial (in terms of cost or travel time 

saving) can only be felt at the vicinities of the three main access 

points or at regions beyond. Conversely, it also means areas within 

the network traversed by the Arterial but have no access points to 
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it, would be unlikely to generate any traffic to the Arterial. 

Generated traffic on the Southern Arterial can thus be assumed to 

have come mainly from three regions: 

(a) areas to the west and north-west of the network; 

(b) areas to the west of Ralswell Road; and 

(c) areas to the east and south-east of Jerrold Street. 

It has yet to be established whether this "generated" traffic is in 

fact trips generated by the Arterial which would otherwise not be 

made, or is it' due to trips shifted to the Arterial from routes 

outside the defined network. 

4.4.1.3 Objective of the Southern Arterial: Provision of Relief 

At the operational level, Table 4.3 provides some indications on 

the impacts which the Southern Arterial may have on the traffic 

TABLE ~.3 Level of Traffic ( 2-way ) at some major roads 
affected by the Southern Arterial: Before and 
After the Improvement. 

AM-PEAK OFF-PEAK 
------_ .... 

% of % of 
"BF" "AF" Traffic "BF" !lAF" Traffic 

Relieved Relieved 

Riccarton Rd 1038 9~7 9% 968 944 2% 

. Blenheim Rd 1902 1327 30% 1481 12~0 16% 

Birmingham Dr. 216 76 65% 151 45 70% 

Lincoln Rd ll 1641 850 48% 1111 825 26% 

II As Lincoln Road is not crossed by the screen line, its 
flows are taken from Appendix 4A, at a location just east 
of Wrights Road. Note also the "relief" received by 
Lincoln Road is partly attributed to the "relief" at 
Birmingham Drive, as both road segments lie on a common 
origin-destination route. The same relief provided by the 
Arterial would appear twice; once at Birmingham Drive, the 
other at Lincoln Road. 
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level on the three neighbouring arterial or subarterial roads. As 

one of the stated objectives of the Southern Arterial scheme is to 

provide relief for the three parallel arterial roads, namely 

Riccarton Road, Blenheim Road and Lincoln Road, the achievement as 

indicated by Table 4.3 is a mixed one. 

If a certain amount of traffic has been diverted onto the Arterial 

from a particular road on which there is little generated traffic, 

consistency requires that a corresponding decrease in traffic be 

also observed on that road. It is therefore clear that had the 

Southern Arterial been successful in relieving the other minor 

arterial roads in the area, it would be reflected in the traffic 

level on those roads for the Before and After Arterial cases. Table 

4.3 reveals that the relief received by Riccarton Road is very 

marginal. 

The extent of impacts on Blenheim and Lincoln Road, on the other 

hand» is time dependent. A high degree of relief is achieved for 

both Blenheim and Lincoln Road (averaging from 1 in 3 to 1 in 2 of 

the vehicles being diverted onto the Arterial) at the peak hours. 

The impact however is much less for the offpeak hours, reducing the 

proportion of diverted traffic by half (to an average of 1 in 6 and 

1 in 4 respectively for Blenheim and Lincoln Road). This reflects 

the fact that the benefits of the Arterial are probably heavily 

time dependent too. Surprisingly, it is the small sub-arterial 

road, Birmingham Drive which has got the most consistent and the 

highest proportion of relief, with a consistent proportion of 

diverted traffic of 2 in 3 for both peak and off-peak hours. 
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4.4.1.4 Demand Variations 

It has been shown in the preceding chapter that the cost of travel 

increases monotonically with traffic flow. In addition, the 

significance of the short-run variation in demand conditions has 

also been discussed. Assignment results from SATURN provide 

information on the extent of variation across the six time periods. 

Table 4.4 shows the level of traffic for the after Arterial case, 

for each of the six time periods. 

Table 4.4: Short-run Demand Variations on Some Roads* 

(IV) (III) (II) (I) 
-----_ ..... _---_ ..... -- ------- - .......... ---- ---------------
pm-peak am-peak offpeak weekend weekday weekend 

day night night 
-_ ..... _----------- .......... _---- ------- ..... -_ ..... _-_ ............... _ .... __ ..... 

Arterial 1433 1313 962 551 225 167 

Ralswell 
Extension 596 477 389 401 102 98 

Riccarton 
Road 1293 947 944 676 281 243 

Blenheim 
Road 1775 1327 1240 664 274 177 

Flows are in vph, at locations where the links cross the 
screen line 
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An inspection of Table 4.4 suggests that 4 broad bands of variation 

can be discerned: 

(I) 

(II) 

(III) 

(IV) 

a night-hour band (weekday night and weekend 

night); 

a weekend-day band; 

a weekday-offpeak band; and 

a peak-hour band (pm-peak and am-peak). 

The assigned flows over the four links for band II, III and IV are 

found to be approximately 2 times, 4 times and 5 times respectively 

that of band I. Now, given the fact that the demand for travel can 

fluctuate so drastically, and that the cost of travel assumes a 

monotonically increasing function, an analysis of the economic 

consequences of the Arterial would therefore require separate 

treatments for the different time periods. Selecting just anyone 

of the bands for analysis will inevitably introduce a potentially 

serious source of bias. Indeed, it will be shown later that both 

the two previous studies (the MWD 1977 evaluation, and the Hasell 

and Scott study) have been subject to such bias. 

4.4.1.5 Conclusions 

From the results of the traffic assignment, the following 

conclusions are made: 

(1) Comparison of the assigned flows with the observed 

counts at various check points in the network suggests 

that the assignment from SATURN has been satisfactory. 
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(2) Traffic diverted onto the Southern Arterial has come 

mainly from Blenheim Rd, Birmingham Drive and Annex 

Road. Vicinities around the three main access points to 

the Arterial, and regions beyond, are the likely 

origins of the generated traffic on the Arterial. 

(3) The proportion of diverted to generated traffic (as 

found on the Arterial) varies significantly over the 

time of day. 

(4) Of the three main arterials in the area whose traffic 

the Southern Arterial was intended to relieve, 

Riccarton Road is the one least affected while the 

relief observed on both Blenheim and Lincoln Road 

fluctuates greatly with time. 

(5) The short-run demand variation on some of the main 

arterials in the network is shown to be drastic. 

Average flows during the weekday peak and offpeak time 

periods are estimated to be 5 and 4 times 

(respectively) that of the night period (weekday or 

weekend) • 

4.4.2 Delay Simulation and Analysis 

One of the attractive features of SATURN is the high level of 

detail devoted to simulation of delay at intersections. Since 

junction delays are one of the major determinants of urban travel 

times, the accurate modelling of such delays assumes considerable 
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importance in the appraisal of an improvement scheme for an urban 

network. 

To study the economic implications of the Southern Arterial, it is 

proposed to begin first with routes which are reckoned to be 

affected by the Arterial, and have some ramifications for the cost 

of travel. It will then be followed by an investigation into the 

direct cost of travel on the Arterial itself. 

4.4.2.1 Delays: Trips Remaining on the Existing Arterial Roads 

Since the Southern Arterial has been conceived, at least partly, 

out of the need to relieve congestion or potential congestion on 

the three existing arterial roads in the area (namely Lincoln, 

Blenheim and Riccarton Roads), the delay patterns along the 

following routes are thus selected for investigation: 

(A) Halswell-Lincoln-Hagley route 

(B) Blenheim-Moorhouse route; and 

(C) Yaldhurst-Riccarton route. 

It is essentially an investigation into how would the Southern 

Arterial Scheme (with its associated traffic management 

modifications) affect the travel time of trips which choose to 

remain on their original routes; whether they have been made better 

off or worse off as a result of the changes. 
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(A) Halswell-Lincoln-Hagley Route 

Figure 4.18 shows the location of the above route in the network; 

intersections along the route are represented by the nodes as coded 

for the assignment model. 

N 

NODES (INTERSECTIONS) 
ALONG THE ROUTE.' (5)_(28)_(29)_(30)~(31J-(31,)-(35)-(38)-(ll) 

Figure 4.18: Ha1swe11-Linco1n-Hag1ey Route 
(Node 5 - Node 11) 

A comparison of the intersections delay (during the am-peak period) 

for nodes along the route "before" and "after" the Arterial is 

displayed in Table 4.5. The modifications to the network have, in 

fact, increased the overall delay along the route marginally by 4 

seconds (Table 4.5). A change in the form of intersection control 

at nodes 28 and 29, from a priority to a signalised control, is 

shm.,rn to have imposed a relatively substantial delay. The 

additional delay imposed by this change in intersection control is 

in excess of the reduction resulting from the drop in traffic level 
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due to diversion of trips. Changes in intersection control are thus 

shown to have greater effects on intersection delay than the 

variation in traffic volume. This may not be too surprising if one 

were to consider the pattern of delay for the two forms of 

intersection control. 

Table 4.5 Delays at the Intergections along the HaI9well-Lincoln-Hagley Route. 

Node 28 29 30 31 34 35 38 

• Form of 
Control NE .... S P-"S P P S P S 

** Delay After 
Arterial 12 3 a a 12 a 27 

-- Delay Before 
Arterial 0 a 0 a 15 a 35 r---

:E 

• Difference +12 +3 a a -3 a -8 +4 

* NE = Non Existent: P = Priority: S = Signalised: R Roundabout. 
** Values in sec./vehicle. 

Signal phases ;or Node 28 & 29 are linked. 

Figure 4. 19 shows two delay functions, one for each of the two 

forms of intersection control. (See Section 3.4.3 for examples of 

specific delay functions for both signalised and unsignalised 

intersections.) For these two particular delay functions, it is 

clear that signalised control can only be advantageous if the flow 

rate exceeds half of the output volume capacity of the priority 

junction. Replacing priority control with signalised control at 

intersections where there are long periods of low flow, may indeed 

increase the delay at the intersections. 
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Figure 4.19 also reveals that strategies to reduce intersection 

delay by diverting or relieving its traffic load can only be 

effective if the original traffic level is reasonably high. At 

volume V1 (Figure 4.19), replacing priority control by signalised 

form gives a sizeable reduction in delay; while at V2 , the new form 

of control actually increases the delay. The situation is flow-

dependent; the original flow level before the modification is 

therefore a critical factor. Thus, any further reduction of flow at 

an intersection with a volume/capacity ratio of anything less than 

0.5, will be unlikely to bring about any sUbstantial improvement in 

delay. 

Control Control 
Type I Type. II 

(Priority) (Signalised) 

:::... 
'<;( 

I Output 
-.J 
Lu 
Cl I Volume 

\output Capacity 
Volume I Capacity 

V2 VI VOLUME 

Figure 4.19: Delay vs Volume for Priority 
and Signalised Controls 

Source: Adapted from Sheffi (1985) 

Now, with the volume/capacity ratio along the Halswell-Lincoln-

Hagley route observed to lie within the range of 0.30 - 0.50, 

"relief" (from the Southern Arterial) at this traffic level would 

offer very little in delay reduction. Also given this traffic 

level, the change of intersection control from priority to 
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signalised at two locations has not helped either. On the contrary, 

the change has in fact aggravated delay, resulting in an overall 

increase of 4 sec/trip over the route (Table 4.5). 

Table 4.6 illustrates how the existing travellers on the Halswell-

Lincoln-Hagley route have been affected (in terms of journey time) 

by the modifications associated with the Southern Arterial. 

Travellers remaining on the route have definitely been made worse 

off in journey time by an increase averaging 8 to 10 sec/trip 

(Table 4.6). 

Table 4.6 Journey TiMea on Halawell-Lincoln-Hagley Route (Node 5-Node 11) 
Tor the 6 Time Periods 

weekday weekday weekday weekday 
pm-peak am-peak oHpeak night 

After Arterial 256 253 255 24e 

Before Arterial 247 249 243 232 

.. Oi Herence 9 4 12 8 

.. Values in sec./trip +ve = increase in delay 
-ve = reduction in delay 

(B) Blenheim-Moorhouse Route 

weekend weekend 
day night 

254 241 

241 231 

13 le 

The location of the· Blenheim-Moorhouse route in the network is 

shown in Figure 4.20. 
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N 

I 

NODES (INTERSECTION) 
ALONG THE ROUTE: (I.) - (23) -(21.) -(51) -(50) -(1.7) - (1.1.)-(1.2)-(39) - (38)- (10) 

Figure 4.20: Blenheim-Moorhouse Route 
(Node 4 - Node 10) 

As has been shown in the preceding section, Blenheim Road is the 

other of the arterial roads which has observed a reasonable degree 

of relief as a result of the Southern Arterial. But, to what extent 

has this relief translated itself into reduction of delay and hence 

economic saving? The discussion which follows will attempt to 

answer this. 

Table 4.7 Delays at the Intersections alon~ the Blenheim-Hoorhouse Route. 

Node 23 24 51 58 47 44 

.. For .. of 
Control P-+S S S P P S 

lH Delay After 
Arter ial 25 4 e 8 e 6 

.. " Delay Before 
Arterial e 9 e 8 8 7 

• Di fference +25 -5 e e 8 -1 

• P = Priority: S = Signalised: R Roundabout . 
•• Values in sec./vehicle. 

42 39 38 

S R S 

8 6 23 

12 7 26 I--
I 

-4 -1 -3 +11 
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Table 4.7 reveals a net increase of 11 sec/trip in overall 

intersection delay along the Blenheim-Moorhouse route after the 

introduction of the Arterial Scheme. Even though Blenheim Road has 

benefitted from a substantial relief in flow (especially at the 

peak hours; see Table 4.3), the resultant reduction in delay at all 

other intersections along the route is far below the additional 

delay accrued from the installation of a new signalised control at 

the Blenheim/Curletts/Arterial intersection (Node 23; Table 4.7). 

The flow volume along this route is noted to be no more than 650 

vph/lane at anyone time; it has a volume/capacity ratio ranging 

between 0.30 - 0.40. At this level of traffic flow, modifications 

to the form of intersection control are again shown to have greater 

influence on delay than the reduction in flow volume. Table 4.8 

shows how the journey times of existing travellers using the route 

have been affected by the Arterial Scheme. On the average, journey 

time has been increased by 15-17 sec/trip. Given that Blenheim Road 

is one of the most heavily loaded routes in the area, the 

additional economic cost to the users remaining on this route may 

be considerable. 

Table 4.8 Journey Times on Blenheim-Hoorhouse Route (Node 4-Node 10) 
for the 6 Time Periods 

weekday weekday weekday weekday 
pm-peak am-peak oHpeak night 

After Arterial 338 337 336 320 

Before Arter i II. I 320 326 316 304 

" Difference +18 +11 +20 +16 

* Values in sec./trip +ve increase in delay 
-ve reduction in delay 

weekend weekend 
day night 

331 321 

312 304 

+19 +17 
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(C) Yaldhurst-Riccarton Route 

NODES (INTERSECTIONS) 

CHURCH 
CORNER 
REGION 

N 

ALONG THE ROUTE.' (2)-{/8)-(!9)-(20)-(2/J-(48)-(46)-(45)-(43)-(4!J-(1.0)-(T2) 

Figure 4.21: Ya1dhurst-Riccarton Route 
(Node 2 - Node 12) 

The location of the Yaldhurst-Riccarton route and the nodes along 

the route are shown in Figure 4.21. Though the existence of the 

Southern Arterial has been shown to have little impact on traffic 

on the the major part of Riccarton Road, it is not so at the Church 

Corner region, i.e. at· the vicinity of the intersections of 

Yaldhurst/Riccarton and Riccarton/Waimairi/Hansons (Nodes 19, 20 

and 21 in Figure 4.3(b)). As Curletts Road, Yaldhurst Road and Peer 

Street have been modified to become an integral part of the 

Southern Arterial, a large proportion of the north to south and, 

possibly, north-west to south-east trips have been diverted onto 

these roads which channel traffic to the Arterial. Consequently, 
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traffic levels on the previous feeder roads, Waimairi Road and 

Hansons Lane, have declined correspondingly as they are relieved of 

this feeder load. 

Simulation results tabulated in Table 4.9 again show that the 

provision of a new signalised intersection control (node 18) 

becomes a dominant factor contributing to the increase in overall 

delay. Changes in the journey time for travellers remaining on this 

Yaldhurst-Riccarton route are shown in Table 4.10. The additional 

delay on this route averages 10 to 12 sec/trip (Table 4.10). 

Table 4.' Delays at the Intersections alonQ the Yaldhurst-Riccarton Route. 

Node 18 19 213 21 48 46 

.. Form of 
Contro 1 p ..... S P S S P 

III. Delay ATter 
Arterial 15 'I 12 5 13 

.... Delay Before 
Arterial 'I a 11 6 a 

II Di Herence +15 a +1 -1 a 

II P = Priority: S = Signalised: R = Roundabout • 
.... Values In sec./vehicle. 

S 

8 

8 

a 

45 43 41 413 

S S S R 

6 4 8 7 

5 6 13 7 

+1 -2 -5 a 

I---
I 

+9 

Table 4.113 Journey Times on Yaldhurst-Riccarton Route (Node 2-Node 12) 
for the 6 Time Periods 

weekday weekday weekday weekday 
pm-peak am-peak oHpeak night 

After Arter i a 1 347 3413 3413 323 

Before Arterial 333 331 326 313 

.. Difference .+14 +9 +14 +113 

.. Values in sec./trip +ve increase in delay 
-ve reduction in delay 

weekend weekend 
day night 

337 323 

323 313 

+14 +113 
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Earlier it has been mentioned that the accurate modelling of 

intersection delays and journey times is of considerable importance 

to the appraisal of urban network improvement. The discussion so 

far has clearly served to reinforce this point. Reliability in 

delay simulation is no less important than traffic assignment i a 

check on the reliability of journey times as simulated by SATURN 

was thus carried out. A set of journey times derived empirically by 

Hasell and Scott (1981) with the use of the floating car survey 

method is compared with the results simulated by SATURN. The survey 

was carried out between 8.00-11.00 am for the before study , with 

each route being travelled at least 10 times in both directions 

(Hasell and Scott, 1981). Two sets of journey times, one empirical 

and the other modelled by SATURN, for four major routes are listed 

in Table 4.11, and they compare fairly well. Only one value (Zone 1 

Table 4.11 Comparison of Journey Times from Floating Car 
Survey with those from SATURN 

O-D Trip Journey Times (sec/trip) 
-------- ----------------------------
From To Route Floating Car Survey. SATURN 

9 Waimairi-Brougham 510 - 614 491 

9 Brougham-Waimari 462 - 650 510 

2 12 Yaldhurat-Riccarton 289 - 419 331 

12 2 Riccarton-Yaldhurst 293 - 389 334 

4 10 Blenheim-Moorhouse 309 - 468 326 

10 4 Moorhouse-Blenheim 315 - 436 322 

5 11 Halswell-Hagley 247 - 374u 249 

11 5 Hagley-Halswell 217 - 357!111 248 

• Values are extracted from Hasell and Scott (1981), and 
are expressed in minimum - maximum ranges. 

** The external node 11 in Hasell and Scott's study was 
about 600m further down Hagley Avenue than that for this 
study. The journey times from the floating car survey on 
this 9articular route have been revised to take account 
of this. 
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to Zone 9) deviates from the empirical range by about 19 sec below 

the minimum value. It is interesting to note that the results from 

SATURN are generally close to the bottom end of the range of 

empirically derived journey times. 

4.4.2.2 Journey Time: Trips Using the Southern Arterial 

To analyse the economic cost of travel of trips using the Southern 

Arterial, it is necessary to consider the origins and destinations 

of the trips in terms of (i) those which originate in the central 

business district (CBD) and the south-east and (ii) those with 

their origin at the north-west (see Figure 4.15). 

(A) Trips from the CBD and the South-East 

Figure 4.22 shows a sketch of the minimum time tree with its origin 

located at the Brougham end of the Arterial (Node 9). The hatched 

line is the minimum time path with the Arterial, while the dotted 

line represents the minimum time path in the absence of the 

Arterial. 

From Figure 4.22 it can be observed that: 

(1) Substantial savings in travel time can be achieved via 

the Arterial route for trips traversing diagonally 

between areas to the south east and to the north-west 

of the network. The largest travel time savings occur 
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!J. =-76 
IV 

I 

ORIGIN 
~~~:k~~~~NOOE9 

Minimum Time Path 
•••• , Before Arterial 
~ Aftrtr Arterial 
!J. = Time difference 

in sec/trip 

Figure 4.22: Changes in Travel Time (Minimum Time Path) 
Before and After the Arterial (Origin Node 9) 

for trips ending to the west of Yaldhurst Road, Main 

South Road and Blenheim Road. Here, the savings are 

considerable (they amount to between 115 sec/trip to 

129 sec/trip). 

(2) In comparison, relatively less travel time savings .are 

accrued to trips going north via Waimairi Road 

(approximately one-third less when compared with trips 

in (1) above). Travel time savings for trips ending at 

Ilam Road turn out to be very marginal, suggesting that 

such trips would have little advantage in using the 

Arterial route. 
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(3) Trips having their destination to the east of Ilam Road 

and to the south of Lincoln Road have apparently not 

benefited from the presence of the Southern Arterial. 

Instead, they have been made worse off by the 

installation of new sets of signals at the 

Barrington/Arterial junctions, as indicated by the 

greater journey time for the "after" Arterial case. 

From the above observations, it is clear that an objective 

quantification of the proportion of the Arterial traffic which is 

made up of trips to and from the south-east and the north-west, is 

therefore of critical importance. At this juncture, an uncertainty 

arises. It is unclear whether the additional trips entering the 

network at the Brougham end of the Arterial (node 9) have been 

attracted from the south-east, or whether they have come from the 

CBD and beyond. The significance lies in that for both generated 

and diverted trips coming from the CBD and beyond, an additional 

distance (equivalent, at least, to that between Moorhouse Avenue 

and Brougham Street) will be involved (Figure 4.23). Because of 

this, travel time savings estimated for trips with their origin 

based on Brougham Street (node 9) cannot be applied to trips from 

the CBD and beyond, for they do not take account of this additional 

travel time. 
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Figure 4.23: Catchment of the Brougham Arm of 
the southern Arterial 
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SOUTH 
EAST? 

Thus, to avoid overestimation of travel time savings, a distinction 

has to be made between trips originating from the CBD and beyond 

(an area of high trip-generating potential) and those from the 

south-east. Figure 4.23 illustrates diagrammatically the catchment 

area of the main arm of the Arterial and the uncertainty involved. 

138 



(E) Trips Originating from the North-West 

Some possible response which trips from the north-west may have 

towards the Southern Arterial are shown in Figures 4.24, 4.25, and 

4.26. They are based on the assumption that route choices are a 

reflection of drivers' perceived cost of travel, in this case the 

time of travel, and that a trip will be diverted to the Arterial if 

the travel time on the Arterial route is less than its previous 

route. 

N 

f 
ORIGIN 
NOOE4~~~~~~~~~~~~~~~~ /:. = + 14 

~~~~/:).=.dl 

/:. = -45 

Minimum Time Path 
•••••• Before Arterial 
~ After Arterial 

/:. = Time difference 
in sec/trip 

Figure 4.24: Changes in Travel Time (Minimum Time) 
Before and After the Arterial (Origin Node 4) 

139 



ORIGIN 
NODE 2 

N 

f 
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Minimum Time Path 
•••• ,. Before Arterial 
~ After Arterial 

!5, = Time difference 
in sec/trip 

Figure 4.25: Changes in Journey Time (Minimum Time Path) 
Before and After the Arterial (Origin Node 2) 

ORIGIN 
NODE I 

t:. = -12 

N 

t:.:: -8 

~~~"'!5,=-10 

Minimum Time Path 
" •••• Before Arterial 
~ After Arterial 

!5, :: Time difference 
in sec/trip 

Figure 4.26: Changes in Journey Time (minimum Time Path) 
Before and After the Arte~i21 (Origin Node 1) 
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To interpret these responses of the traffic to the Arterial, a 

discussion on the catchment of the Arterial for those trips which 

originate from the north-west is required. It has to be emphasised 

that the interpretations drawn here are based upon the results from 

only one time period, that is the morning peak. It is also 

recognised that the travel pattern, and hence the catchment, will 

vary with time. However, the main purpose here is to provide some 

indications of the "attractiveness" of the Arterial; if the 

response of the traffic in the morning peak (given its relatively 

high level of flow) is not favourable, it would be much less so for 

the traffic in the offpeak and night periods. 

As reflected from the minimum time path in Figures 4.24, 4.25 and 

4.26, the catchment for the Halswell Extension of the Arterial is 

rather well defined. It includes almost all areas to the west of 

Lyttleton Street (Node 7). For the main arm of the Arterial, 

however, things are less clear. Though it is obvious that its 

catchment will include regions to the south-east of the network 

(e. g. Spreydon, Sydenham and Beckenham), it is by no means clear 

that it will extend itself to include the CBD or the localities 

around Moorhouse Avenue. Yet, certain inferences may still be made 

from the information provided by the minimum time trees. 

Two assumptions however are necessary: 

(1) Since the two exit points (from the network to the CBD) 

a t Brougham Street (node 9) and Moorhouse Avenue 

(node 10) are separated by a distance of 1.1 km 

approximately, the additional time needed to cover this 
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distance will range between 66-79 seconds if journey 

speed is assumed to range from 60-50 kph. 

(2) It follows that trips which traverse from the north-

west to the CBD and beyond, will only be attracted to 

the Arterial-Brougham route in preference over their 

previous (Blenheim-Moorhouse) route if the journey time 

for the former is shorter than the latter by more than 

66 seconds. 

The important consideration here is the comparative journey times 

between the Arterial-Brougham and the Blenheim-Moorhouse routes in 

determining the likelihood of the catchment being extended to the 

CBD. The Arterial may only serve as a viable alternative for trips 

to the CBD and beyond, if the saving in journey time of the former 

over the latter is more than 66 seconds. Some of the relevant 

journey times extracted from the simulation results are listed 

below in Table 4.12: 

Table 4.12: Comparative Journey Times. Between the Arterial-
Brougham Route and the Blenheim-Moorhouse Route 

--------------------------------------------------------------
Arterial-Brougham Blenheim-Moorhouse Difference 
----------------- ------------------ ----------
From To J. Time .From To J.Time (J • Time) 

4 9 270 4 10 337 67 > 66 
9 4 271 10 4 343 72 > 66 

2 9 380 2 10 423 43 < 66 
9 2 367 10 2 402 35 < 66 

1 9 430 1 10 428 -2 < 66 
9 1 434 10 1 427 -7 < 66 

-----------------------------------------------------------
11 am-peak, "after" Arterial, in seconds/trip 
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It can therefore be inferred that for trips which originate from 

areas to the west of Blenheim Road (node 4) and which end at the 

CBD, the Arterial is just marginally more a t tractive than the 

Blenheim-Moorhouse route. While for those which originate from 

north of Yaldhurst Road (node 2) or Waimairi Road (node 1) will be 

unlikely to have chosen the Arterial as the route choice to the 

ci ty. Figure 4.27 summarises diagrammatically the inferred route 

choices to the CBD. 

NODE 1 N 

I 
NODE 2 

CBD 

# 
NODE4~~~~~~~~~~~~~~ II 

............. .".........'-iIIII __ JI 
I 
I 

~~ ............ 7-'-~~- .J 

.LLLL Inferred Route Choice 

Figure 4.27: Inferred Route Choice to the CBD for 
Origin Nodes 1, 2 and 4. 

143 



The economic significance of a more precise determination of the 

proportion of trips originating or ending at the CBD is shown below 

(Figure 4.28): 

Blenheim Road 

Foure 4.28: Alternative Routes from Node 4 
to the CBD 

For a trip that has been diverted from 

the Blenheim route to the Arterial route, 

Journey time before improvement (Blenheim route), 

Journey time after improvement (Arterial route), 

Saving * :: T - T b a 

* Minimum value of (Tb2 - Ta2 ) :: -66 sec. 
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The first term (Tb1 * Ta1 ) represents the difference in journey 

time between the two routes defined within the networkj the second 

* term (Tb2 - Ta2 ) is the difference in journey time for the second 

portion of the journey which lies outside the network. Therefore, 
If 

if (Tb2 - Ta2 ) is ignored, travel time saving per diverted trip 

will be overestimated by at least 66 seconds. And if the proportion 

of CBD-bound and CBD-based trips is substantial, it can result in 

serious distortions in the cost-benefit evaluation of the Arterial. 

4.4.2.3 Conclusions 

From the above discussion on delay and journey time, the following 

conclusions are drawn: 

(1) With the introduction of the Southern Arterial and its 

associated traffic-management modifications, journey 

times on the three existing major routes have been 

increased. The additional delays to travellers 

remaining on these routes (i.e. Halswell-Lincoln-

Hagley, Blenheim-Moorhouse and Yaldhurst-Riccarton 

routes) average between 8-10 sec., 15-17 sec. and 10-12 

sec. respectively. 

(2) With all the three existing routes having a low 

volume/capacity ratio (typically between 0.30 - 0.45), 

the influence of intersection form dominates. Thus, 

despite the "relief" in traffic level provided by the 
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arterial, its effects on delay reduction cannot offset 

the additional increase due to changes in intersection 

form on these routes. 

(3) The total additional cost imposed on these routes 

depends not only on the magnitude of the additional 

delays, but also on the proportion of users who remain. 

(4) Precise determination of the origin and destination of 

trips using the Arterial is of critical importance. 

Clear benefits are accrued to trips between the north-

west and the south-east regions. Even then, there 

exists large variations. Savings in travel time for 

trips from the south-east to Blenheim, Yaldhurst, 

Waimairi and Ilam Roads are shown to be 125, 129, 76 

and 7 sec./trip respectively. 

(5) Uncertainty associated with Arterial trips to and from 

the CBD can be generalised into a problem of an i11-

defined network. It is summarised diagramatically below 

(Figure 4.29). 

B 

Network Boundary: ABC 

Tbl 

Figure 4.29: Prob2em of an Ill-Defined 
i'Tet:,'ork 
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If a network is so defined such that diverted trips 

between Band D on the new route are taken as trips 

shifted from B-C to B-A, distortions in journey time 

* (= Tb2 - Ta2 ) will occur. The effects of such an i11-

defined network on urban project appraisal may be 

considerable. They should not be ignored. 

4.5 Evaluation: Cost-Benefit Analysis of the Southern Arterial 

As the underlying concepts, uncertainty and deficiency associated 

with the evaluation procedures for urban projects in New Zealand 

have been discussed in the preceding chapter (chapter 3), this 

section will only focus on the practical application of the 

procedures to the Southern Arterial case. 

[1] 

/7 

[16J [13] 

(33) [15] (32 ) [lk] 

":8 46 45 43 ..:/ [12] 
[ 3] 

(18) (29) (28) (27) (26) (25) 

[4] 23 24 50 47 44 39 

( 6]) 
(30 ) 

(63) 
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[52] 

/2 NODE (fNTERSECTION) 
(/8) INTERNAL ZONE 

~~_.....:;5;;:.4 __ [9] 

[12] EXTERNAL ZONE INODE 

Figure 4.30: Southern Arterial Network with 
Zone and Node Labels 



A further elaboration on the zonal divisions of the network is 

necessary in order to clarify the specific locations of all the 

zones involved. The zonal divisions and the node numbers as used in 

this study are reproduced in Figure 4.30 (the whole network is 

divided into a total of 37 zones). 

4.5.1 Procedures as applied to the Southern Arterial Network 

The basic level of disaggregation adopted for this study is the 

journey from a particular origin to a particular destination with a 

particular vehicle type. Here, vehicle type is broadly divided into 

3 categories: car, light commercial vehicle (LCV) and heavy 

commercial vehicle (HCV). In addition, considerations over short-

run demand variation have necessitated the analysis being carried 

out separately for six time periods (see Chapter 3). Thus, 

disaggregation by time of day and by vehicle type alone would 

result in 18 (6x3) sub-categories. Given that there are 37x37 

origin-destination pairs to be considered, it was decided to use 

matrix operations to compute the cost and benefit estimates. 

4.5.1.1 Estimation of User Benefits 

User benefits which are considered relevant by the recommended 

procedures (MWD, 1984 and 1986) come under three categories: 

(a) vehicle operating cost savings; 

(b) travel time savings for vehicles and passengers; 

(c) accident savings. 
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The basic values for the three categories above (Le. operating 

cost values, travel times values and accident values) adopted for 

this are all based on those recommended by the Ministry of Works 

and Development (MWD 1984); they can be found in Appendix B. User 

benefits accrued from vehicle operating cost savings and travel 

time savings will be considered first. 

For each of the six time periods, user benefits for the first two 

categories can be derived by multiplying the cost change for each 

origin-destination pair by the average of the number of relevant 

trips made with each vehicle type in the "before improvement" and 

"after improvement" situations. These products are then summed 

for all zone pairs and vehicle types to give a total user benefit 

for a particular time period. Algebraically, this may be written 

as: 

Benefit 

where 

t'ijh 

t" ijh 

P'ijh 

pI! ijh 

:: 

:: 

:: 

::: 

trips from zone i to zone j with vehicle 

type h before improvement; 

trips from zone i to zone j with vehicle 

type h after improvement; 

cost per trip from zone i to zone j with 

vehicle type h before improvement; 

cost per trip from zone i to zone j with 

vehicle type h after improvement. 

(Note: In this study i::: 1 to 37, j ::: 1 to 37, and 

h :: CAR, LCV and RCV ) 

---- (4.1) 
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Eq. (4.1) is the same as the "rule of halfll formula proposed by 

Neuburger (1971a), except that the parameter representing the mode 

of travel is now replaced by one representing the vehicle type. 

(Please see Chapter 3 for the theoretical justification of 

Eq. (4.1) • ) The steps leading to the solution of Eq. (4. 1) are 

described below. 

(A) Vehicle Operating Cost Saving 

Central to the solution for Eq (4.1) is the compilation of the 

interzonal cost and trip matrices, i.e. P"h and t. 'h. OWing to 
~J ~J 

the amount of calculation involved, a program was written to 

compute the cost matrices. The program has been geared towards 

integrating the output from SATURN with the evaluation procedures 

used in New Zealand. Figure 4.31 illustrates the flow diagram for 

the compilation of the vehicle operating cost matrix. 

Three basic matrices are required for this task; the journey time 

and journey distance matrices are obtained directly from SATURN, 

while the number of stops matrix for all the 37 by 37 zone pairs 

has been compiled manually. Division of the distance matrix by the 

time matrix gives the journey speed matrix. Gradient is assumed to 

be level for all routes. The fact that Christchurch is located on 

the flat Canterbury Plain has made this assumption reasonable. 



(::~:::;' Ti"') (:m:: Of) (::::::" ')( i:::::Y) (::::;;:.) 
'[ J' + ~ ~~~~ Fuel [~~~!!!~a ~!~J[F~~~e;OS J-[~~~~~~Y speed] 

Values Number of Tablesl t Stops, Graphs 

[
FU:: ] * 
Cost 
Matrix 

+ 
'-------a .... [vehicle operating] [vehicle operating] 
- CostlYr/Unit ----......... C tlY IT i "",",.IT<1, - " 'j , , 

Output 

( 

Pll Pl2 - - -
P2l 

Pml -

where m = 37 
n = 37 
£ = 3 

Figure 4.31 Flow Diagram for Vehicle Operating Cost Matrix Compilation 

Based on the journey speed and route gradient, the fuel cost for a 

particular origin-destination pair is then interpolated from the 

recommended graphs in the New Zealand official evaluation guide of 

1984 (which were digitised and stored in the computer). (See 

Appendix B for the recommended graphs.) This is repeated until 

fuel costs for all the O-D pairs have been selected. The result is 

a 37x37 fuel cost matrix for a particular vehicle type. A similar 

procedure is carried out to produce a 37x37 matrix of modification 

factors for number of stops. As the non-fuel cost is assumed to be 

only distance-linked (independent of speed, stops and gradient), 

the matrix is therefore a uniform matrix with all its elements 
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being equal to the recommended non-fuel cost for the particular 

vehicle type. Multiplying the fuel cost matrix by the matrix of 

modification factors, then adding the product to the non-fuel cost 

matrix, and then scaling up the resultant matrix by the number of 

hours in a year for the particular time period, will give a matrix 

of interzonal vehicle operating cost per annum per unit distance 

per trip. Multiplying the above matrix by the interzonal distance 

matrix will result in a final matrix of vehicle operating cost 

(Figure 4.31). 

The procedures in Figure 4.31 were carried out for the three 

vehicle types for both the pre-Arterial and post-Arterial cases, to 

generate the matrices needed for benefit computation. For the 

generation of cost matrices for LCV and HCV two assumptions 

concerning journey speed were made: 

i) the journey speed of an LCV is equal to that of a car, 

and 

ii) the journey speed of an HCV is equal to 0.84 that of a 

car. 

The second assumption is based on the results from the number plate 

survey of Hasell and Scott (1981, 1983). 

The end results are the following vehicle operating cost matrices: 

(1) P'ij,car (2) pit .. 
~J,car 

(3) P'ij,LCV (4) pH 
ij,LCV 

(5) P'ij,HCV (6) P" ij,HCV 

The next task involved the compilation of trip matrices for the 

three vehicle types. The basic matrix here is the general O-D trip 



matrix, a direct output from SATURN. Sub-division of this general 

matrix requires a knowledge of the proportions of CAR:LCV:RCV on 

the network routes. Results from the number plate survey conducted 

by Hasell and Scott (1981) were used for the construction of two 

matrices, containing the proportion of LCV and RCV trips for each 

zone pair. Multiplying the general O-D matrix by the matrix with 

LCV proportions produced a O-D matrix of LCV trips; an RCV trip 

matrix was similarly derived. The third matrix of car trips was 

then obtained by subtracting the LCV and RCV trips from the general 

O-D matrix. 

After the procedures above nad been carried out for both the pre-

improvement and post-improvement cases, the following trips 

matrices (in the notation of Eq(4.1) were obtained: 

(1) T' .. (2) Til .. J.J,car J.J,car 
(3 ) T'ij,LCV (4) Til ij,LCV 
(5) T'ij,RCV (6) T" ij,RCV 

Substituting the relevant pairs of matrices into Eq.(4.1), gives 

Benefit car 
= E E1/2 (T' + T" )(p' - pil ) 

i j ij,car ij,car ij,car ij,car 

BenefitLCV 

= r j1/2 (T'ij,LCV + Tllij,LCV)(P'ij,LCV - P"ij,LCV) 

BenefitRCV 

= r ~1/2 (T'ij,RCV + Tllij,HCV)(P'ij,RCV - P"ij,HCV) 

----(4.2) 

----(4.3) 

----(4.4) 
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The benefits accrued to the three vehicle types were then summed up 

to give a matrix representing the total vehicle operating cost 

savings for all origin-destination pairs. 

However, it should be recalled that the benefits derived are based 

only on the traffic conditions in a particular time period. The 

procedures described so far were followed for each of the six time 

periods. In this way, the benefits so derived can be analysed and 

compared not only by vehicle type and geographic origin/destination 

zone, but also by time of day. 

(B) Occupant and Vehicle Time Savings 

The computation of occupant and vehicle time savings is more 

straight forward than vehicle operating cost savings. In general, 

the occupant time cost (C ) for trips between an origin-destination o 

zone pair can be expressed as: 

c = (Journey Time x Working Time Value o 

= 

= 

x Occupancy Rate 

x Proportion of Trips on Employers' Business 

x Trips per hour x Hours/Year) 

+ (Journey Time x Non-working Time Value 

x Occupancy Rate 

x Proportion of Other Trips 

x Trips per hour x Hours/Year) 

(Journey Time x K1) + (Journey Time x K2) 

Journey Time x K o ----(4.5) 
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where KO :::: K1 + K2 ; 

K1 :::: Working Time Value 

x Occupancy Rate 

x Proportion of Trips on Employers' Business 

x Trips per hour x Hours/Year i 

Non-Working Time Value 

x Occupancy Rate 

x Proportion of Other Trips 

x Trips per hour x Hours/Year • 

Values of working and non-working time, occupancy rates, proportion 

of trips on employers I business and on other trip purpose, and 

number of hours in a year were all assumed to be uniform and 

constant over the study area for a particular time period. 

Expressing Eq. (4.5) in algebraic form, and letting journey time 

from zone i to zone j with vehicle type h be represented by Sijh' 

then 

Cijh :::: Ko X Sijh ----(4.6) 

where Cijh :::: Occupant time cost/trip/year from 

zone i to zone j in vehicle type h; 

and Ko and Sijh are as defined previously. 

K for each vehicle type is computed directly from its component o 

values recommended in the official evaluation guide (M\'lD, 1984). 

The cost matrices Cijh for the three vehicle types can thus be 
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arrived at by factoring the journey time matrices by their 

respective K value. When the computation procedures are carried o 

out for both the before-change and after-change situations, three 

pairs of occupant time cost matrices can be derived: 

(1) C' ij,car ( 2) C" .. l.J,car 
(3 ) C'ij,LCV (4) C" ij,LCV 
(5) C'ij,HCV (6) C" ij,HCV 

Substituting the above matrices and the O-D matrices of car, LCV 

and HCV generated previously into Eq.(4.1), the occupant time 

savings are then given by: 

Benefit car 
:::: 2:: 2::1/2 (T' ;J .• car + T". . ) (C'. . .. cn. . ) i j • . l.J,car l.J,car l.J,car 

BenefitLcv 

:::: ~ ~1/2 (T'ij,LCV + T"ij,LCV)(C'ij,LCV .. C"ij,LCV) 

BenefitHcv 

:::: ~ ~1/2 (T'ij,HCV + T"ij,HCV)(C'ij,HCV .. C"ij,HCV) 

----(4.7) 

.. ---(4.8) 

----(4.9) 

Occupant time savings for each of the six time periods were 

estimated separately, as described above. 

Estimation of vehicle time saving is almost identical to the 

procedures used for occupant time savings, except that the 

coefficient (K) in this case is the product of only two v 
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components, namely vehicle time value and hours/yr for the time 

period. The estimate for vehicle time saving (Dijh ) is thus given 

by: 

Dijh ::: K v x Sijh ----(4.10) 

where Dijh :::: Vehicle time cost/trip/yr from 

zone i to zone j of for veh. type h; 

K :::: Vehicle Time Value X Hours/Year; v 
and Sijh is as defined previously. 

Since cars are not assigned any vehicle time value (MWD, 1984), the 

matrix D, 'h is computed for LCVs and HCVs only. For each of the six 
~J 

time periods, vehicle time savings are given by the following 

equations: 

BenefitLcv 

::: i ~1/2 (T'ij,LCV + T"ij,LCV)(D'ij,LCV - D"ij,LCV) ----(4.11) 

BenefitHcv 

::: ~ ~1/2 (T'ij,HCV + T"ij,HCV)(D'ij,HCV - D"ij,HCV) ----(4.12) 

(C) Accident Savings 

This discussion of accident costs is almost entirely based upon a 

recent study by Jadaan and Nicholson (1987). In their study, 

accident data covering four years before and four years after the 

opening of the Arterial (May 1977 - May 1981 and May 1981 - May 

1985) were used. 
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Their method involved the counting of accidents on each road in the 

network according to severity and year. The number of property-

damage accidents, which are not held in official records, was 

assumed to be seven times the number of recorded accidents, as was 

assumed by Hasell and Scott (1981). The total accident cost for 

each accident type on each road was then calculated, using values 

suggested in the official evaluation guide (MWD, 1984), for both 

before and after opening of the Arterial. 

The frequency and severity of injuries extracted by Jadaan and 

Nicholson (1987) for their study period is shown in Table 4.13. A 

total of 1359 injuries were recorded with 17 injuries (1.3%) being 

fatal, 426 (31.3%) being serious and 916 (67.4%) being minor. It is 

observed that there was a substantial reduction in serious injuries 

(from 263 to 163) and a small increase in minor injuries (from 436 

to 480). That is, there was a substantial reduction in accident 

severity (Table 4.13). 

Severity of 
injury Fatal Serious Minor Total 

Injury Injury 
Year (May 

to May) 

--- ---
"Before" Total 7 263 436 706 

1977-1978 0 77 102 184 
1978-1979 4 60 103 167 
1979-1980 3 61 131 195 
1980-1981 0 65 100 165 

--- ---
"Aft er" Total 10 163 480 653 

1981-1982 3 53 139 195 
1982-1983 1 35 120 156 
1983-1984 3 38 118 159 
1984-1985 3 37 103 1 43 

--- ---
Total 17 426 916 1359 

--- ---

TabLe ,L13: Numbers of injuries (fatal, serious, minor) for the network 
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However, it should be noted that the accident information in Table 

4.13 was gathered from a network which Was slightly larger than the 

one considered in this study (Jadaan and Nicholson, 1987). The 

total number of injuries which corresponds to the present network 

was found to be 1316 instead (a little less than the 1359 injuries 

shown in Table 4.13). The number of accidents giving rise to these 

injuries totalled 996. Tables 4.14 and 4.15 show the distribution 

of those 996 accidents by link and intersection. (Note that only 

those links and intersections with accidents are included.) The 

corresponding number of injuries for the same period (i.e. between 

May 1977 and Hay 1985) are shown in Tables 4.16 and 4.17, from 

which it can be seen that the total number of injuries (for both 

links and intersections) is 1316. The injury rate for the network 

is therefore 1.32 injuries per accident. 

1 
1 
1 Number of Accidents Number of Accidents 1 
1 Link Link 1 
iNumber 1 Number 1 
1 Before 1 After Before After 1 1 
1 1 1 , ___ , 1 
1 1 1 
1 1 1 
1 1-17 1 0 1 1 29-30 23 16 1 1 1 
1 2-18 1 5 1 4 31-37 3 2 1 1 1 
1 3-22 1 15 1 16 31-34 14 14 1 1 1 
1 4-23 1 10 1 12 32-33 1 0 1 1 1 
1 9-54 1 3 1 4 34-36 3 3 1 1 1 
1 10-38 1 6 1 1 34-35 14 9 1 1 1 
1 11-38 1 11 1 6 35-36 1 1 1 1 1 
1 12-40 1 24 1 24 35-38 26 15 1 1 1 
1 16-48 1 4 1 3 36-42 8 4 1 1 1 
1 17-21 1 4 1 4 37-44 4 1 1 1 1 
1 17-18 1 3 1 10 38-39 10 17 1 1 1 
1 18-19 1 2 1 3 39-42 8 13 1 1 J 
1 18-22 1 0 1 1 39-40 4 8 1 1 1 
1 19-20 1 11 1 3 40-41 26 20 1 1 

19-22 1 1 1 1 41-42 6 3 1 1 
20-24 1 3 1 0 41-43 19 14 1 1 
21-48 1 11 1 12 42-44 4 8 1 1 
22-23 1 6 1 4 43-45 14 17 1 1 
23-24 1 3 1 6 43-44 4 3 1 1 
23-25 1 2 1 9 44-47 6 3 1 1 
24-51 1 1 0 45-46 0 2 1 
25-27 0 1 2 46-47 0 2 1 
26-51 0 1 3 46-48 7 8 1 
26-37 2 1 1 47-50 3 10 1 
27-53 1 2 48-50 2 1 1 
27-28 1 0 50-51 8 3 1 
28-29 1 2 55-64 5 2 1 

1 
1 

Note: The total number of accidents vas 352 before, and 333 after-. 

Table 4.14 Numbers of accidents for individual links 



, , , , , Number of Acciden ts Number of , Accidents: 
:Intersection Intersection , , , , , , , 

Number Number , 

ate: 

, 
Before After Before After , , 

I , ,----, , , , , 
17 35 ° 

, , 
I I 

18 10 9 38 
19 8 8 39 5 
20 40 8 10 
21 8 41 2 4 
22 9 13 42 9 
23 9 22 43 6 
24 3 4 44 11 4 
25 4 4S 5 3 
27 3 46 
28 ° 47 8 S 
29 4 4 48 8 6 
30 4 50 ° 31 3 ° 51 10 1 
32 9 54 1 6 
33 2 S5 2 ° 34 17 6 11 ° , 

,----
The total number of acciden ts lias 163 before, and 148 after. 

Table 4.15 Numbers of accidents for individual intersections 

-----.-----------.-----.-----------, 
Link 

Number 

Number of Injuries (1) 

Before After 

Link 
Number 

, 
Number of Inj uries (1) : , 
----------~---------: 

Before After 
, , , , 

----- ------ ------ ----- ------ -----: 
1-17 
2-18 
3-22 
4-23 
9-S4 

10-38 
11-38 
12-40 
16-48 
17-21 
17-18 
18-19 
18-22 
19-20 
19-22 
20-24 
21-48 
22-23 
23-24 
23-25 
24-51 
25- 27 
26-51 
26-37 
27-S3 
27-28 
28-29 

(0,0,0) 
(3,2,0) 

(18,2,0) 
(6,7,1) 
(4,1,0) 
(8,4,0) 

(10,4,0) 
(18,10,0) 

(3,Z,O) 
(3,2,0) 
(1,2,0) 
(2,2,0) 
(0,0,0) 
(6,5,0) 
(1,0,0) 
(3,1,0) 
(7,6,0) 
(4,4,0) 
(3,2,0) 
(1,1,0) 
(0,0,1) 
(0,0,0) 
(0,0,0) 
(2,0,0) 

(0,2,0) 
(2,0,0) 

(1,0,0) 
(2,2,0) 

(16,3,0) 
(13,2,0) 
(3,1,0) 
(1,0,0) 
(5,3,0) 

(Z7,12,O) 
(2,1,0) 
(4,0,0) 
(9,1,0) 
(2,2,0) 
,(\,0,0) 
(3,1,0) 
(2,0,0) 
(0,0,0) 

(l5,S,O) 
(3,1,0) 
(4,2,0) 
(4,7,0) 
(0,0,0) 
(0,2,0) 
(3,0,0) 
(1,0,0) 
(1, I, 2) 
(0,0,0) 
(1, I,D) 

29-30 
31-37 
31-34 
32-33 
34-36 
34-35 
35-36 
35-38 
36-42 
37-44 
38-39 
39-42 
39-40 
40-41 
41-42 
41-43 
42-44 
43-45 
43-44 
44-47 
45-46 
46-47 
46-48 
47-S0 
48-S0 
SO-51 
5S-64 

(16,12,0) 
(6,0,0) 

(10,4,0) 
(0,1,0) 
(4,2,0) 

(11,4,0) 
(0,2,0) 

(20,11,1) 
(5,6,0) 
(4,1,0) 
(7,S,O) 
(6,2,0) 
(1,4,0) 

(23,12,0) 
(6,1,0) 

( IS,11,O) 
(4,0,0) 

(l6,S,O) 
(S,O,O) 
(\,6,0) 
(0,0,0) 
(0,0,0) 
(3,7,0) 
(1,4,0) 
( 1,1,0) 
(3,7,0) 
(6,1,0) 

(l6,S,O) 
(1,0,0) 

(16,3,0) 
'(0,0,0) 
(4,0,0) 
(9,5,0) 
(2,0,0) 

(17,4,0) 
(Z,I, 1) 
(1,0,0) 

(16,2,0) 
( 11,5,0) 
(7,2,0) 

(21,6,2) 
(S,O,O) 

(13,2,0) 
(7,2,1 ) 

(15,6,0) 
(Z, I,D) 
(2,1,0) 
(2,0,0) 
(3,0,0) 
(7,4,0) 

(3,10,0) 
(0,1,0) 
(3,1,0) 
(3,0,0) 

, , , , 

Note: (I) minor, serious, fatal (respectively) 

(2) total minor, serious and fatal injuries vere 278, 167 and 3, 
respec t i vely, for the "before" period, and 311, 109 and 6, 
respectively, for the "after'! period. 

Table 4.16 Numbers of injuries (minor, serious, fatal) for 
individual links 
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Note: (1) 

(2) 

minor, 

Intersection 
Number 

17 
18 
19 
20 
21 
22 
23 
24 
25 
27 
28 
29 
30 
31 
32 
33 
34 
35 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
4B 
50 
51 
54 
55 
11 

Number of Injuries 

Before After 

(3,2,0) (1,0,0) 
(11,2,0) (10,3,0) 
(9,7,0) (10,2,0) 

I (l,O,O) (2,0,0) 
(5,5,0) (3,1,0) 
(7,6,0) (15,4,0) 
(5,11,0) (24,10,0) 
(1,2,0) (8,1,0) 
(1,0,0) (1,4,0) 

(2,1,0) 
(0,0,0) (3,0,0) 
(3,1,0) (3, I ,0) 
(3,1,0) (1,0,0) 
(2,1,0) (0,0,0) 
(1,0,0) (8,6,1) 

(2,1,0) 
(16,8,0) (7,0,0) 
(0,0,0) (1,2,0) 
(5,3,0) (2,1,0) 
(1,1,0) (5,0,0) 
(7,2,1) (9,1,0) 
(2,0,0) (5,2,0) 
(10,3,0) (7,3,0) 
(7,1,0) (l,O,O) 
(18,0,0) (5,1,0) 
(4,5,0) (2,1,0) 
(2,1,0) (0,1,0) 
(3,6,0) (4,2,0) 
(9,6,1) (3,4,0) 
(0,1,0) (0,0,0) 
(7,6,0) (2,0,0) 
(0,1,0) (B,2, 1) 
(3,0,0) (0,0,0) 
(1,0,0) (0,0,0) 

serious fatal (respectively) 

total minor, serious and fatal injuries vere 150, B2 and 2, 
respectively, for the "before" period, and 154, 54 and 2, 
respectively, for the "after" period. 

Table 4.17 Numbers of injuries (minor, serious, fatal) 
for individual intersections 

Of the 996 accidents, 515 were found to occur in the before period 

and 481 in the after period. This represents a 6.6% decrease in 

accident numbers in the network. On the other hand, it has been 

found that for the corresponding periods in the whole of the 

Christchurch metropolitan area, the decrease was only 3.1% (the 

number of reported injury accidents dropped from 5592 to 5418). The 

decrease in accident numbers in the network was twice the decrease 

for the metropolitan area. The net decrease that can reasonably be 

assumed to be due to the construction of the Southern Arterial 

scheme is therefore equal to 3.5% (= 6.6% - 3.1%). 
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Road traffic accidents are events of low probability. It is both 

difficult and impractical to disaggregate accident cost, with 

regard to the origin and destination of trips. It is because the 

cost of accidents! unlike travel time or vehicle operating cost, 

does not directly begin at the origin and terminate at the 

destination. The origin-destination of a trip is not an appropriate 

basis for stratifying accident costs. Treatment of accident costs 

and savings will therefore be dealt with separately from the other 

two cost categories. 

4.5.1.2 Estimation of Capital Cost 

The capital costs which were used in this study are based on the 

actual costs incurred by the Ministry of Works and Development 

(MWD). They are accurately kno\in. 

The total MWD capital costs spent over the ten years period from 

1971 till the completion of the Arterial in 1981 amounted to 

NZ$10.04 million at 1980 values (Hasell and Scott, 1983). When 

converted to 1982 dollars, using the MWD construction cost index, 

it becomes 

Capital Costs = $ 14.06 million (1982 $) 
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4.5.2 Analysis of Results 

4.5.2.1 Aggregated Results 

The estimated annual user benefit for the Southern Arterial scheme 

by three different studies are tabulated in Table 4.18. The 

benefits are aggregated to give savings in travel cost (i.e. 

vehicle operating cost plus occupant and vehicle time) and accident 

cost. Results from the three studies vary drastically from one 

another. In comparison to this study, the savings in travel cost 

estimated by Hasell and Scott (1981, 1983) are about 30 times morej 

while for the MWD study (1977) it is slightly more than 7 times. 

Table 4.18 Estimated Annual User Benefits for the Southern 
Arterial Scheme from 3 studies (expressed in NZ$ 
at 1982 values) 

This Study Hasell and Scott MWD 
---------- ----------------

Travel Cost 128,200 (63%) 3,708,600 (94%) 890,900 
Savings (2,778,000 at (500,800 at 

1980 values) 1977 values) 

ACCident 75,100 (37%) 221,600 (6%) 
Savings (166,000 at 

1980 values) 

Total User 203,300 (100%) 3,930,200 (100%) 
Benefits· 

Benefits in 
Present Value u 2.40 m. 46.38 m. 

Capital Cost 14.06 m. 14.06 m. 

BIC Ratio 0.17 3.30 

e Estimate does not include maintenance cost. 
I. Based on an analysis period of 25 years, a discount 

rate of 10% and an annual arithmetic growth rate of 
3% (recommended values; MWD, 1984). 

The benefit-cost ratios are arrived at by the present value 

approach, based on an analysis period of 25 years and a discount 

rate of 10%. The b/e ratio of 3.30 shown in Table 4.18 is different 



from the Hasell and Scott's estimate of 1.88, mainly because the 

latter was arrived at by a simple procedure of dividing the total 

annual benefit by a discount rate of 15% (the recommended discount 

rate at that time; Hasell and Scott, 1983, p.46). 

To appreciate the source of this large variation, an examination of 

the disaggregated results is required. 

4.5.2.2 The Distribution of Benefits By Zone 

The distribution of user benefits (i.e. reduction in travel cost) 

by zone is shown in Table 4.19. It is interesting to note that the 

distribution of benefits is rather uneven over the study area. 

The distributional pattern as shown in Table 4.19 suggests that: 

(1) The direct beneficiaries of the Southern Arterial 

scheme (in terms of travel cost reduction) are 

travellers who journey to or from areas around the two 

ends of the main arm of the Arterial. That is, zones 1, 

2,3,4,17,18,60 and 63 of the north-\vest end, and 

zones 7, 8 and 9 of the south-east end. 

(2) Zone s in the v icinity of the acce ss po int to the 

Halswell arm do not seem to have benefitted,in general, 

from the Arterial. One reason may be that the cross 

traffic from Halswell to the north-\\Test could be small 

in comparison to the east-bound traffic along Lincoln 

Road. As the cost of travel along Lincoln Road is 
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BENEFITS FOR BENEFITS FOR 
TRIPS ORIGINATING TRIPS DESTINED 

ZONE IN ZONE FOR ZONE 

1 29495 36130 
2 14346 42149 
3 41495 25727 
4 60386 65753 
5 -54461 -62053 
6 -8937 -12552 
7 8117 1864 
8 1073 677 
9 119256 103466 
10 -48632 -24740 
11 -21447 -14084 
12 -13122 -10653 
13 -23184 -10204 
14 -13346 -13719 
15 3087 -8087 
16 -1213 -2492 
17 7174 17353 
18 29686 42027 
19 2158 1048 
21 -11613 -35161 
22 211 -1051 
23 -1274 -1529 
24 -1473 -2850 
25 -6465 -7375 
26 -1422 -6745 
27 -2978 -13665 
28 -2218 -4677 
29 -3383 -17996 
30 -1082 1569 
31 -237 -610 
32 -3981 -9328 
33 -3633 -4919 
52 -962 -78 
60 8262 15576 
61 4099 2349 
62 2488 3207 
63 14015 25958 

Mean 3251 3251 
Std. Dev. 28174 28223 
Grand To tals 120285 120285 

* Distribution of benefits due to vehicle time 
savings, which constitute only a very small 
proportion of the total benefits, was not carried 
out. Hence, the total annual user benefits shown 
here are marginally less than that in Table 4.18. 

Table 4.19 - Distribution of User Benefits by Zone 
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increased as a result of the change, the balance in the 

end may weigh unfavourably against tripmakers from 

these zones. In fact, Table 4.19 shows that trips which 

originate or end at Halswell Rd (zone 5) and Hoon Hay 

Road (zone 6) suffer a combined disbenefit of close to 

$70,000 per annum ($63,000 by zone origin or $75,000 by 

zone destination). Similarly, trips which originate or 

end at zones 10, 11, 12, 13 and 14 also suffer 

substantial disbenefits. 

(3) Zones which lie outside the catchment of the main arm 

of the Arterial all appear to have experienced an 

increase in travel cost as a result of the change. 

(4) A special note is perhaps warranted on zone 21, which 

features the location of a psychiatric hospitaL The 

closure of the northern end of Annex Road (to 

accommodate the Arterial) has impaired access to zone 

21, especially for trips coming from the north. Table 

4.19 shows that the change has in fact brought about an 

increase in travel cost of about $35,000 per annum to 

the travellers to that zone. However J the resultant 

enhancements in the social environment (particularly 

for the hospital patients) of greater peace and less 

noise and air pollution are aspects that would not be 

accounted for in the analysis of travel cost. 
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Figure 4.32 shows the geographic distribution of user benefits by 

zone for the study area. 

LEGEND:-

VERY HIGH ( .. 40,0008, A8Clv'E Jj , '-::::(U>::::-, 
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MEDIUM ( .. 1000 to .. 9,999 J 
NO CHANGE ( .. 999 to - 999 ) 

HIGH (-10,000 to -39,999) DISBENEFITS 
MEDIUM (-fOO~ to -9,999) j 
VERY HIGH (- 40,000 &. BELOW J 

Figure 4.32: Distribution of Annual Benefits ($/yr.) By Zone 

To examine in greater detail how tripmakers from a particular zone 

have been affected by the Southern Arterial in terms of travel 

benefits or disbenefits, the distributional patterns of user 

benefits by O-D pairs for some zones have also been drawn (Figures 

4.33, 4.34, 4.35, 4.36, 4.37 and 4.38). Origin zones 1, 4, 5, 9, 10 

and 12 are selected for their strategic locations at different 
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Figure 4.33: Distribution of Annual Benefits ($/yr.) By O-D Pair 
for Trips with Origin in Zone 1 
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Figure 4.34: Distribution of Annual Benefits ($/yr.) By O-D Pair 
for Trips with Origin in Zone 4 
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Figure 4.35: Distribution of Annual Benefits ($/yr.) by O-D Pair 
for Trips with Origin in Zone 5 
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Figure 4.36: Distribution of Annual Benefits ($/yr.) by O-D Pair 
for Trips with Origin in Zone 9 
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Figure 4.37: Distribution of Annual Benefits ($/yr.) by O-D Pair 
for Trips with Origin in Zone 10 
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Figure 4.38: Distribution of Annual Benefits ($/yr.) by O-D Pair 
for Trips with Origin in Zone 12 



parts of the study network and for their relation to the Arterial. 

The following points concerning the benefit distribution are drawn: 

(a) Trips with their origin in zone 1 (Waimairi area): 

Only benefitted when their destinations are located to the 

west of the network (zones 3, 4 and 5» and in the south-east 

region (i.e. zones 8 and 9). Otherwise, trips to almost all 

other zones, with the exceptions of zones 6 and 21, have 

experienced little change in terms of travel benefits (Figure 

4.33). 

(b) Trips with their origin in zone 4 (west of Blenheim): 

Benefits are concentrated mainly for trips which end at zones 

6, 8 and 9 (in ascending order of significance). Trips to 

destination zones 1, 2 and 5 are associated with a medium 

level of benefit. The distribution of disbenefits is slightly 

more widespread, with trips which end at zone 10 (Moorhouse 

Avenue) being the most adversely affected (Figure 4.34). 

(c) Trips with their origin in zone 5 (west of Halswell): 

The distribution of disbenefits is even more widespread than 

the previous case. Destination zones which are adversely 

affected, lie mainly to the east of the network, with trips 

ending at zone 9 suffering the most serious disbenefits. It 

appears that the Halswell-arm of the Arterial has enabled 

trips to some zones in the north-west to derive a medium 

level of user benefits (Figure 4.35). 
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(d) Trips with their origin in zone 9 (east of Brougham): 

The Southern Arterial appears to have the greatest impact on 

trips with origin in zone 9. Figure 4.36 shows a clear 

boundary between zones of "benefitll and "disbenefit", with 

trips to the north-west all receiving substantial benefits 

while the rest of the network suffers adversely. 

(e) Trips with their origin in zones 10 and 12: 

Trips from the two zones to most other areas seem to be 

unaffecteo by the Southern Arterial. The exceptions are trips 

to destination zones west of Halswell and in the north-west 

(Figures 4.37 and 4.38). In general, trips from zone 10 

appear to be more adversely affected than those from zone 12. 

Table 4.20: User Benefits/Disbenefits (Travel Cost) for 
Existing Users on Some of the Major Routes 

Route Benefit (+ve)/Disbenefit (-ve) 
Origin Destination (NZ $ at 1982 values) 

------------- ----------- ----------------------------
2 (Yaldhurst) 12 (Riccarton) - 7,000 

12 (Riccarton) 2 (Yaldhurst) - 2,900 

3 (Main South) 12 (Riccarton) - 1,900 
12 (Riccarton) 3 (Main South) - 3,400 

4 (Blenheim) 10 (Moorhouse) -23,300 
10 (Moorhouse) 4 (Blenheim) -39,600 

5 (Halswell) 11 (Hagley) - 5,200 
11 (Hagley) 5 (Halswell) - 9,000 
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Some ideas concerning the distribution of benefit to the users who 

choose to remain on the existing arterial roads such as Riccarton, 

Blenheim and Lincoln Roads can also be obtained from the benefit 

matrix. Table 4.20 displays the benefits/disbenefits accrued to 

tripmakers on these roads. It can be observed that tripmakers on 

the Blenheim-Moorhouse route (zone 4 - zone 10) suffer the largest 

disbenefits, followed next by travellers on the Halswell-Lincoln-

Hagley route (zone 5 - zone 11). 

4.5.2.3 Impacts of Short-Run Demand Variations 

It has been mentioned in the preceding chapter that short-run 

variations can have significant impacts on user benefit estimation. 

It is because the cost of travel and the length of time over which 

that particular cost level is sustained can vary considerably over 

different time periods. In this section, an attempt is made to 

evaluate the impacts of these demand variations on benefits 

estimation, and the effects of their being ignored. 

Table 4.21: Distribution of benefits by Time Periods 

------------------------------------------------------------
Vehicle operating Occupant and 
coat savings vehicle time (1)+(2) 

savings 
(1) (2) (3) 

Weekday 
pm-peak 23,600 96,400 120,000 

Weekday 
am-peak 11,800 43,400 55,200 

Weekday 
offpeak 26,500 19,600 46,100 

Weekday 
night -4,500 -20,300 -24,800 

Weekend 
day -6,300 -37,500 -43,700 

Weekend 
night -9,700 -14,800 -24,500 

Total 41,400 86,800 128,200 



Table 4.21 shows the distribution of annual user benefits (vehicle 

operating cost savings and occupant and vehicle time savings) over 

the six time periods. 

Some of the salient points which can be observed from Table 4.21 

include: 

1. The dominance of peak-hour benefits over those for 

other time periods. 

2. Low benefits (in this case, negative benefits) for 

periods of low flow. 

3. Ignoring the three periods of low flow (1. e. weekday 

night, weekend day and weekend night) can result in 

gross overestimation in user benefits. 

4. Benefits accrued to anyone of the time periods cannot 

adequately represent the distribution pattern of annual 

benefits. 

Observations of benefits over the different time periods confirm 

the economic significance of time period stratification. Short-run 

demand variation is therefore an important consideration that 

should be incorporated into the evaluation procedures for urban 

networks. 

However, practices commonly encountered in urban network evaluation 

not only ignore the short-run demand variation, but often unduly 

overemphasize the contribution from the peak-hour time period. It 

is common to find appraisals being based on analysis for one or two 

of the weekday time periods, from which the estimated benefits are 

scaled up to represent the total annual savings. Both the MWD 1977 
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evaluation and the Hasell and Scott's study (1981, 1983) were done 

on such a basis. To investigate the effects of such an approach, 

the following exercise is carried out: 

Scaling factor for 

peak-hour time periods* 

= 1/(hours per day x proportion of daily flow) 

= 1/(4 x 0.085) 

= 2.94 

Scaling factor for 

combined peak-hour and 

offpeak time periods* 

= 1/(4 x 0.085 + 7 x 0.070) 

= 1.20 

* Observed traffic counts on the three Arterial Roads 

(Lincoln, Blenheim and Riccarton Roads) suggest that 

the proportion of the average peak-hour (am- and pm-

peaks) flow to the average daily flow is approximately 

0.085 and the proportion for the average off-peak 

hourly flow is 0.070. (See Table 4.1 for the number of 

hours/day for each time period.) 

Using results derived in Table 4.21, the total benefit accrued to 

the two cost categories for the alternative approach can be 

estimated as: 
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a. Based on the peak-hour periods: 

Total travel-cost benefits 

=(120,000 + 55,200) X Scaling factor 

=(120,000 + 55,200) X 2.94 

=515,100 (= 4 times the total in this study; 

Table 4.21) 

b. Based on the combined peak and off-peak periods: 

Total travel-cost benefits 

=(120,000 + 55,200 + 46,100) X Scaling factor 

=(120,000 + 55,200 + 46,100) X 1.20 

=265,600 (= 2 times the total in this study; 

Table 4.21) 

Thus, the calculations above show that everything else being equal, 

approach (a) will produce a total travel cost saving which is 4 

times more than when short-run demand variations are duly accounted 

for, whilst approach (b) will result in a total which is 2 times in 

excess. The examples above serve to highlight a potentially serious 

source of error if short-run demand variations were not properly 

incorporated into the urban network evaluation procedures. 

Wohl and Martin (1967) have attempted to provide the theoretical 

explanations for the significance in the relationship between 

short-run demand variation and travel cost estimation (Figure 

4.39). In Figure 4.39, Wohl and Martin suggest that changes in 

travel cost, as a result of an improvement, can vary drastically 

over different demand periods, where dP1 (over a high-demand 
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period) is shown to be very much larger than dP 160 (over a low-

demand period). The slope and location of a demand curve in rela-

tion to the supply curves are shown to be a critical factor in the 

determination of savings in travel cost. Their variations over 

different demand periods should not be ignored. 

AVE. UNIT 
PRICE OF 
TRAVEL, P 

0, 
(a) Price -volume curve 

before improvement 

(b) Price -volume curve 
after improvement 

Extra trips on 
facility during the 
zth highest hour 

VOLUME (Vy,z) 

Figure 4.39: Supply and Demand Curves during the Design Year. 
V is the volume using the y facility during zth 
h~gEest hour, and D is demand curve for zth highest 
hour. Z 

Source: Wahl and Martin (1967) 

To understand how the cost of travel varies with the demand 

conditions in the Arterial area, journey times at different time 

periods on some of the major routes in the areas are examined. 

Assume for the moment that the cost of travel is a direct function 

of the travel time, and hence its variation can be reflected from 

the relationship between travel time and flow conditions. 

Figure 4.40 shows the relationship between travel time and flow 

volume for journeys from zone 3 to zone 1. Location of this route 
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within the network is also displayed. This is an example in which 

improvements to the facility involve the widening of roadway and 

shortening of journey distance by the construction of a connecting 

link (i.e. joining Main South Road directly to Peer Street). 
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Figure 4.40: Supply Curves for O-D Zone 3-1 Showing 
Demand Variation at Different Time Periods. 

The curves in Figure 4.40 are plot ted from the assignment and 

simulation results of SATURN. The ,supply curve for the facility is 

seen to have shifted to the right, reducing the origin-destination 

journey time by more than 30 seconds. From the demand curves, which 

have been assumed to be linear, it can be seen that improvements to 

the route have attracted a greater demand with the largest increase 

occurring for the pm-peak period. The reduction in the cost of 

travel (represented by the vertical intercept of the demand curve 

with the 'before' and 'after' supply curves), is largest for the 

pm-peak and least for the weekday night period. This illustration 

confirms the proposition of Wohl and Martin (1967) on the 
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relationship between short-run demand variation and travel cost 

estimation (Figure 4.39; see also Chapter 3). 

Table 4.22 displays the journey times (i.e. the cost of travel) of 

some selected routes in relation to the different time/demand 

periods. The routes are selected to illustrate the variation of 

journey time with demand period for 

(i) traffic on the Southern Arterial (Route 4-9) and 

(ii) traffic remaining on other affected routes (Route 4-10 and 

5-9). 

Table 4.22: Journey Time for Selected Routes for Different 
Demand Periods (Before and After) 

------------------------------------------------------------
Journey Diff Journey Dirf Journey Dirf 

Time Time Time 
4 to 9 4 to 10 5 to 9 _ .... _---- _ .... _-_ ........ -------
BF AF BF AF BF AF 

pm-peak 421 274 -147 320 338 +18 206 247 +41 

am-peak 401 270 -131 326 337 +11 200 233 +33 

off-peak 355 266 -89 316 336 +20 195 233 +38 

night 337 255 -82 304 320 +16, 189 214 +25 

wkend.day 349 261 -88 312 331 +19 195 232 +37 

wkend.night 336 254 -82 304 321 +17 189 215 +26 

------------------------------------------------------------

From Table 4.22, the following points are drawn: 

(1) Not all routes in the network benefit from the 

construction of the Southern Arterial. Instead, some 

routes have in fact been affected adversely (e.g. 4-10 



and 5-9) with their supply curves being shifted to the 

left. An evaluation which concentrates only on the 

diverted traffic on the Arterial without considering 

the remaining traffic on other routes (as with the case 

of MWD 1977 study), may overestimate the benefits of 

the scheme. 

(2) Benefit accrued to trips on the Arterial route 4-9 has 

shown greater variation with demand period than is the 

case with the other two routes (4-10 and 5-9). 

Comparatively, a much larger proportion of the benefits 

is realised during the peak-hour periods for the former 

case. The implication can become significant if the 

scheme is appraised with the peak-hour period being 

assumed to be the representative period, in which case, 

the benefits from the Arterial will be seriously 

overestimated. 

4.5.2.4 Impacts of Incomplete Trip Matrix 

The uneven and disparate nature of benefit distribution in the 

Southern Arterial network emphasises the importance of the 

utilization of a complete trip matrix in the appraisal of the 

scheme. Analyses based on incomplete O-D matrices or some subsets 

of the trips in the network will inevitably result in benefits or 

disbenefits for some zones being left out of the accounting. As 

such, it may introduce a serious source of error in the final 

summation of economic benefits for the scheme. 
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The possible effects of the omission of some trips in the network 

are investigated by reference to trips on the Southern Arterial. 

Benefits associated with trips originating from zone 9 (the zone of 

entry to main arm of the Arterial) are examined in detail. The O-D 

trips from zone 9 are broadly divided into two groups -- trips with 

destinations in the catchment area, and those trips ending outside 

the catchment area (as it is not an uncommon practice for 

evaluation to be based only on areas directly affected by the 

proposed change). 

The following findings are obtained: 

The combined benefit (from travel 

cost savings) to the two groups 

of tripmakers from zone 9 

Benefit to trips ending inside 

the catchment area 

Benefit to trips ending outside 

the catchment area 

$127,300 per annum 

$227,600 per annum 

= - $100,300 per annum 

The omission of one of the trip groups will therefore result in the 

final benefit or disbenefit being doubled. Though the illustration 

represents one of the worst scenarios, that in itself does not 

negate the seriousness of the use of an incomplete trip matrix in 

the appraisal of an urban network scheme. 
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The other possible deficiency that could arise is the practice of 

dividing the roads in a study area into basic sections for which 

travel costs are then estimated and summed up to give the total 

cost. This basic-section approach is, in fact, a procedure 

recommended in the 1977 AASHTO manual (AASHTO, 1977; Anderson, 

1980). A similar procedure was adopted in Hasell and Scott's (1983) 

study. The general deficiency relating to the method of basic 

section will first be considered, followed by a discussion of the 

possible errors in the use of the method by Hasell and Scott in the 

Southern Arterial case. 

Consider for instance the case of 3 basic sections as found in the 

study area (Figure 4.41): 

i) section 4-9 

ii) section 5-11 

iii) section 8-13 

Figure 4.41: Three possible Basic Sections 
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In general, the method of basic section requires the estimation of 

travel cost along the sections 4-9, 5-11 and 8-13. The difficulty 

arising from this procedure is over the treatment of O-D trips 

along non-basic sections e.g. 4-13, 4-5, 5-9 and 8-11. It is 

difficul t to see how the summation of travel cost over a basic 

section, say, 4-9 can take account of the cost of travel on a non-

basic section, say, 4-13 or 4-5 • Dividing a network into basic 

sections and then focusing the travel cost estimation solely on 

them, will inevitably involve the exclusion of some trips. This can 

be rather undesirable, as the cost associated with those trips 

which have been excluded can be substantial. Besides, one has to 

bear in mind that the example cited above involves only trips 

between external zones. If journey trips between internal zones 

were to be considered, the task of defining basic sections for a 

network would become so complex that it would render the method 

impracticable. 

Even if journey trips between internal zones are to be ignored, it 

will still be inappropriate to assume that trips along the non-

basic sections could be accounted for in the traffic on the basic 

sections. For instance, the journey time for O-D pair, 5-11 on the 

basic section, may be very different from that for O-D pair, 5-9 

for the non-basic section. Savings in travel cost for trips 

travelling between zones 5-11 cannot be assumed to be 

representative of those between zones 5-9. This can be illustrated 

by the difference in disbenefits associated with the two O-D pairs: 
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Disbenefits 

(5-11, basic section) = - $ 5,200 per annum 

Disbenefits 

(5-9, non-basic section) = - $ 21,700 per annum 

Difference = $ 16,500 per annum 

The above example shows that the disbenefit accruing to trips 

between one O-D pair (5-9) can be more than four times that for the 

other (5-11). The basic weakness of the method of basic section is 

its inability to include trips between all O-D pairs in its 

accounting of travel costs. By concentrating only on trips for the 

basic sections and not considering a complete trip matrix, one 

therefore introduces a potentially serious source of error in the 

. estimation of user benefits. This is essentially a problem of 

evaluation with the use of incomplete trip matrix. 

4.5.2.5 Problems with the Use of Link Volumes as a Basic Measure 

The method of basic section was applied by Hasell and Scott (1983) 

in their study of the Christchurch Southern Arterial. The major 

roads joining various external zones in the network were divided 

into a number basic sections. Benefits were estimated from the 

difference in travel cost along those basic sections before and 

after the improvement, and the estimated benefits were then summed 

up to give the total benefit for the project. To estimate the 

number of travellers on a particular basic section, a scaling 

factor based on the link volume recorded at one location on the 
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section was used. This particular approach poses two further 

serious problems in addition to the general deficiency mentioned 

earlier. 

Firstly, the use of link volume from one location on a particular 

basic section as an estimate of the number of travellers 

experiencing the estimated benefit (or disbenefit) for the whole 

basic section is inappropriate. Travellers, entering or leaving 

along the basic section but passing the count station, would all be 

recorded as having the same benefit (or disbenefit) as those 

travelling the whole basic section. This may only be true for trips 

along limited-access roads. In an urban network situation where 

there are numerous intersections and access points, the adoption of 

such an approach may thus lead to serious errors in benefit 

estimation. 

The second problem relates to the use of link volumes, instead of 

trip magnitudes between origin and destination pairs, as an 

economic measure for travel benefit within the basic-section 

approach. The problem can be illustrated by referring to Figure 

4.42. 

Zone 
I 

a 

Zone 
k 

Zone o-----I ___ -~ j 

Figure 4.42: A Simple NeblOrk Consisting of Three Zones 
and Four Links 
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Let 

and 

Then, 

and 

the number of trips from 

zones i to j using link a; 

the number of trips from 

zones i to k using link a; 

Tij = the total number of trips 

from zones i to j; 

Tik = the total number of trips 

from zones i to k; 

= the probability of traffic 

on link a, travelling from 

zones i to j; 

Qaik = the probability of traffic 

on link a, travelling from 

V a 

zones i to k; 

= the volume of traffic on 

link a for that particular 

time period. 

= 
= 

tija!(tija + t ika ) 

tija!Va 
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Scaling up the journey time for O-D pair, i-j, with the traffic 

volume on link a (which is a common practice) may seriously distort 

the estimate of travel cost between zones i and j, because V can a 

only be representative of t ija provided Qaij = 1.0 (i.e. Qaik = 0), 

which is a very unlikely event. The distortion from such scaling 

depends very much on how far does Q .. deviate from 1.0. In the 
a~J 

context of a network analysis (where the Southern Arterial is but 

one example), the distortion can indeed be very serious as the 

traffic on a particular link may consist of trips for a wide 

mixture of O-D pairs and, consequently, the Qaij factor may turn 

out to be only a small fraction of 1.0. 

The use of link volumes as an economic measure in the evaluation of 

urban networks, particularly when applied to the basic-section 

approach, has been shown to involve some complications and can be a 

potentially serious source of distortion. In circumstances where 

the use of such an approach remains the only option, SATURN does 

provide the potential for the computation of the set of Qaij 

factors. Certain modifications, however, are necessary. Though 

SATURN produces a set of link factors called Pi' factors, they are 
Ja 

not the same as the Qaij factors mentioned above. 

In SATURN, 

the probability of trips from 

zones i to j using link a 
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The relation between Pi' and Q ., is given by Ja a~J 

(Figure 4.42): 

This can be generalised into 

(P .. T .. )/( L: L: P .. T .. ) 
~Ja. ~J i j ~Ja. ~J 

Since Pija and Tij for each O-D pair can be obtained directly from 

SATURN, the set of Q .. factors for each link associated with each 
a~J 

O-D pair can thus be derived. However, the set of Q .. factors so . a~J 

desired can be enormous, for it is going to be a three-dimensioned 

matrix of size 1 x m x n, where 1, m and n denote the total number 

of links, origin zones and destination zones respectively. 

The illustrations above show that in the use of the basic-section 

approach, two major difficulties have to be overcome. Firstly, it 

is necessary to ensure that the set of basic sections includes all 

significant trip interchanges. Secondly, if link volumes are used 

as the basic measure, they have to be used in conjunction with the 

relevant Qaij factors. The accurate estimation of these 

factors is also crucial in order to avoid serious distortions in 

the estimate of travel cost savings. 
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4.6 Summary 

This case study was aimed primarily to bring the methodology of 

network modelling to be an integral part of an urban transport 

evaluation procedure, and to appraise the evaluation methods in New 

Zealand as they were applied to the Christchurch Southern Arterial 

project. 

Great care has been taken to ensure the reliability of the input 

trip matrix developed for this study, as it is recognised that the 

accuracy of the results from the simulation-assignment model, 

SATURN, depends critically on the reliability of the input trip 

matrix. Comparisons of the assigned and observed flows at various 

check points in the network indicated that the results from the 

model were indeed satisfactory. 

Two types of analyses were conducted: an operational analysis, 

followed by an economic analysis. 

From the operational analysis, it was found that with the 

introduction of the Southern Arterial and its associated traffic-

management modifications, journey times on the three existing major 

routes (Riccarton Rd, Blenheim Rd and Lincoln Rd) have been 

increased, on average, by 10 to 15 seconds per trip. The major 

reason for the additional delays in travel time along these three 

routes was attributed to the changes in intersection form. Precise 

determination of the origin and destination of trips using the 

Arterial was also found to be of critical importance, as borne out 

by the problem of an ill-defined network (as was the case for this 

Southern Arterial study). 
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From the economic analysis, it was shown that the zonal 

distribution of benefit was rather varied and disparate. The result 

reaffirms the importance of analysis by disaggregate measure (e.g. 

by origin or destination zone), 

Problems concerned with the application of the evaluation method to 

urban networks may arise from three main sources: 

(1) 

(2) 

(3) 

failure to consider the variation in short-run demandi 

the use of.incomplete trip matrix; and 
/ 

the use of link volumes as a basic measure for travel 

benefit. 

It has been demonstrated, from this study, that the simulation-

assignment model (SATURN) can in fact be utilised as an integral 

part of an evaluation process. Besides, the adoption of SATURN has 

provided a great deal more insights about, and versatility into, 

the evaluation process. The potential offered by the integration of 

the methodology with urban transport appraisal procedure should 

really be further developed so as to make better use of such 

integrated techniques for urban project evaluation. 
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PART I II 

THE RURAL CONTEXT 



CHAPTER 5 

RISK IDENTIFICATION VIA SENSITIVITY ANALYSIS 

5.1 Introduction 

This part (Part III) of the study is aimed primarily at developing 

a deeper understanding and awareness of the uncertainty associated 

\'lith the rural roading evaluation practice in New Zealand. It is 

hoped that it will pave the way for a greater recognition and 

willingness on the part of transport planners and analysts to 

incorporate the elements of uncertainty in road design and 

appraisal. The attempt to deal with this afore-mentioned 

uncertainty involves the use of systematic techniques of risk 

analysis consisting of a logical sequence of steps which includes 

i) risk identification, 

ii) risk quantification, and 

iii) risk evaluation. 

Here, the analysis includes only 3 of the 5 steps suggested by 

Haimes and Leach (1985) (see also Chapter 2) because it is felt 

that the fourth and fifth steps of risk aversion and risk control 

are beyond the scope of this study; they warrant a separate study. 

The objective for each of the sequential steps in the risk analysis 

proposed for this study is described below: 

1) Risk identification -- to screen and identify the key 

variables which could have significant impacts on rural 
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roading evaluation. The method of sensitivity analysis 

was applied to a sample of ten different projects for 

'this task. 

2) Risk quantification to formulate appropriate 

measures of risk and to estimate the probability 

distributions of key input variables. The end resul t 

was some form of output expressing the project's 

economic worth and its associated risk. The technique 

of Monte Carlo simulation was employed for this step. 

The risk situation of two road schemes were studied in 

detail. 

3) Risk evaluation -- to evaluate the impacts of various 

sources of uncertainty and their implications for 

decision making. 

The above sequence of steps is reflected in the chapter 

organisation. Risk identification through sensitivity analysis 

forms the focus of chapter 5. In addition, a brief description of 

the development of roading evaluation procedures in New Zealand is 

incl uded to set the scene. Chapter 6 details the methodology of 

Monte Carlo simulation and the technique of random number 

generation as applied to the two case studies. It also demonstrates 

the estimation of uncertainty in various key variables. Chapter 7 

evaluates and draws implications from the two case studies 

presented in Chapter 6, and ends with a discussion of the treatment 

of uncertainty in transport investment decisions. 
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5.2 Rural Roading Evaluation Procedures in New Zealand 

5.2.1 Development of the Roading Evaluation Programme 

The development of a systematic evaluation procedure for road 

projects in New Zealand first emerged in the early 70's. The 

emphasis then was on the selection of relevant traffic and economic 

data for inclusion into an economic assessment framework (Read, 

1971), and on the formulation of a standard method to be used for 

projects on rural state highways (Beatty and Read, 1971). The 

efforts culminated in the adoption of a formalised set of 

guidelines for roading evaluations by the Ministry of Works and 

Development in 1972 (MWD, 1972). That marked the beginning of a 

formal recognition of the value of a standard economic appraisal 

framework by the major roading authority in New Zealand. 

Subsequent changes to the official guidelines involved further 

simplifications of the procedures for easier application O~v1D, 

1977). The requirement to produce an economic appraisal was 

extended to cover all state highway improvement works, and it was 

in the 1977 revised guidelines that the issue of uncertainty was 

first raised. In tackling the problem of uncertainty, the approach 

taken then was essentially one of risk-aversive nature -- raising 

the discount rate from 10 to 15 percent, shortening the analysis 

period from 20 to 15 years and assuming project residual values to 

be negligible. However, over recent years, such a response to the 

problem of uncertainty seems to have given way to an emphasis on a 

more refined and in-depth understanding of the causes and effects 
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of error and uncertainty in the area of transport project 

appraisals. 

Though there have been substantial research efforts targeted at 

improving the reliability of parameter values and methodologies 

used since 1976, the major part of these efforts focus on the cost 

and valuation of accidents and travel time (Sherwin, 1976; Jackson, 

1977; Sherwin and Jackson, 1978; Cox, 1976 and 1979). There was 

only one study (Clark, 1979) which took a closer look at the 

probable sources of uncertainty in the economic evaluation 

procedures currently practiced in New Zealand. 

Clark's study which took the form of sensitivity analysis on a 

sample of six different projects, aimed to estimate the accuracies 

of existing data used in evaluation exercises and their impacts on 

the results. It also attempted to identify the key variables of 

significant uncertainty. (A summary of the results from Clark I s 

study is reproduced in Appendix C .) Clark's study can only be 

viewed, within the framework of risk analYSiS, as belonging to the 

preliminary risk identification stage. 

In contrast, this study extends the process of risk analysis of 

roading appraisals to include the stages of risk quantification and 

risk evaluation. In a way, it can therefore be considered as a 

continuation or extension of Clark's work. 
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5.2.2 The structure of Rural Roading Evaluation Procedures 

Since the introduction of the 1977 guideline for project appraisal 

by the Ministry of Works and Development, economic criteria 

gradually became the single most important factor influencing the 

decision for project approval by the National Roads Board, as 

evidenced by the halting of the Christchurch Southern Arterial 

project in 1977 till an economic eval ua tion of the project was 

completed (see Chapter 4). 

As for the urban case, the basic theoretical concept underlying the 

rural roading evaluation framework is one associated with the 

travel market and cost-benefit analysis (Chapter 3). It does not, 

however, have the complications associated with an interacting 

network. The structure of the procedures for rural scheme 

appraisal is much simpler in comparison with the urban network 

case. 

Figure 5.1 illustrates a schematic showing the various steps in 

rural roading evaluation as commonly practised in New Zealand. From 

Figure 5.1 it can be seen that, of the four basic causes of error 

and uncertainty (measurement, specification, calibration and 

forecasting errors (Chapter 1», the category of measurement or 

input uncertainty seems to dominate, as reflected in the fact that 

input data estimation occupies a major part of the procedural 

structure. Close to 20 input entries are needed, from which 5 broad 

categories can be discerned: 
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a) economic parameters, 

b) road parameters, 

c) traffic parameters, 

d) accident parameters, and 

e) maintenance and capital cost. 

Specification error, as seen from the schematic, may arise from the 

formulation of the speed/flow relationship and the cost formulae 

and in the exercise of flow group (or demand period) 

disaggregation. The prediction of long-run variation in demand is 

usually not required for this set of simplified procedures; any 

probable forecasting error is confined to only one parameter, the 

annual growth rate estimate. 

Causes of uncertainty apart, Figure 5.1 also reveals the 

conventional attitude that only user benefits which can be measured 

with sufficient precision are to be considered in the economic 

evaluation. The three typical categories to be included are 

vehicle operating cost savings, travel time savings and accident 

savings (Bone, 1986; Dept. of Transport, 1978; AASHTO, 1977). 

Maintenance costs, which usually constitute a small portion of the 

total cost, are in generalpe~ng considered under the capital cost 

category. It should also be noted here that the values for the 

various economic parameters (Figure 5.1) adopted for this study are 

taken from the 1984 official evaluation guidelines (MWD, 1984). 

(The most recent 1986 values were not used for the reason that the 

major portion of this research was done before 1986.) 
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5.3 Sensitivity Tests on a Sample of Ten Different Projects 

As the parameters of resource allocation models, of which economic 

evaluation is one, are seldom known with accuracy, it is necessary 

to investigate the sensitivity of the models' output to possible 

changes in these parameters. At its simplest, a sensitivity 

analysis consists of the calculation of the rate of change of the 

objective function with respect to a particular parameter. 

Analytically, this can be interpreted as the result of a partial 

differentiation (de Neufville and Stafford, 1971). For instance, 

given a cost function C, such as 

C ::: f(x,y,z) , 

ac/ax then determines the sensitivity of costs to changes in the 

parameter x. In this way, a sensitivity analysis helps to identify 

the relative impacts on the cost from changes in the parameters x, 

y and z. In the simulation approach, it is equivalent to varying 

the relevant input variable (while keeping the other variables 

constant) to observe the response of the model to the change. 

In this study, the simulation approach was adopted and applied to a 

sample of ten different projects. OWing to a number of constraints, 

only ten projects were included in the sample. One major difficulty 

is that the information in many roading assessment reports \Vere 

found to be insufficient for performing a rigorous cost-benefit 

analysis based on the 1984 procedures. For instance, most rural 

roading appraisals, to date, have been assessed on the basis of 

annual average daily traffic (AADT), therefore flow information for 

different demand periods were generally not recorded. In addition, 
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annual average values were also assumed for other traffic 

characteristics, e.g. traffic composition, work/non-work split and 

occupancy. These annual average values could not, however, serve as 

input to the 1984 procedures where disaggregated information by 

demand period are required. (See Section 5.4.1.2 for a detailed 

discussion of demand period stratification.) Data obtained from 

the assessment reports for most projects were thus found to be not 

only incomplete, but also incompatible with the requirements of the 

1984 procedures. As a result, only a limited sample of ten projects 

was selected. 

5.3.1 Objectives of the Sensitivity Tests 

The objectives of the sensitivity analysis for this particular 

study were as follows: 

(1) To investigate and identify the relative importance of 

the various traffic parameters on project evaluation. 

(2) To understand how imprecision or uncertainty in the 

input (traffic and accident) parameters affect the 

outcome of the project. 

(3) To determine if the uncertainty associated with a 

particular parameter is significant enough to warrant 

its inclusion and quantification in the form of a 

probability distribution for the subsequent stage of 

risk analysis involving Monte Carlo simulations. 

Here, the exclusion of most economic parameters (e.g. analysis 

period, discount rate and value of travel time) from the 
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sensitivity analysis is intentional. The framework for project 

evaluation as proposed by the New Zealand Ministry of vlorks and 

Development (and adopted by the National Roads Board) includes 

recommended values for the various economic parameters, and was 

taken as the basis of this study (MvlD, 1984). Inaccuracies 

resul ting from inappropriate values of economic parameters like 

analysis period and discount rate would be mainly due to invalid 

economic assumptions. Changing those values (e.g. changing the 

analysis period from 25 years to 15 years or the discount rate from 

10% to 15%) would mean changing the conceptual assumptions as well. 

Since it is not the purpose of this study to critically appraise 

the validity of the economic assumptions associated with the 

selection of values for the economic parameters, the sensitivity 

related to these parameters will not be tested. Instead, the 

emphasis here is to explore the measurement uncertainty associated 

with the traffic and accident parameters. 

vlith respect to the issue of the value of travel time, although 

much work has been done for the last two decades with various 

methodologies developed to attempt to measure the value of travel 

time, the obvious lack of consistency in the results (Bruzelius, 

1979; Jennings and Sharp, 1976) has rendered any quantification of 

its uncertainty rather arbitrary. For example, it would be 

meaningless to attempt to represent the uncertainty associated with 

the recommended working travel time value in New Zealand (NZ$8.80 

per hour per occupant) by, say, a normal distribution with standard 

deviation of $2.00 per hour, without first establishing the 

validity of the assumptions from which the value was derived. This 
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was particularly true for the valuation of non-working travel time. 

Despite the enormous research efforts directed towards identifying 

suitable values for this important source of road user benefit, 

there remains much disagreement on the values published and little 

guidance on their applicability in specific contexts (Hensher and 

Truong, 1985). For similar reasons, sensitivity test were not 

carried out for the economic cost of accidents either. Instead, 

attention is focussed on traffic parameters like occupancy, 

work/non-work split, traffic flow, traffic composition, speeds, and 

accident reduction, whose estimation has become an integral part of 

the responsibility of a traffic/transportation engineer. 

5.3.2 The Sample 

Table 5.1: Nature and Location of Projects under study 

2 
3 
4 
5 
6 
7 
8 
9 

10 

Albany Hill, Auckland. (State 
Dillons Hill, Napier 
Hihitahi Bluffs, Waiouru. 
Leithfield, Christchurch. 
Mangatera Stream, Napier 
McKays Crossing, Paekakariki. 
Mt.Messenger, New Plymouth. 
Templeton, Christchurch. 
Waipu, Wbangare1. 
Waiwera River, Auckland. 

Highway 1) 
(SH5) 
(SH1) 
(SH1) 
(SE2) 
(SEi) 
(SE3) 
(SE1) 
(SE1) 
(SEi) 

Crawler Lane 
Road Realignment 
Road Realignment 
Curve Realignment 
Bridge Replacement 
Crossing Reconstr. 
Road Realignment 
Passing Lane 
Bypass 
Bridge Replacement 

A sample of ten projects was analysed. Table 5.1 lists the nature 

and location of the ten rural highway projects under study. Whilst 
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Table 5.2 summarises the results of cost-benefit analyses performed 

on them. The relative percentage contributions of the three main 

benefit components, namely travel cost saving, accident saving and 

maintenance saving are tabulated in Table 5.3. 

Table 5.2: Summary of Results from Cost-Benefit Analysis 

TOTAL ADDITIONAL NET PRESENT BENEFIT-
PROJECT BENEFIT CAPITAL COST ~ COST RATIO 

1 738,847 673.920 64,927 1.10 
2 1,164,908 608,500 556,408 1.91 
3 498,855 298,900 199,955 0.75 
4 397,997 144,400 253,591 2.76 
5 424,174 152,500 271,674 2.78 
6 6,396,150 2,208,756 4,187,394 2.90 
7 2,955,141 2,353,600 601,541 1.26 
8 193,407 80,000 113,407 2.42 
9 5,553,720 1,627,000 3,926,720 3.41 

10 1,812,942 505,000 1,307,942 3.59 

-Note: All monetary values are set at 1982 prices 

Table 5.3: Percentage Contributions of different benefit components 

TRAVEL COST SAVING 
Test ACC. HAINT. 

No. PROJECT Veh. Op. Oeep. Time Veh. Time SAVING SAVING TOTAL 

1 Albany -37.0 68.5 1.3 65.6 1.6 100 

2 Dillons 27.7 28.8 1.0 39.1 3.4 100 I 
3 Hihitahi -0.2 42.5 1.7 55.2 0.8 100 

4 Leithfiel d -30.1 43.0 1.2 81. 6 4.3 100 

5 Hangatera -0.1 37.3 0.3 56.9 5.6 100 

6 McKays 27.1 38.1 1.2 33.4 0.2 100 

7 Mt Messenger 12.3 65.8 1.6 14.2 6.1 100 

8 Templeton -133.1 236.3 2.6 0.0 -5.8 100 

9 Waipu 42.6 41.2 1.5 11.7 3.0 100 

10 Waiwera 59.9 18.30 0.7 13.7 7.4 100 



Table 5.3 illustrates the dominance of travel cost savings and 

accident savings in all of the projects considered. The 

contribution from travel cost savings ranges from 10% to 100% and 

that for accident saving from 0% to 82%. Maintenance savings remain 

consistently below a magnitude of 8%. For projects in which 

accident savings are prominent, there is a corresponding decline in 

importance in travel cost savings. In these cases, input parameters 

directly related to the estimation of travel cost savings 

(occupancy, traffic composition, speed etc.) would have little 

impact on the outcome of the evaluation as they would largely be 

overshadowed by the accident or safety component. Project 4 

(Leithfield Curve Realignment) is typically one such project where 

accident saving constitutes 81.6% of the total benefit, and travel 

cost saving constitutes only 14.1% (Table 5.3). 

The above distinction can be important in the context of 

sensitivity analysis. Hazard elimination (safety) projects tend to 

exhibit little sensitivity to changes in traffic parameters, 

because the project b~nefits would be dominated by the accident 

component. It is more appropriate therefore to look at the 

sensitivity of travel cost savings (to changes in traffic 

parameters) rather than the sensitivity of the total savings. For 

this reason, the accident component has been excluded from the base 

reference for sensitivity tests on traffic parameters. 
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5.3.3 The Tests 

A total of 11 tests have been performed. They focus mainly on the 

possible effects of measurement uncertainty in the traffic and 

accident parameters on project outcome. A description of the 

sensi ti vity tests performed can be found in Table 5.4. It should 

also be noted that measures of the sensitivity of the projects are 

expressed in terms of percentage changes in the benefit-cost ratio, 

and the mean and standard deviation of these changes for the 

sample. The traditional elasticity concept which measures the 

effects of a change in a given variable, was not used because, for 

a number of the tests, simultaneous changes in two or more 

variables were involved (e.g. a shift of traffic composition from 

car to HeV, or a general increase in vehicle occupancy rate for all 

three vehicle types). 

Table 5.4: Description of Sensitivity Tests Performed 

TEST DESCRIPTION 

Traffic Flow: +10% increase in flow 

2 Traffic Composition: A shift of 2.5% from CAR to HCV 
( -CAR +HCV ) 

3 Traffic Composition: A shift of 2.5% from CAR to LCV 
( -CAR +LCV ) 

4 Traffic Composition: A shift of 2.5$ from HCV to LCV 
( -HCV +LCV ) 

5 Occupancy: +0.1 increase in rate for CAR only 

6 Occupancy: +0.1 increase in rate for ALL veh. types 

7 Work/Non-Work Split: +5% increase in working CAR only 

8 Work/Non-Work Split: +5% increase in working veh. for ALL types 

9 Changes in Speed: 1 unit (1 kph) speed increase for ALL 
veh. types at different base speed 
(Base speed = 30, 40, 50 and 60 kph) 

10 Changes in Speed: 1 unit (1 kph) speed increase over and 
above the predicted speed for the 
after-improvement situation 

11 Accident Reduction: -10% reduction in the predicted rate 

Note: Accident component has been excluded from the base reference of 
all tests except Test 11. 
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5.4 Results and Analysis 

5.4.1 Traffic Volumes 

In the calculation of travel cost savings, vehicle operating cost 

and travel time cost are generally assumed to be a direct function 

of the traffic level. Any error in the estimation of the base year 

traffic volume is directly reflected in the estimates of benefits. 

For the range of projects sampled, the test of 10% flow increment 

has produced a mean change of +10.4% in benefit-cost ratio with a 

standard deviation of 4.0% (Table 5.5). The table also shows that 

Table 5.5: Sensitivity Test 1 : Traffic Flow 
le% increase in traffic flow 

BIC 
Test BIC (+10% BIC % 

No. PROJECT (Base) fl ow) Change Change 

1 Albany 0.38 0.46 0.08 21.1 

2 Di 11 ons 1.17 1.28 0.11 .9.4 

3 Hihitahi 0.75 0.82 0.07 9.3 

4 Leithfiel d 0.51 0.56 0.05 9.8 

5 Mangatera 1. 20 1.31 0.11 9.2 

6 McKays 1.92 2.09 0.17 8.9 

7 Ht Messenger 1.08 1.14 0.06 5.6 

8 Temp 1 eton 2.42 2.70 0.28 11.6 

9 LJaipu 3.01 3.31 0.30 10.0 

10 LJaiwera 3.10 3.39 0.29 9.4 

Mean Change :: 10.4 
Standard Deviation :: 4.0 

Range : +5.6 to +21.1 :: 15.5 
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the percentage change in B/C ratio for eight of the ten projects 

lies between the range of 9% to 12%. A mean change in B/C ratio of 

10.4% from a 10% flow increment suggests that the sensitivity of 

project outcome to error in flow input is of the same order as the 

input error. Since it is not uncommon to find errors in traffic 

flow estimates to range from 10% to 30% (Penrise, 1978; Maggs, 

1978), the same error margin would probably be reflected in the 

benefit estimation as well. 

The unusually large deviation from the mean change exhibited by the 

crawler-lane project at Albany Hill (Project 1, Table 5.5) perhaps 

needs some explanation. The case illustrates the complementary 

effects of flow and speed on the benefit estimation. In the first 

place, a 10% increment in flow level had resulted in a parallel 

increase in travel oost savings. The existing high level of flow 

and the crawler-lane nature of the project provide the additional 

factors. The 10% inorement in flow raised the before-improvement 

volume/oapaoity ratio, for example in the morning peak, from 0.64 

to 0.70. The net result was a oorresponding 2 kph drop in base 

speed. Given the nature of a crawler-lane projeot, the final speed 

attained for the overtaking traffio stream (after the improvement) 

was little affected by the 10% increment. In other words, the 10% 

flow increment oaused a compounding effeot of a lower base speed 

and, at the same time, a larger magnitude in speed change. As a 

result, the increase in benefit estimate was more than double the 

average inorease for other projeots. 

At this stage, the more cruoial questions is to determine the 

souroes of error or unoertainty inherent in the estimates of 
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traffic flow. As the outcome of an evaluation cannot be more 

accurate than the input data from which it was based, it is 

essential to quantify the measurement uncertainty in such input 

data, among which, traffic flow constitutes one of the most 

critical parameters. 

5.4.1.1 Measurement Error and Uncertainty 

Estimates of traffic flow based on traffic counter data can 

commonly have two main sources of error. One can be traced to the 

direct measuring process, and the other to the sampling procedures 

(Penrice, 1978). 

(A) Uncertainty from Direct Measuring Process 

(i) Error from manual enumeration 

Human error is found to be an important factor contributing 

to the inaccuracy of manual counting. Inexperience, inability 

to cope with heavy traffic flow in which vehicles are either 

missed or partially filled in by guesswork, and difficulty in 

maintaining constant alertness throughout the hours of 

counting period are some of the reasons. 

Variability in the counting results between different teams 

can be serious both in absolute and percentage terms. In 

1977, an experiment was carried out in which counting was 

done simultaneously at three sites by different teams. The 

difference in count results ranged from 6% for daily totals, 
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21 % for light vans, 19% for t\,lo-axled goods vehicles, to 16% 

for pedal cycles (Penrice, 1978). Even assuming there is no 

consistent overall bias to over or under-estimate, the margin 

of error from this measuring process can easily be as high as 

10%. 

For this study, it is suggested therefore the error or 

uncertainty range can be reasonably placed at 5%-10% below 

and above the manually enumerated estimate. 

(ii) Error from automatic count instrument 

Error from the use of automatic count instruments arise\from 

two potential sources. The first is related to mechanical 

failure of the instrument. Even with the best equipment 

meticulously maintained, breakdowns or imperfect running will 

occur on occasions. Rarely can a traffic counter achieve a 

more than 90% recording level over a long period (Maggs, 

1978) • 

The second potential source of error concerns the design 

weakness of the equipments. For instance, a pneuma tic tube 

detector is designed to count axles rather than vehicles. 

This can bring about inaccuracy especially on roads where 

there is a high or constantly changing proportion of multi-

axled vehicles. An inductive loop, on the other hand, suffers 

from the problems of missing straddling vehicles unless 

complex systems are employed. 

Further research is necessary to ascertain the accuracy of 

counting instruments. Meamlhile, allowance should still be 
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made, even if it's judgemental, to account for the probable 

errors arising from these uncertainties in the functioning of 

the equipment. 

(B) Uncertainty from sampling procedures 

Apart from the truly continuous 24-hour automatic counts in 

which complete data on the population can become available, 

all traffic censuses measure a sample in time of the total 

traffic flow on a particular segment of road. In using a 

sample data, care is needed. Traffic characteristics such as 

flow volume, traffic composition and vehicle occupancy depend 

on which hour in the year is being considered. The time of 

day, the type of day, and the time of year may all exhibit 

different characteristics. This is a problem of sampling in 

time. 

As it is both very expensive and impractical to undertake, 

for every project, 24-hour continuous counts through the 

year, limited samples from short-period counts are usually 

used to estimate the flow in some longer periods by scaling 

factors. The statistical problem then is how to decide on the 

appropriate monitoring site or sites from which to calculate 

the scaling factors. The additional complications arising 

from seasonal and holiday variations will also need to be 

considered. 

In New Zealand, the monitoring sites selected are commonly 

referred to as control stations. The normal practice here is 
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to collect at least one week of counts per month for each 

control station. The scaling factor, calculated from a 

control station of a particular class of road can then be 

applied to roads of the same class in the same region. This 

is designed to lessen the bias in this problem of sampling in 

space. Yet, within a particular region, the variability in 

flow can be so great that large errors are possible. For 

example, in a large scale survey in the UK involving an 

average of ten sites per road class per region, the 95% 

confidence ranges for about a third of the regional road 

class total flow means were in excess of + 30% of the mean 

(Penrice, 1985). Though it may be argued that the flow 

pattern in New Zealand can be different from that in the UK, 

the point remains that the errors or uncertainty arising from 

the current sampling procedures may in fact be considerable. 

5.4.1.2 Specification Error: The Variation in Traffic Flows 

throughout the Year 

Traffic flow-related uncertainty can arise at two levels. First, it 

may arise at the measurement level which has been discussed in 

detail in the preceding section. Second, it may come about at the 

model specification level. This relates to the failure of an 

evaluation model to adequately represent the variation in traffic 

flows throughout the year. As has been shown in the urban case, the 

impact of short-run demand variation on project appraisal can be 

very significant. The case for rural road schemes is no different, 
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even though the peak flow may not constitute such a large 

percentage of the total daily flow as for the urban situation. 

The importance of an accurate representation of traffic flow for 

use in economic analysis appears to have been given greater 

recogni tion in New Zealand only over recent years. The official 

guideline for economic appraisal of roading projects which came 

into circulation as recently as 1980, contained no suggestion as to 

how the variation of traffic flows throughout the year could be 

systematically and adequately represented for the purpose of 

economic evaluation (MWD, 1980). Most studies use a single annual 

average daily traffic (AADT) figure, assuming that all benefits 

accrue equally to traffic at each time of the day or year. 

However, the use of AADT in appraising road schemes tends to mask 

the variability of some very important traffic characteristics. 

This inadequacy has been widely recognised (Phillips and Reeson, 

1984 i Clark, 1979; Manheim, 1979 i Maggs, 1978; Wohl and Martin, 

1967). Economic benefits in terms of travel time and vehicle 

operating cost depend heavily on the size and timing of traffic 

flows. The size of flow can affect the speeds of vehicles, the 

level of delay and the number of vehicles involved; the timing of 

flow has a bearing on vehicle occupancy and trip purpose. Thus, 

variations in these traffic characteristics will need to be 

considered to adequately reflect the demand conditions. 

A frequency distribution of hourly traffic flow is one convenient 

way of describing the variation in traffic flows throughout the 

year. The representation of the annual flow pattern by a frequency 
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distribution of hourly flow in the form of a heterogeneous 

exponential-normal distribution was first proposed by Vaughan 

(1968), based on Australian data. The approach was further 

developed by Southwell and Tindall (1974). A similar study has also 

been carried out in New Zealand. The study, which analysed the 

hourly-flow frequency distributions of eleven continuous count 

stations located throughout New Zealand, has found that the 

distributions in all instances were bimodal and could be 

approximated by a heterogeneous distribution function comprised of 

exponential and lognormal components (Bennett and Saunders, 1986). 

Figure 5.2 shows a heterogeneous exponential-lognormal distribution 

as observed by Bennett and Saunders at one of the sites. 
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Figure 5.2: Exponential-Lognormal Distribution 
of Hourly Flows 

Source: Bennett and Saunders (1986) 
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It is recognised that the approach of hourly-flow frequency 

distribution may give a more meaningful representation of the 

variation of flows throughout the year than the traditional "knee" 

curve approach of ranked hourly volume distribution (Figure 5.3) 

suggested in the Highway Capacity Manual (HCM, 1985) •. It has also 

been shown that when used to expand incomplete counts to represent 

a full year of observations, the frequency distribution approach 

will generally result in an improvement over arithmetic expansion 

(Bennett and Saunders, 1986). 
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Figure 5.3: The Traditional "Knee" Curve Approach of 
Ranked Hourly Volume Distribution 

Source: HCM (1985) 

How~ver, the establishment of a frequency distribution function of 

hourly flow still stops short of being an effective method for use 

in project evaluation. One will still be confronted with the 

problem of selecting appropriate values from the distribution that 
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would take account of varying flow characteristics not only between 

different times but also between different types of roads. A 

frequency distribution function only describes the form of 

distribution which traffic flow may assume; it does not prescribe a 

method for selecting appropriate values for use in evaluation 

procedures. A certain level of disaggregation in flow is necessary 

in order to take account of short-run demand variations. 

Indeed, when the hourly-flow frequency distribution is decomposed 

in terms of demand periods, some very interesting insights seem to 

emerge. The heterogeneous exponential-lognormal distribution 

proposed by Bennett and Saunders (1986) is, in fact, the combined 

form of two distinct distributions belonging to distinctly 

different demand periods. If the temporal element in terms of the 

time of day is being considered, it is found that the exponential 

component of the heterogeneous distribution represents the 

distribution of hourly flow for the night period, and the normal or 

log-normal component represents the flow distribution for the day 

period. Figure 5.4 shows the observed distributional forms of 

hourly flow for the Templeton site (Project 8, Table 5.1) for six 

different demand periods: 

(1) Weekday morning peak (7am to 9 am) 

(2) Weekday off peak (9am to 4 pm) 

(3) Weekday evening peak (4pm to 6 pm) 

(4) Weekday night (6pm to 7 am) 

(5) Weekend day 

(6) Weekend night 

(8am to 6 pm) 

(6pm to 8 am) 
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Figure 5.4: Observed Hourly Flow Distributions for Six Different 
Demand Periods 
(State Highway I, Templeton) 

It can be seen most clearly from the demand periods for weekdays 

that the exponential component could only be due to flows at the 

night period because none of the day time periods have recorded any 

flow below 300 vph (Figure 5.4). 

Clearly, the second prominent mode (the normal or log-normal 

component) can be attributed to the offpeak flows from both the 

weekday and the weekend. (Coincidentally for this site, the means 

for the two offpeak periods almost coincide with one another). 



FIO'lrlS at the morning and evening peaks bring in some major 

complications. Consider first the morning peak distribution. The 

critical factor here seems to be the level of its mean flow. If its 

mean falls close to the offpeak mean, the mode of the normal 

distribution will be made more prominent. On the other hand, if its 

mean is found to be below the offpeak range (e .g. in a location 

where the morning peak phenomenon is non-existent), a less 

prominent mode which fits neither the exponential nor normal 

component will be observed in between the two prominent modes of 

the exponential and normal components. For the evening peak 

distribution, it is more than likely that its mean flow will be 

higher than the offpeak mean. The higher and further away its mean 

from the offpeak range, the more distinct will the evening peak 

distribution be observed to deviate from the "prescribed" normal 

component. 

It should also be noted that the extent of peaking in terms of 

frequency (in a frequency distribution curve) for the two peak-hour 

distributions can never be as pronounced as the offpeak or night 

period for the simple reason that each of them lasts hardly more 

than two hours in a 24-hour day (small number of occurrences). To 

illustrate that the hourly flow frequency distributions can in fact 

exhibit a shape with more than two modes, the empirical frequency 

distributions of four of the sites studied by Southwell and Tindall 

(1974) are reproduced below in Figure 5.5. 
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Figure 5.5: Frequency Distributions of Observed Hourly Flows 
for Four sites 

Source: Southwell and Tindall (1974) 

Disaggregating demand periods by time of day (peak, offpeak and 

night) and by the type of day (weekday and weekend) offers one 

other important advantage. The generalised concept of "travel being 

a derived demand ll can be taken to mean that travel is the result of 

human activities. Activities are therefore primary; travel is 

secondary (Jones et al,1983). Because activities take place at a 

unique point in space and time, the order and timing of trips 
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become as important descriptors as their origins and destinations. 

As a result, sequencing becomes a key element of activities and, 

hence, trips. Unlike both the traditional "knee" curve approach of 

ranked hourly volume distribution (HeM, 1985) and Vaughan's 

heterogeneous distribution where flows are aggregated across time 

and rearranged in ascending order of flow, the demand-period 

disaggregation approach has the advantage of retaining the 

sequencing element of activities. The essential order and timing of 

trips are retained and reflected in the disaggregated 

distributions. The important task then is to decide on an 

appropriate choice of demand-period stratification. 

It is recognised that the arguments above are based primarily on 

the evidence of stratified demand-period distributions from only 

one site; the use of a larger sample of sites would have been 

better. However, from these preliminary findings, it does seem that 

the demand-period disaggregation approach has the potential of 

providing a more meaningful representation of the variation in 

flows than both the traditional "knee" curve and the heterogeneous 

distribution approaches. 

Disaggregation of hourly flm'ls into appropriate demand periods 

according to the type and time of day has pointed to an approach of 

representing hourly flows through the year and of selecting flow 

values for evaluation purpose\~ To be consistent with the 1984 

official guide in project appraisal, the road user benefits for the 

case studies are assessed on the basis of the following demand 

periods (1984, MWD): 
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(1) Weekday peak 

(2) Weekday offpeak 

(3) Weekday night 

(4 ) Weekend day 

(5) Weekend night 

The underlying basis for the above disaggregation resembles the 

procedure of stratified sampling. The total hours in a year (8760 

hours) are stratified into five periods on the basis of the type 

and time of day. The basis is not dissimilar to that suggested by 

Phillips and Reeson (1984) i.e. stratification by the time of day 

and level of flow. Phillips and Reeson recommended (on the basis of 

British data) stratifying the hourly flows in a year into six 

groups - working and non-working hours with each being further 

subdivided into low-level, medium-level and high-level flows. The 

working/non-working division resembles that of weekday/weekend or 

day/night division; the level of flow criterion corresponds to the 

peak/offpeak/night stratification. 

In addition, the 1984 official guide also provides for variations 

in traffic characteristics for different road types (rural highway, 

rural access, urban arterial, urban access, etc). Table 5.6 lists 

the stratified demand periods recommended for different roads for 

road scheme appraisal as found in the 1984 guide. 
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Table 5.6: Standard Time Periods For Economic Appraisals 

Ii •• 
Perioo 

Ii" Period, fer Ro,d Types !II 

''''''Y hour> 
pedt 

mO-09JO mo-mo mO-C8l0 0730-0930 Ob30-0830 OblO-0830 
I~OOd800 1200-1300 1200-1300 1200-1~00 1630-1830 1200-1300 

1630-1730 1130-1730 Ib]0-17JO 103o-.t8JO 

hours/p" 7J8 98~ 98~ 1230 

WeetdlY huurs 0900-1600 0830-1200 0830-1230 0930-1200 Oa30-16l0 0830-1230 
of I-p'd' "1300-1630 140HC30 mO-IolO 1300-1030 

hours/)"r 1722 1722 1m lOb 19bB 1722 

.eelday hours 1800-0700 1730-0730 1730-0730 1m-om 1830-0630 1830-0030 
night 

hour~/)'eilr 3198 3411 3414 3HI "2952 2952 

"'"End hours 
hoi iday 

peak 

hou,,/y,u 

""tend hou" oaOO-18CO 0800-1800 OBOO-lBOO 0800-18')0 C£Ov-1800 0800-1800 
hoi id.y 
elf -p •• k 

bours/y • ., 1190 1190 mo 1190 1190 1190 

•• e'.nd hours 1800-0BOO 1800-0800 1800-0800 1800-0800 IBOO-0800 1600-0BOO 
hoI i d,y 
nighl 

hours/y • ., Ih60 Ibbb Ibb6 1666 

koles : 11) a"ed on 216 ••• 'days/y,,, and 119 ''''.ods/holidays/ye" 

for Koad Typn 
I. Arterial, aod distributors - main centru 
2. Arterials and distributor, - olliff cRntr" 

lobo 

3. Urban/suburban aee.s. roads - residential and shopping land un 
I. Urban/auburban ACteU roadi - iodU5triai and eODurcial land U5I 

lor RoaD Type, 
5. Rural high.a)", 
6. Rural acee" roads 

Source: MWD (1984) 

1666 

To reduce error or uncertainty in a stratified sample, the groups 

so stratified have to be reasonably homogeneous so that the average 

values of the traffic parameters under consideration are 

representative of the traffic characteristics in a particular 
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group. A stratification procedure becomes effective if there exist 

extreme values in the population and the isolation of these is 

desirable. The distribution of hourly flows, having extremely low 

flows in the early hours of the morning and extremely high peak 

flows in the late afternoon, appears to fall within this category. 

A stratification procedure is considered as efficient if the 

differences in the traffic characteristics between the strata are 

greater than the differences within them. Statistically, the 

efficiency of the stratification pr'ocedure can be evaluated by 

calculating and comparing the between strata variance with the 

\-1ithin strata variance in terms of the F statistic, 

where 

Variance between strata n - k 
F :: x 

Variance within strata k - 1 

in which 

n :: total sample size 

k :: number of strata 

The greater the value of F, the more efficient is the 

stratification. 

It has been recognised that the problem of determining the optimum 

number and type of stratum is one of the most difficult of all 

problems encountered in sampling and defies a unique solution 

(Clark and Schkade, 1969). However certain known characteristics 

may still form the initial basis in the search for the optimum 

stratification. In our case, the efficiency of stratification on 



the basis of flow level in demand periods will first be examined, 

then followed by the weekday/weekend division. 

Based on a sample of 12 week (1 week/month) 24-hour continuous 

counts from one of the study sites (Project 8, Table 5.1), the 

short-run variations of hourly flow (sliced into the· five groups 

adopted in this study) are shown in Figure 5.6. It can be observed 

from Figure 5.6 that the mean hourly flows for the night periods 

(Periods III and V) are found to lie well outside the range of 

flows for the day periods (Periods I, II and IV). From Table 5.7, 

Which displays some of the statistical characteristics of flow in 

the five demand periods, it can be seen that mean hourly flows for 

the day periods are more than 3 times the corresponding values for 

the night periods. The illustrations indicate the need to 

disaggregate hourly flows on the basis of day/night division. 
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Figure 5.6: Observed Hourly Flow Pattern for the Five Time Periods 
on State Highway 1, Templeton 
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Table 5.7: Statistical Characteristics of the Five Demand Periods 

weekday weekday weekday weekend weekend 
peak offpeak night day night 

MEAN 528.354 468.119 113.179 471. 208 143.199 

STD.DEV. 121.690 68.309 114.900 122.689 132.453 

S.E.H. 7.855 3.333 4.114 7.920 7.226 

MAXIMUM 1880.000 690.000 585.0001825.0001565.0001 
i iii 

MINIMUM 1305.000 305.000 0.000 1145.0001 5.000 I 
I I I I I I 

ICASES INCL. 

Not e: S. E . M . = Standard Error of Hean 

Comparing the mean hourly flows of different· demand periods may 

reveal their important variation, however it does not constitute a 

statistical test. Hence a statistical test in the form of analysis 

of variance (ANOVA) was performed. Different possibilities of 

stratification involving four different combinations of the basic 

demand periods were analysed (Table 5.8). The results of the ANOVA 

for the four cases are shown in Table 5.9. 
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Table 5.8: Demand-Period Stratifications Which Are Tested 

Combination of 
Level of Disaggregation Basic Demand Periods!i} 

A 5 Strata: Weekday Peak I 
Weekday Off peak II 
Weekday Night III 
Weekend Day IV 
Weekend Night V 

B 3 Strata: Peak I 
Day (Non-Peak) II & IV 
Night III & V 

C 3 strata: Weekday Peak I 
Weekday Non-Peak II & III 
Weekend IV & V 

D 2 strata: Weekday I & II & III 
Weekend IV & V 

!i}Note: Basic Demand Period I = Weekday Peak (AM and PM) 
II = Weekday Off peak 
III = Weekday Night 
IV = Weekend Day 
V = Weekend Night 

Table 5.9: Results from Analysis of Variance 

Tail 
Case Source Sum of Sq. D.F. Mean Sq. F Value Probability 

A Stratum 66400544.1 4 1.66E+7 1321.91 0.0000 
Error 25253489.0 2011 12557.7 

B Stratum 66187450.9 2 3.31E+7 2615.89 0.0000 
Error 25466582.2 2013 12651.1 

C Stratum 16944853.1 2 8.47E+6 228.29 0.0000 
Error 74709180.0 2013 37113.4 

D Stratum 14957.5 1 14957.5 0.33 0.5665 
Error 91639075.6 2014 45501.0 



From Table 5.9, the following observations are made concerning the 

efficiency of the stratifications: 

(1) Disaggregation at the level of peak, day (non-peak) and 

night (Case B) is shown to be the most efficient of the 

four. 

(2) Further subdividing the day and night strata in Case B 

into weekday and weekend categories (Case A) has not 

helped in terms of stratification efficiency on the 

basis of traffic flow; the F value for the latter case 

has actually decreased. Still~ given the substantially 

large F value it retains, Case A remains an efficient 

stratification. 

(3) Dropping the day /night division for both weekday and 

weekend flows while retaining a separate weekday peak 

stratum (Case C) has resulted in a drastic drop in the 

F value to about 1/6 the value in Case A. It confirms 

the importance of disaggregation along the day/night 

division. 

(4) Of the four cases, the most inefficient stratification 

occurs when disaggregation is applied only on the basis 

of weekday and weekend (Case D). It is equivalent to 

disregarding the demand variation over the day. 

Surprisingly, the form of stratification which was recommended in 

the latest 1986 RRU Technical Recommendation, is one based on only 

a weekday/weekend division (Bone, 1986, Appendix A4). As far as 

stratification efficiency is concerned, it represents (in the light 

of the evidence based on this study) a step backward from the 
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previous 1984 procedures. The above observations suggest that Case 

B stratification (3 strata: peak, day and night) is more efficient 

than the stratification in Case A (5 strata; where further 

subdivision between weekday and weekend is considered). 

Subdivision between weekday and weekend on the basis of traffic 

flows seems unnecessary. Indeed, from the volume data collected for 

the study site, it is found that the difference in mean hourly 

flows between weekday and weekend day periods or that between 

weekday and weekend night periods is rather small (Table 5.7). 

Neither have the hourly variation patterns for both weekday and 

weekend traffic for the above site been found to exhibit any 

drastic variation (Figure 5.7). Size of flow could not therefore 

form the basis for the weekday/weekend division. 
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Figure 5.7: Patterns of Hourly Traffic Variation for Weekday 
and Weekend on a Rural Road in New Zealand 
(state Highway 1, Templeton) 
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However there are other considerations which have made the 

subdivision bet\-leen weekday and weekend (in addition to the 

day/night division) necessary. Here, the relevant considerations 

are the traffic characteristics in work/non-\vork trip purpose, 

composi tion and occupancy. Considerable variations in the above 

characteristics have been found to exist between weekday and 

weekend. The results of a survey conducted by the New Zealand 

National Roads Board reflect the extent of such variations (Figure 

5.8). The significance of the variations can also be observed from 

the recommended values for the characteristics as found in the 

official evaluation guide (MWD, 1984). Figure 5.9 helps to 

illustrate this point. 

The large variation in work/non-work split (trip purpose) between 

weekday and weekend, especially for passenger cars and light 

commercial vehicles (LCVs), can be explained by the fact that most 

passenger cars and LCVs found on the road during weekends or 

holiday periods are making trips of a non-work nature (largely of 

social-recreational purpose). Correspondingly, the ratio of goods 

traffic to car traffic (traffic composition) is also found to vary 

greatly between working and non-working periods which coincide with 

weekday and weekend divisions (HCM, 1985; Phillips and Reeson, 

1984). As a result of the impact of time of day and type of day on 

trip purpose and traffic compOSition, vehicle occupancy rate has 

also been found to vary accordingly. Occupancy is specific not only 

to vehicle types, but also correlates with trip purpose -- with 

vehicles of social-recreational and educational purposes having the 

highest occupancy rates (Levinson, 1982). 
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To achieve reasonable homogeneity in the strata, variations in some 

of these critical characteristics would have to be considered. 

Demand-period stratification will have to be done on a basis such 

that the traffic characteristics cited above can be kept reasonably 

homogeneous within a particular stratum. For this reason, the 

subdivision of demand periods along the weekday and weekend basis 

is not only necessary but crucial, and it is for this reason that 

Case A stratification is preferred over Case B. 

In conclusion, it can thus be said that the use of annual average 

hourly flow (AAHF) or annual average daily traffic (AADT) to 

represent traffic flows in the year masks not only the 

variabilities of some important traffic characteristics, but also 

the impacts of these variations on the project worth. These impacts 

can be considerable. 

Stratification of demand periods is an attempt to account for these 

variabilities. It constitutes a procedure to reduce the 

specification uncertainty in the appraisal model (1. e. to remedy 

the omission of important characteristics of variables, to improve 

the model's reliability). However, it has to be emphasised that the 

findings presented are rather tentative as data from only one site 

has been analysed. Further research, with data from a larger sample 

of sites, is therefore necessary before generalisations can be 

made. 

230 



5.4.2 Traffic Composition 

Traffic composition does not remain constant in time. In the short 

run it changes with the time and type of day, while in the long run 

it changes with the land use pattern in the region as well as with 

the regional and national transport policy. For example, localised 

industrial development, changes in regional public transport 

priorities, or the relative shift in emphasis between road and rail 

freight policies, will all bring about some variation in the 

composition of traffic on the road. Regular surveys are needed to 

ascertain the trend of the traffic pattern and to update the values 

of traffic composition at a particular location. A brief isolated 

survey at a site for which an economic appraisal is required, faces 

not only measurement uncertainty which can arise from the 

estimation process, but also uncertainty related to the variation 

in traffic composition. 

An accurate estimation of the relative proportion of cars to heavy 

commercial vehicles (HCVs) is important in that heavy vehicles in 

general gain higher benefits per vehicle than cars from highway 

improvements. The difference can mainly be attributed to the higher 

operating costs and higher proportion of HCVs travelling in working 

time. This is particularly significant for situations in which the 

improvement is associated with the removal of load and speed 

restrictions on HCVs where substantial benefits are accrued to 

HCVs. For such projects, an underestimation of the proportion of 

HCVs in the traffic stream will probably result in the total 

benefit being underestimated substantially. The importance of a 

variation in traffic composition is therefore project-specific. It 
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is difficult to generalise regarding the sensitivity of project 

outcome to changes in traffic composition. Table 5.10 illustrates 

the varied and irregular impacts of variations in traffic 

composition on project outcome. 

Table 5.113: Sensitivity Test 2.3 & 4 
Traffic Composition 

! % Change in BIC Ratio 

ITest -Car +HCV -Car +LCV -HCV +LCV 
I No. PROJECT 2.5% 2.5% 2.5% 

1 Albany 113.5 13.13 -113.5 

2 Dillons 2.6 13.13 -2.6 

3 Hihitahi 2.7 13.13 -2.7 

4 Leithfield -3.9 2.13 3.9 

5 Mangaiera -13.5 13.4 13.13 

6 HcKays 2.1 13.5 -1.6 

7 Ht Hessenger 13.6 13.4 -13.2 

8 Templeton -2.9 2.5 5.4 

9 Waipu 2.7 13.7 -2.13 

113 Waiwera 7.4 13.133 -6.8 

Mean 2.1 13.7 . -1.7 

SDV q 4.3 13.9 4.6 

The irregularity in the impact pattern is borne out by the 

magnitude of the standard deviation. It is more than twice the mean 

percentage change for Tests 2 and 4. The three tests (Tests 2, 3 

and 4) performed on ttie sample of 10 projects reveal a very varied 

impact pattern filling a spectrum of percentage changes from -10.5% 

to + 10.5% for a shift of 2.5% in traffic composition. The large 
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variation in the sample results has also rendered any inference 

based on the values of mean change rather meaningless. In spite of 

this, a general point may still be made. In almost all cases the 

relative shift between car and LeV seems to effect very little 

change in the appraisal results. It follows that user benefits 

will generally have greater sensitivity to errors in estimating 

the proportion of HCVs. 

5.4.3 Occupancy 

In the determination of user benefits, the average number of 

occupants per vehicle bears a direct relationship to the travel 

time savings. The higher the occupancy rate, the larger will be the 

number of users affected by the proposed change, and the greater 

will be the sum total of travel time benefits/disbenefits. It is 

obvious that its importance is related to the proportion of user 

benefits which are made up of travel time savings. 

Since vehicle occupancy rate is a parameter that can be readily and 

directly observed during traffic surveys, the margin of measurement 

error associated with its estimate can be quite small. Given that 

the rural occupancy rate of car in New Zealand lies typically 

between 1.5 to 1.7 occupants per vehicle (weekday) (RRU, 1973), it 

is thought that a change of 0.1 occupant per vehicle may be a 

normal margin of measurement error and is therefore used as a basis 

in the sensitivity analysis. 
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Two tests were performed with respect to occupancy. One based on an 

increase of 0.1 in occupancy rate for cars only; the other involved 

a similar increase but was applied to all three vehicle types. 

Results of the sensitivity tests are tabulated in Table 5.11. 

Table 5.11: Sensitivity Test 5 & 6 
Occupancy 

% Change in BIC Ratio 

Test All Vehi-
No. PROJECT Car ... 0.1 cle ... 0.1 

I 1 Albany 9.8 12.2 

2 Oi llons 1.7 2.5 

3 Hihitahi 3.8 5.13 

4 Leithfie1 d 8.8 12.3 

5 Mangatera 0.8 13.8 

6 HcKaya 1.8 2.7 

7 Ht Messenger 1.5 2.5 

8 Templeton 113.5 12.7 

9 Waipu 1.9 2.9 

I 113 Waiwera 1.13 1.313 

Mean 4.16 5.49 

SOV C1 3.93 4.89 

CarlAll 
Vehicle 
ratio 

0.80 

0.68 

13.76 

13.72 

Lee I 
13.67 

13.613 

13.83 

13.66 

I 13.77 

13.75 
I 

13 .11 

The results show that an increase of 0.1 in occupancy rate has 

induced a mean change of 4.2% in benefit-cost ratio (b/c ratio) for 

the ten projects. The variation in the percentage change in the blc 

ratio across the sample is substantial, giving a coefficient of 

variation around 90%. It is interesting to note that when the 

result from the first test (Test 5) is expressed as a ratio of the 
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second (Test 6), the ratio assumes a range from 0.6 to 1.0. Since 

the ratio expresses the relative sensitivity of project outcome to 

an increase in occupancy rate in car and to a general increase 

covering all existing traffic, the results suggest that, given the 

larger percentage of car traffic on the road, uncertainty in 

passenger car occupancy has indeed a greater impact on the benefit 

estimate than that due to LCV and HCV. 

5.4.4 Work/Non-Work Trip Purpose 

The importance of an accurate estimate in work/non-work split lies 

in the fact that in New Zealand time savings accrued to vehicle 

occupants travelling in working time (i.e. on employers' business) 

are valued five times more than trips which are not. Consequently, 

uncertainty in the estimate of work/non-work split, like the 

estimate of occupancy rate, can have a significant effect on 

appraisal results for projects where travel time savings are the 

principal form of benefits. But, unlike the occupancy parameter, 

the estimation of work/non-work parameter may be subject to large 

uncertainty. Clark (1979) has pointed out that current practice in 

New Zealand in the estimation of this work/non-work parameter 

involves "little more than guesswork, sometimes based on a vehicle 

surveyor visual observation but more often based on judgement". 

In order to gauge the sensitivity of appraisal results to 

variations in this parameter, two test were carried out. The 

approach was in a way similar to that performed on vehicle 

occupancy. That is, one test was based on a 5% increase in the 
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proportion of cars on employers' business; the other involved a 

similar change but was applied to all three vehicle types. The 

results of the tests are shown in Table 5.12. 

Table 5.12: Sensitivity Test 7 & 8 
Work/Non-work split 

% Change in B/C RatiO 

Test Work-Car Work-All 
No. I PROJECT -+ 5% Veh. -+ 5% 

1 Albany 17.5 213.13 

2 Oi 11 ons 4.3 4.3 

3 Hih dah i 8.0 9.3 

4 Leithfiel d 21.6 23.5 

5 Hanllatera 2.5 2.5 

6 McKays 3.7 4.6 

7 Ht Hessenger 3.6 4.2 

8 Templeton 22.3 24.7 

9 Waipu 4.0 4.6 

10 Waiwera 1.9 2.20 

Mean 8.94 9.99 

SOV u 8.20 9.07 

Work-
Car/All 
rati 0 

13.88 

1. 1313 

0.86 

13.92 

1.00 

0.80 

0.86 

13.90 

0.87 I 
0.86 

0.90 

13.136 

Mean percentage changes in blc ratio are 8.9% and 10.0% for the 

first and second tests respectively (Table 5.12). The corresponding 

standard deviations which are of the same order as the mean 

changes, stand at 8.2% and 9.1%. Again, the impact pattern here 

is observed to vary considerably; three projects achieve more than 

a 17% change in blc ratio, one stands somewhere between 8 - 10%, 
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another four have a 4 or 5% change, and the last two receive less 

than 2.5% increase in their b/c ratio. 

Similarly to the case of vehicle occupancy, it can be seen that 

when the two tests are compared and expressed as a ratio, owing to 

the larger percentage of car traffic on the road, the uncertainty 

associated with the work/non-work parameter for cars turns out to 

have a greater impact on the project outcome than that for LCV's 

and RCV's (Table 5.12). 

5.4.5 Travel Speeds 

In general travel time and, for most cases, vehicle operating cost 

can be reduced in three principal ways: 

(1) by reducing the number of stops, 

(2) by reducing the journey distance, and 

(3) by increasing the travel speed. 

In the New Zealand context, Clark (1979) suggests that amongst the 

three factors speed increases have by far the largest influence, 

and that the estimated speed increase is the critical factor in 

most highVlay improvement evaluation exercises. 

It is true that the predicted magnitude of speed increase can be a 

critical variable in project appraisals, but its significance 

should not be viewed in isolation from another equally critical 

variable, the base speed. To illustrate how base speeds influence 

the results of project appraisal, sensitivity tests involving a 

speed improvement of 1 kph were carried out on the basis of 
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different base speeds (Test 9). In each test, a uniform base speed 

was first imposed on all three vehicle types, then followed by an 

evaluation of the benefits of a uniform speed increase of 1 kph. 

The sensitivity of four base speeds -- 30, 40, 50 and 60 kph --

were tested. The resultant standardised blc ratios ( ::: blc ratio 

of x kph base speed I blc ratio of 30 kph base speed) are shown in 

Table 5.13. 

Test 
No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

113 

Table 5.13: Sensitivity Test 9 8. 10 
Changes in Speed 

[BCRx/BCR(30kph}] 
Standardised BIC Ratio at 

Different Base Speed 

Project 30 kph 40 kph 50 kph 60 kph 

Albany 1.13 13.54 13.313 0.19 

Dillons 1.0 0.82 13.72 0.66 

Hi h itah i 1.0 13.75 13.613 0 .. 54 

Leithfield 1.0 13.68 13.49 0.41 

Hangatera 1.0 0.86 0.83 0.80 

HcKays 1.0 0.80 0.67 0.61 

Ht Messenger 1.0 0.84 0.77 0.73 

Templeton 1.0 13.57 0.313 0.17 

Waipu 1.0 0.82 0.72 0.66 

Waiwera 1.0 0.91 13.89 13.84 

Mean 1.0 0.76 13.63 13.56 

SDV IT 0.0 0.12 0.21 0.24 

+ lkph I 
over 8-

above I 
predicted 

speed 

44.7 

-
2.7 

-3.9 

1.7 

1.0 

0.9 

22.8 

1.6 

0.3 
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It is clear that from Table 5.13 the benefit-cost ratio decreases 

as the base speed increases. In other words, the amount of benefit 

that can be derived from a unit speed improvement is influenced 

greatly by the existing speed level before the improvement. The 

significance of the tests is that they provide an indication of the 

relative proportions of benefits attained at different levels of 

base speed. For instance, Table 5.13 shows that (from the sample of 

ten projects) on average the level of benefit which can be derived 

from a unit speed improvement at a 60 kph base speed is only about 

56% of what it would be at a base speed of 30 kph. In a similar 

manner a comparison of the standardised mean b/c ratios of, say, 60 

kph base speed with 40 kph base speed indicates that the benefits 

for the former is about 74% (= 0.56/0.76) of the latter (Table 

5.13). Though it can be observed from the sample in Table 5.13 that 

the b/c ratio diminishes at quite different rates for different 

projects, the trend of diminishing benefits with increasing base 

speed level is very clear. Therefore error and uncertainty arising 

from the base speed estimation can be as important as that 

associated with speed increase estimates. 

Sensitivity test on the parameter of speed increase was carried out 

in Test 10, where a unit speed increase (1 kph) was introduced over 

and above the predicted speed for the after-improvement situation. 

The difficulty of analysing the effects of speed increase in 

isolation of the base speed is reflected here. As the existing base 

speeds for the sample projects span across a relative wide range 
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(15 kph for HCVs at Albany Hill (Project 1) and 72 kph at 

Leithfield (Project 4); see Appendix D), the impact of a further 

unit speed improvement is rather varied and disparate (Table 5.13). 

In some cases, especially those with high base speed level, the 

consequence of further speed improvements may be one of disbenefit 

(among the sample projects, Leithfield (Project 4) is such an 

example). The cause of this can be found in the relationship 

between vehicle operating cost and speed. The relationship is known 

to assume a conic shape with its trough commonly located at the 

55 - 60 kph speed level (see Chapter 3, Section 3.4.2). Higher 

vehicle operating costs will be incurred for speed improvements 

above the "trough" speed level. In situations where the disbenefits 

in operating cost accruing from speed improvements exceed the gains 

in shorter travel time, a net disbenefit will result. Thus, to 

understand the sensitivity of appraisal results to changes in 

speed, the two parameters (i.e. base speed and speed increase) will 

have to be analysed interconnectedly. 

5.4.6 Accident Reduction 

The valuation of accident costs requires an estimate of the number 

of accidents which will be avoided with the implementation of a 

proposed scheme. The prediction of accident reduction has been 

recognised as an exercise of great uncertainty (Bone, 1986). This 
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uncertainty can be traced to two principal sources (Nicholson, 

1983): 

(1) Uncertainty in the estimate of the underlying true 

accident rate before improvement; and 

(2) Uncertainty regarding the effect of improvement upon the 

underlying true accident rate. 

The difficulty in establishing with certainty the existing 

underlying true accident rate (u.t.a.r.) is due largely to the 

temporal variations in accident occurrence at a site. The number of 

accident occurrences at a particular site is commonly observed to 

fluctuate from year to year. To distinguish the random element of 

accident occurrence from its underlying true rate invariably 

involves some kind of sampling procedures. In so doing, an estimate 

of u.t.a.r. is thus subject to both measuring and sampling errors. 

Error and uncertainty from sampling procedures depend primarily on 

the size of the sample and the appropriateness of the procedures. 

Measuring uncertainty arises because of incomplete accident records 

and a high degree of non-reporting. Traffic accident reports (TARs) 

recorded by the Ministry of Transport in New Zealand do not 

represent the full total of accidents at a particular site. Not 

only are a large number of injury accidents unreported, contrary to 

legal requirements, but property-damage-only accidents are usually 

not recorded at all. Table 5.14 shows the serious degree of under-

reporting of accidents in New Zealand (Bone, 1986). 
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Table 5.14: Traffic Accident Reporting Rates In New Zealand 

Urban 
Movemenl Ralio TOlal Ratio Non Ralio Total 
Clas~i rical iOIl Injury Accidents Injury to Accidents to 

10 Rcponed Injury Repon'cd 
A..:eidents (TARs) Accident~ Acddcnts (TARs) 

I'cdcsl rian J.90 0 1.90 
Push Cycle 2.06 2.14 6.46 
MOlOr Cycle 2.75 2.14 8.64 
Angle 2.11 16.97 37.94 
Head On 1.90 11.14 23.06 
Rear End 2.24 17.26 40.96 
Object Slruck 2.04 35.0B 73.59 
Lost Conlrol 1.99 9.B6 21.58 
Other 2.14 67.33 146.43 
TOTAL 2.25 7.84 19.RB 

Rural 
Movement Ratio Total Ratio NOll Ratio TOlal 

Injury Accidents Injury to Accidents 
10 Reporled Injury Reported 

Accidenls (TARs) Accidents Accidenls (TARs) 
Pedestrian 1.84 0 1.84 
Push Cycle 2.07 2.00 6.21 
Motor Cycle 4.93 2.00 14.80 
Angle 2.15 11.67 27.30 
Head On 1.93 4.00 9.66 
Rear End 2.25 19.60 46.29 
Object Struck 2. J() 33.00 71.48 
Lost Conlrol 2.05 7.17 16.72 
Other 1.75 9.13 17.75 
TOTAL 2.62 6.19 18.B6 

Source: Bone (1986) 

The second principal source of uncertainty relates directly to 

inadequate knowledge of how the existing u.t.a.r. will be affected 

by a proposed scheme. The basis for a reliable analysis of accident 

reduction (safety) measures is an adequate understanding of 

accident causation factors. However there are three aspects to 

these causation factors which can subject an analysis of accident 

savings to considerable uncertainty. These have been cited by 

Nicholson (1983) to be: 

(1) the diversity of the causation factors, 

(2) the complex interaction among them, and 

(3) their variability. 



Table 5.15 shows how significant are the effects of variations in 

the accident reduction estimate on appraisal results. The test aims 

to investigate the effects of a 10% underestimation in accident 

reduction would have on project outcome. The percentage change in 

blc ratio appears to be irregular across the sample. However, when 

it is placed alongside the proportion of benefit due to accident 

reduction for the respective project, a clear relationship can be 

observed. The change in blc ratio (as expected) is directly 

proportional to the proportion of benefit due to accident 

reduction. The importance of uncertainty in accident reduction 

estimate is thus highly variable and depends a great deal on the 

relative importance of accident cost savings as a component of 

project benefits. 

Table 5.15: Results of Sensitivity Test 11 
( -10% in Accident Reduction) 

PROJECT PERCENTAGE CHANGE 
IN BIC RATIO 

1 - 7.3 
2 - 3.7 
3 - 5.4 
4 - 8.3 
5 - 5.8 
6 - 3.4 
7 - 1.6 
8 0.0 
9 - 1.2 

10 - 1.4 

Mean Change = -3.8 
Std. Deviation = 2.8 

PROPORTION OF TOTAL BENEFITS 
DUE TO ACCIDENT REDUCTION 

0.65 
0.39 
0.55 
0.82 
0.57 
0.34 
0.14 
0.00 
0.12 
0.14 
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5.5 Summary 

Sensitivity analysis of a sample of ten rural roading projects was 

carried out as one of the sequential steps in the risk analysis 

process. This is the risk identification stage of the process vlhere 

it is sought to identify the key traffic and accident parameters 

and to investigate their relative importance in project evaluation. 

Traffic flow, which constitutes one of the key variables, can have 

two important causes of error. The first which arises at the 

measurement level, may result from the direct measuring process 

and/or the sampling procedures. The second which comes about at the 

model specification level, relates to the possible failure of the 

eValuation model to adequately incorporate the short-run demand 

variation. Errors associated with the first of the two causes may 

be reduced by improving the measuring and sampling procedures; 

those related to the second of the causes may be overcome by 

disaggregating the demand periods into appropriate strata. For the 

sample tested, a mean change of 10.4% in b/c ratio with a standard 

deviation of 4.0% have been observed from a 10% traffic flml 

increment. 

The sensitivity of project outcome to errors in the estimates of 

occupancy, trip purpose (.lork/non-work split) and traffic 

composition was found to be of similar order. That is, they each 

exhibited a change between 4% to 10% in b/c ratio. Besides, the 

impact patterns for all the three parameters, as revealed in the 

sample tested, were observed to be rather varied and irregular. 

Owing to these large variations in the sample resul ts, 
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generalisations of project sensitivity to the parameters would not 

be meaningful and therefore were not made. 

When analysing the sensitivity of appraisal results to changes in 

speed parameters, the effects of speed improvement should not be 

viewed in isolation from the base speed parameter. The amount of 

benefit that can be derived from a unit speed improvement was found 

to be influenced greatly by the existing speed level before the 

improvement. The effects of error and uncertainty arising from the 

base speed estimation can be as important as that associated with 

speed improvement estimates. 

The importance of uncertainty in accident reduction estimate was 

found to vary considerably across the projects sampled. For a 

particular project, the magnitude of its impact depends greatly on 

the relative importance of accident cost savings as a component of 

project benefits. 

In view of the varied and disparate impacts associated with each of 

the parameters tested, ranking of the parameters, at this stage, in 

terms of their importance would be inconclusive. It would be 

equally inappropriate, at this juncture, to carry out any 

screening. Thus, it was decided that the parameters tested so far 

would all be included in the subsequent stages of risk estimation 

and evaluation for the two case studies (Chapter 7), so that the 

effects of uncertainty associated with each of the parameters could 

be simulated and compared. 
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CHAPTER 6 

RISK ESTIMATION AND EVALUATION: METHODOLOGY 

6.1 Simulation and the Monte Carlo Method 

The application of risk identification to transport project 

evaluation as a first stage of uncertainty/risk analysis has been 

discussed in Chapter 5. Risk identification is equivalent to some 

sort of uncertainty diagnosis. It seeks to diagnose the problem 

situation, to identify the key variables and their potential 

impacts. It constitutes the first of a sequence of steps in the 

assessment and management of risk and uncertainty. 

With the key variables having been sought out and their potential 

impacts tested, the next step is to assess and estimate the 

character of uncertainty of each of these key variables. It 

involves the estimation of first, the range of values for each of 

these key variables and then, within that range the likelihood of 

occurrence of each value. The aim is to develop for each of these 

variables a frequency or probability distribution. There are a 

number of possible approaches to the choice of probability 

distribution, and they will be discussed in Section 6.3. 

Meanwhile it may be more appropriate to elaborate, at this stage, 

on the key feature of risk estimation, that is, Monte Carlo 
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simulation, with which the uncertainties or variabilities inherent 

in the relevant key variables are combined to produce a probability 

profile of the project outcome. 

6.1.1 Simulation 

Simulation has been defined as the process of replicating the real 

world based on a set of assumptions and conceived models of reality 

(Ang and Tang, 1984). In practice, it is usually performed 

numerically on a computer and invol ves certain types of 

mathematical or logical models that attempt to replicate the 

behaviour of business, economic or engineering syste~\over time. 

For a long time simulation has been viewed as a method of "last 

resort" to be used only when everything else has failed. However, 

. with the advent of computers and the development in simulation 

methodologies, simulation has become a much more practical and 

important tool. The recent proliferation of a great number of 

simulation transport models bears witness to its growing importance 

in the field of traffic/transportation engineering. Naylor et al 

(1966) describe many situations where the use of simulation 

techniques can be particularly appealing and effective. Two of 

these situations which are relevant to transportation planning are: 

(a) A situation where the testing of performance measures 

for certain processes in the real world is either 

impossible or exorbitantly expensive. Such a process 

might involve, for example, the performance of an 
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underground mass transit system or the impacts of a new 

interna tional airport on the region. Simulations are 

therefore necessary not only for the formulation of 

hypotheses, but also for the testing of alternative 

hypotheses. 

(b) In a situation where the complexity of the system 

renders its description by a set of mathematical 

equations impossible, or where a mathematical model may 

be formulated but an analytical solution is 

unobtainable; simulation has been found to be an 

extremely effective tool for dealing with such 

situations. Large scale queuing problems involving 

multiple channels are one such example. 

Although simulation has been found to be an invaluable and 

versatile tool in situations where analytical techniques are 

inadequate, it has its inherent weaknesses. Some of these 

weaknesses as pointed out by Rubinstein (1981) include: 

(a) Simulation is an imprecise technique. It provides only 

statistical estimates rather than exact results. 

(b) Simulation can only compare alternatives rather than 

generating the optimal one. 

(c) Simulation may require a large amount of time and great 

expense for analysis and programming. In such cases, it 

can be a slow and costly vlay to study a problem. 

However, given the nature of risk analysis, weaknesses (a) and (b) 

above pose no difficulty. Uncertainty estimation does not in the 
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first place aim at a precise estimate, on the contrary it requires 

an expression in the form of a probability distribution, which is 

itself a statistical representation. Secondly, the objective of 

risk analysis is not one of generating the optimal alternative, but 

one of estimating the uncertainties associated with the key 

variables and evaluating their combined impacts on the overall 

outcome. The constraint mentioned in (c) above will only constitute 

a problem if simulation is applied to a large and complex system. 

In the context of rural roading appraisals, evaluation is a 

relatively straight forward procedure; the constraints in time and 

cost posed by the method of simulation are rather secondary. 

Indeed, it has been found to be so in the present study where Monte 

Carlo simulation was adopted for the risk analysis of two rural 

schemes. On the other hand, it should be recognised that the 

application of the simulation method of risk analysis to a large 

urban netvlOrk scheme may face some serious constraints in time and 

cost. However, with the urban appraisal problem more well 

structured, sources of uncertainty better identified, and further 

developments in both simulation methodology and computing 

technology, such constraints need not preclude the future use of 

the simulation method of risk analysis for urban appraisal schemes. 

6.1.2. The Monte Carlo Method 

So far simulation has been denoted as a technique for performing 

sampling experiments on the model of a system over time. However, 

when the technique is used to perform a sampling experiment on a 
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stochastic model in vJhich time plays no substantive role, the 

method is sometimes called Monte Carlo simulation. (A stochastic 

model is one in which at least one variable is random.) 

The Monte Carlo method, which concerns experiments vlith random 

numbers, was named in the early 40 I S after the gambl ing city of 

Monte Carlo in Monaco. The term "Monte Carlo" was first introduced 

during World War II as a code word for the secret work involving 

the use of the method in problems related to the atom bomb. The 

work involved direct simulation of behaviour concerned with random 

neutron diffusion in fissionable material (Fishman, 1973 ; 

Rubinstein, 1981). Since then, the development of ~1onte Carlo 

method has been rapid, and its applications can be found in many 

fields from radiation diffusion to river basin modelling. This 

study is one attempt to explore the potential offered by the Monte 

Carlo method for use in uncertainty analysis of transport project 

appraisals. 

6.2 Techniques of Monte Carlo Simulation 

It has been mentioned previously that one of the important tasks of 

risk estimation is to define the relationships betvleen relevant key 

variables, quantify their uncertainties, and predict their combined 

response. To this end ,;\Monte Carlo method appears to be a useful 

tool for quantifying and for performing a statistical analysis of 

such response uncertainty. 
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6.2.1 Monte Carlo Simulation in Rural Roading Appraisal FramevlOrk 

The fundamental step in a Monte Carlo method is the development of 

a set of random numbers which are generated to represent the 

statistical uncertainty in the basic variables. The random numbers 

are then substituted into the relationships that have been defined 

(sometimes called the response equations) to obtain a set of random 

numbers reflecting the uncertainty in the combined response. (In 

general, if the quantities of the variables are random variables, 

then the response quantities are also random variables.) The set 

of random variables so produced can then be expressed in the form 

of a probability distribution and analysed statistically. 

Interpretations of the riskiness of the problem situation can be 

dravln. 

6.2.1.1 An Illustration 

To illustrate how the Monte Carlo technique can be used in rural 

roading appraisal framework, its application to the traffic flow 

parameter is examined here. Assume, for example, that it is 

required to find out the combined uncertainty in the total annual 

volume resulting from the aggregation of the flow estimates for the 

five demand periods. The aggregation of the total annual volume for 

rural highway is represented by the equation (MWD, 1984): 
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where 

Ft 

f1' f 2 , f3' f4 and f5 

represents the total annual flow; 

represent the annual average hourly 

flows for the five demand periods of 

weekday peak, weekday offpeak, 

weekday night, weekend day and 

weekend night respectively. 

The coefficients are the total hours in a year for the 

respective demand periods. 

The equation above may be termed "the response equation". A 

schematic representation of Monte Carlo simulation and its solution 

procedure for the estimation of the combined uncertainty from the 

mean flows of the five basic demand periods are shown in 

Figure 6.1. 

A Monte Carlo analysis involves the generation of one set of 

n random numbers for each random variable in the response equation. 

The response equation is then solved by using each random number in 

the set. Hence, the response equation is solved n times, resulting 

in a sample of n response (i.e. Ft ) values. In this specific 

example, the variables f1' f 2 , f3~ f4 and f5 are expressed in terms 

of probability density functions (PDFs), instead of single 

estimates. In addition, it is assumed that the error or uncertainty 

in the estimation of traffic flow in one demand period is 
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I Set i ,,0 I 

Set the number of random 
numbers to be generated, n 

-~l Set 1. "' 1. + 1 J 
~-------y----~ 

I 

Generate a random number with prescribed PDF 
for variable f

l
, Set random number equal to 

f1 ,. 
Re~eat process for variables f2' f 3 , f4 and 
[5' 

Calculate total annual flow, Fti from 
generated values Eli' £2i' £3i' f4i and ESi : 

Ft1. - 984f11. + 1968E21. + 2952f31. + 1190£41. + 1666f51. 

1b..... ______ ...;;N;.;;O;...... __ -I1 lsi:: n? I 

Recall all f 11 , •• f s ' and F , 
values and calculat~ sampl~l 
statistics and plot histograms, 

Store 
f 1 , .. ,lSi 
values 

Store 
Ft' 
value 

Figure 6.1: Schematic Representation of Monte Carlo Analysis 
of the Total Annual Flow 

independent of the error in the other periods. In general, cases 

involving non-linear relationships are quite common too, and for 

such cases Monte Carlo method is found to be particularly desirable 

compared with other analytical approaches as non-linearity will 
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greatly increase the complexity of the analytical methods. When the 

approach as illustrated above is applied to all the relevant key 

variables in the evaluation framework, the net result will be a set 

of benefit-cost ratios. These blc ratios, if so desired, can be 

translated directly into a probability distribution providing some 

indications of the characteristics of the uncertainty associated 

with the project outcome. 

6.2.1.2. Handling Correlation 

In combining the probabilities of random variables, the presence of 

correlation can complicate matters considerably. Correlated 

variables, i.e. variables which are likely to vary together in a 

systematic way, appear in most projects. When variables are 

aggregated, the effect of the variation of one may be compensated 

by the variation of another in an opposite direction -- the 

variables are then said to be negatively correlated. If variables 

are positively correlated, the effect of the variation of one will 

always be aggravated by the variation of the other. The amount of 

dependence betvleen trIO variables is commonly expressed in terms of 

a correlation coefficient which assumes a value within the range of 

+1 and -1, with the extremities indicating complete dependence and 

a value of zero for complete independence. 

For risk simulation approaches, Hertz and Thomas (1983) suggest 

that correlations may be analysed accordingly to the following 

forms of dependency: 
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(i) no dependence; 

(ii) total dependence; and 

(iii) partial dependence. 

The no dependence assumption is equivalent to saying that the 

project variables are mutually independent. The uncertain variables 

are therefore sampled independently in the analysis. Hertz and 

Thomas (1983) have shown that in one such analysis, the assumption 

of no dependence against a reality in which some dependence did 

exist, had led to a significant degree of overestimation of the 

standard deviation of the net present value (NPV). They argued that 

non-allowance for correlation patterns can lead to serious 

weaknesses in the application of risk analysis, and may even 

invalidate the risk simulation and assessment process. 

The total dependence case assumes a perfect correlation between 

variables. It can be shown that given a pair of variables x and y, 

the assumption of total dependence means the marginal distributions 

of x and y must have the same mathematical form (Hertz and Thomas, 

1983). It may not be very useful an assumption because patterns of 

total dependence or perfect correlation rarely occur in practice. 

The more common and realistic form is some kind of partial 

correlation between variables. 

One suggested method for handling a partial correlation is the 

sampling procedure called conditional sampling. The basic 

requirements of the method are the assessment of two sets of 

correlated distributions -- one is conditional upon the other. 

First, the marginal distribution for the independent variable will 
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have to be assessed, and then followed by the assessment of a 

series of conditional probability distributions for the dependent 

variable. Each of this series of conditional distributions would be 

dependent upon a particular value, or more commonly a particular 

range, of the independent variable. On each simulation run, a value 

would be sampled for the independent variable, and this in turn 

would determine which of the series of conditional distributions 

for the dependent variable would be selected for subsequent 

sampling. This conditional sampling method was first proposed by 

Hertz (1979) to treat correlation in risk analysis for business 

capital investments. The procedure may 

diagrammatically as shown in Figure 6.2. 

Conditional probabilities 

FIRST YEAR 
SALES 

SECOND 
YEAR 
SALES 

be summarised 

Figure 6.2: Handling of Correlation Effects: 
Conditional Sampling. 

Source: Hertz and Thomas (1984) 
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An alternative approach for the treatment of correlation in risk 

simulation is a procedure known as discriminant sampling which has 

been put forward by Eilon and Fowkes (1973). The difference between 

discriminant and conditional sampling appears to be the distinct 

emphasis of the former on the range of values which a variable 

might assume. The requirements of Eilon and Fowkes's method involve 

first the assessment of a probability distribution for the 

independent variable and then, based on the possible values for the 

related variables, permissible ranges are assessed for the 

dependent variable. As an illustration of the method, the example 

cited by Eilon and Fowkes is repeated below. 

Consider two variables x and y, where x may assume values in the 

range 0 to 100 and y within the range of 20 to 80. It is thought 

that the relation of the two variables may be appropriately 

described by the proposition that if x is below 60, then y should 

be less than 40, but that if x is above 60, then y should be in the 

range of 40 - 80. In this case each simulation run would involve 

firstly the generation of a value for x from its prescribed 

probability distribution. Then if x is below 60, a value of y is 

next generated (specified by some estimated probability 

distribution function) over the limited range of 20 - 40. On the 

other hand, if the sampled value for x is above 60, y will be 

generated according to some probabilistic form but now limited to a 

different range of 40 - 80. 

Of course, Eilon and Fowkes's discriminant sampling approaches in 

general are more elaborate and complicated than this. The idea here 

is to utilise the essence of their approach to limit the range of 

257 



258 

values of the dependent variable to within manageable scope. An 

attempt is made here to summarise diagrammatically the simplified 

procedure of discriminant sampling as may be used in risk analysis 

and is displayed in Figure 6.3. 

Probability 

~------------~----------~=---x o 60 

\ 
100 

Probability / Probabi lity 

'----f---f--- y 
o 20 40 

'---}-------"~ y 
40 BO 

Figure 6.3: Handling of Correlation Effects: 
Discriminant Sampling 

In the context of rural roading schemes, it appears that the 

causative factors underpinning the variations of different traffic 

characteristics (e.g. traffic flow, composition, work/non-work 

split and occupancy) can be traced to variations during a day and 

during a week (see Chapter 5). Possible correlations between 



traffic composition, work/non-work trip purpose and occupancy will 

first be discussed, followed by that between traffic flow and 

speed. 

The stratification of demand periods on the basis of the time of 

day and day of week would have served as some form of discriminant 

procedure in dealing with possible correlations in the parameters. 

For example, the occupancy rates of vehicles, once disaggregated 

and assigned different values for different vehicle types at 

different demand periods, would have taken account of the 

correlation or dependence of occupancy on vehicle type and on 

work/non-work trip purpose. For the latter case, the assigned 

values for occupancy at different demand periods are seen to vary 

corresponding to the work/non-work splits (MWD, 1984; Bone, 1986). 

In this study, it is felt that the procedure of demand-period 

stratification is adequate to account for possible correlations 

between traffic composition, work/non-work trip purpose and 

occupancy. Additional procedures may not be necessary as far as 

dependence among the above three parameters are concerned. 

The well known relation between speed and flow parameters can be 

handled at two levels. The first is the relationship between the 

existing base speed and the flow rate before the implementation of 

a proposed scheme. The second is the possible correlation between 

the magnitude of speed increase resulting from a proposed change 

and the flow rate. For this study, it is thought that the 

relationship between base speed and flow rate can be reasonably 

represented by a conventional piece-wise linear relationship 

similar to one shown in Figure 6.4. The estimation of base speed 
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and its interaction with flow volume will be discussed in the next 

chapter. In this section, the matter of central interest is the 

treatment of possible correlations between speed increase and flow 

volume. 
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Figure 6.4: A Typical Speed-Flow Curve 

It is generally recognised that the scope of speed improvement 

offered by a proposed scheme at periods of high traffic volume is 

usually greater than that at periods of low flow. This conditional 

feature of the dependence of speed improvement on flow volume is 

particularly significant in schemes where flow relief is the 

primary objective. It appears that at conditions of high flow level 

there is a greater probability of a larger speed increase than at 

low levels of flow. For the treatment of such correlation, the use 

of conditional sampling would be appropriate. 
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In this study, a normal and a triangular distribution have been 

prescribed for the traffic flow and speed improvement parameters 

respectively. (The detailed derivation of these probability 

distributions will be discussed in the next chapter.) It was 

decided that the normal distribution for the flow parameter should 

be divided into three rangesi to each range is attached a 

conditional triangular distribution representing the probability 

distribution of the speed improvement estimate associated with the 

particular range of flow. The conditional sampling adopted for the 

treatment of correlation between these two parameters is shown 

diagrammatically in Figure 6.5. 

Probability 

Probability 
a=0·25b 
( =1·25b 

Q 

/ 
b 

a= 0·5 b 
c = 1·5b 

Q b ( 

Flow 

a=0·75b 
c = 1· 75 b 

b=best 
es ti mate 

Speed 
'---'---"-o---,b'---'----'--"--- Imp r 0 v em e n t 

Figure 6.5: Conditional Sampling of Speed Improvement in relation to 
Flow Rate. 
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The procedure in Figure 6.5 indicates that if traffic flows are 

sampled from the low range of the distribution, then the procedure 

will sample a value for the speed improvement from the triangular 

distribution which skews to the right. The right-skewing triangular 

distribution is chosen to reflect the correlation that at a low 

traffic level, the probability of attaining a small speed increase 

is greater. Similarly, if flows are in the high range, then the 

speed improvement is obtained by sampling from the left-skewing 

triangular distribution vlhich reflects a higher probability for 

large speed improvements. For flows sampled from the middle range, 

the conditional speed improvement distribution is symmetrical about 

its mean. The working of the procedure will be further examined in 

the next chapter when it is applied to two case studies. 

6.2.2 Generation of Random Numbers 

A key task in the application of Monte Carlo simulation is the 

generation of appropriate values for the random variables in 

accordance with the respective prescribed probability 

distributions. This can be accomplished systematically for each 

variable by first generating a uniformly distributed random number 

between 0 and 1, and through an appropriate transformation the 

corresponding random number with the specified probability 

distribution is obtained. 
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6.2.2.1 Basis for the Approach 

Suppose a random variable X has a cumulative density function (CDF) 

FX and that when X assumes a value x, FX has a corresponding value 

u. Then 

and 

FX(x) :: U 

-1 x :: FX (u) 

Eq.(6.1) and Eq.(6.2) can be generalised into 

FX(X) :: U 

-1 X :: FX (U) 

----( 6.1) 

----(6.2) 

----(6.3) 

----(6.4) 

where U is a set of values (u 1 ' u2 ' ••••• , un) and X is the 

corresponding set of values (x1 ' x2 ' .•. ··, xn ). 

Eq.(6.3) and Eq.(6.4) are expressed diagrammatically in Figure 6.6. 

Fx (x) 

u ----

o ~------L-----------------X 

Figure 6.6: Cumulative Density Function (CDF) 
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For a uniform function with parameters a and b, its probability 

density function (PDF) is defined as 

fX(x) = ------- a ~ x ~ b 
b - a 

= 0 otherwise ----(6.5) 

Its general shape is illustrated in Figure 6.7. 

fx(x) Fx(x) 

PDF [OF 

1 1,0 

b-o 

X X 
0 a b 0 a' b 

Figure 6.7: PDF and CDF of a Uniform variate 

Now, let u be a value of the standard uniform variate U, with a 

uniform PDF between 0 and 1.0; then from Figure 6.8, we arrive at 

the following: 

----(6.6) 

that is, the cumulative probability of U ~ u is equal to u. 



fu (u) Fu (u) 
(OF of U 

PDF of U 
u 

1.0 

U U 
0 i.O 0 u 

Figure 6.8: PDF and CDF of a Standard Uniform Variate 

Utilising the property of a standard uniform variate as set out in 

Eq.(6.6), it can be shown (Aug and Tang, 1984) that given a set of 

values (u 1 ' u2 ' .•.. , un) from the standard uniform distribution, 

and if this set of values is substituted into Eq. (6.2), then the 

set of values so generated (x 1' x2 ' ...... , xn ) will have a CDF as 

that prescribed in Eq.(6.2), i.e. FX(x). 

The above relationship is expressed diagrammatically in Figure 6.9. 

U ________ -L ____ -J~~ ____ ~_________ X 
u o x 

Figure 6.9: Relation between u and x 
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Indeed Figure 6 _ 9 summarises the basis of our approach in random 

number generation of a prescribed distribution. 

6.2.2.2 Random Numbers from the Standard Uniform Distribution 
(Generation of ui 0.0 ~ u ~ 1.0) 

A mixed congruential method based on recursive calculations of the 

residues of modulus from a linear transformation was adopted. Tbe 

basis of this method is shown below. 

Take a variable x which has a recursive relation in which 

xi+1 = (axi + c) (mod m) i i = 1, 2, ___ , n 

where the multiplier a, the increment c, and the modulus mare non-

negative integers. 

The modulo notation (mod m) means that 

i:.::1,2, ... ,n ---(6.8) 

where ki is the integer part of the ratio (axi + c)/m 

Given an initial seed value x ,Eq. (6.8) yields a sequence of o 

numbers. Although such a sequence is deterministic and periodic in 

that the entire sequence will repeat itself in at most m steps, for 

practical applications randomness may still be obtained if the 

period of the cycle is made sufficiently long. To ensure 

randomness, a large value of m should be used. Therefore, with an 

appropriate choice of a, c and m, a set of uniformly distributed 

random numbers may then be generated with the above procedure. 

Division by the modulus m puts the numbers in the interval (0, 1), 

266 



thus normalising the values into the standard uniformly distributed 

form, and gives 

Statistically satisfactory results have been observed with assigned 

values of m ::: 235 , a ::: 27 + 1, and c ::: 1 for binary computers 

(Rubinstein, 1981; p.23). For this study, the parameter values 

suggested above, that is, 

m ::: 235 

and C ::: 

have been adopted. 

The algorithm for the procedure is outlined below: 

1. Input seed x , an integer; o 

2. Evaluate x1 ::: ax + c 
0 

integer; 

3. u ::: x1/m 

(mod 

4. Output u, a sample from 

distribution U(O, 1). 

m) ; the result 

the standard 

is an 

uniform 

6.2.2.3 Random Numbers from the General Uniform Distribution 

If u is a standard uniformly distributed random number, a general 

uniformly distributed random number x with a prescribed range, 

a ~ x ~ b, may be generated by the following transformation 

x ::: a + (b - a)u ----(6.10) 
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The transformation is shown graphically in Figure 6.10. 

(OF of U (0,1) 
(OF of X (Q, b ) 

U------~L---~~~--~--~------~------X 
1.0 u o Q X b 

Figure 6.10: From the Standard to the General 
Uniform Distribution 

6.2.2.4 Random Numbers from the Triangular Distribution 

Figure 6.11: Triangular Distribution 

A triangular variate X has PDF (Figure 6.11) given by 

2(x - a) 
fX(x) ::: ..... _-------_ ..... _-- a ~ x~ b 

(b - a)(c - a) 

2(c - x) 
::: -----_ .... __ .... """'--- b ~ x ~ c 

(c - b)(c - a) 

::: 0 elsewhere 
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Given a standard uniformly distributed random number u, a random 

number from the triangular distribution may be generated (Fishman, 

1973) by: 

b - a 
x = a + I(b - a)(c - a)u 

c - a 

b - a 
= b + ;t(c - a)u - (b - a)J(c - b) -- (6.11) 

c - a 

6.2.2.5 Random Numbers from the Normal Distribution 

The PDF of a normal distribution (Figure 6.12) with a mean]l and 

variance 0 2 is given by 

f X(x) = ---(6.12) 

PDF for N(J1., 0") 

Figure 6.12: The Normal Distribution 



If U1 and U2 are a pair of independent uniformly distributed random 

numbers, a pair of independent random numbers from a normal 

distribution (with mean = ]l and standard deviation =a may be 

generated by the transformation 

x 1 = ]l + a( 1-2 In u1 cos 21TU2 --- (6.13) 

x2 = ]l + a( 1-2 In u2 sin 21TU 2 ---(6.14) 

The approach given above is due to Box and Muller; its verification 

can be found in Ang and Tang (1984, pp 284-285), Rubinstein (1981, 

pp 86-87) or Fishman (1973, pp 211-213). 

6.2.2.6 Random Numbers from the Beta Distribution 

fX(x) 

Standard beta PDF 

Figure 6.13: Beta Distribution with 
Various Shape Parameters 
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The PDF of a standard beta distribution vlith shape parameters 

q and r (Figure 6.13) is given by: 

1 q-1 )r-1 fX(x) :::: ..... _--"""'-- X ( 1 - x 
B(q, r) 

o ~ x ~ 1 

:::: 0 elsewhere ---(6.15) 

vlhere 

B(q, r) J1 q-1 ( 1 )r-1 dx :::: x - X 0 
---(6.16) 

Random numbers from the standard beta distribution may be generated 

with 

X :::: ---(6.17) 

where u1 and u2 are tvro random values from the standard uniform 

distribution, and subjected to the constraint 

U 1/q u 1/r < 1 
1 + 2 " • 

The basis for the above procedure, first put forward Johnk, can be 

found in Ang and Tang (1984), Rubinstein (1981) and Fishman (1973). 

Random numbers from a general beta distribution 

(x _ a)q-1 (b _ x)r-1 

B(q, r) -----(~-=-~)q+r+1----

:::: 0 elsewhere --(6.18) 

may then be generated by transforming the values obtained from the 
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standard beta distribution by 

Xi = a + (b - a)x ---(6.19) 

where Xl = random numbers from the general beta distribution; 

X = random numbers.from the standard beta distribution; 

a = lower bound value; and 

b = upper bound value. 

The mean and variance of the general beta distribution of Eq.(6.18) 

are given in Eqs.(6.20) and (6.21). 

0 2 
X 

a 
q 

+ (b - a) 
(q + r) 

q r 

2 (q+r) (q+r+1) 

---(6.20) 

---(6.21) 

Figure 6.14 displays the flow diagram for the beta variate 

genera tion. 

Figure 6.14: 
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the Beta variate 
Generation 

Generate 
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Z 
_ 1/r 
- u2+ i 

x " y 
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No 
i = i + 2 
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6.2.3 Tests for Randomness 

The previous sections have shown that the generation of random 

numbers from the standard uniform distribution forms the foundation 

on vlhich subsequent transformations are made to generate random 

numbers from the desired probability distributions. The validity of 

any subsequent generation depends critically on the satisfactory 

generation of a sequence of standard uniformly distributed random 

numbers. 

The only reasonable guarantee one can have that the random number 

generator is satisfactory is that it has passed tests of the 

statistical properties of the numbers it produces. These properties 

may be summed up as the requirements of uniformity and independence 

(Cooke, Craven and Clarke, 1982). Many statistical tests exist that 

are designed to reveal departures from randomness. !vIO of these 

tests are employed here to establish if the random number 

generating procedure and the parameters adopted for this study are 

satisfactory. The requirement of uniformity is to be tested with 

the Equidistribution or Frequency Test. The independence 

requirement is to be checked through the Serial Test. 

6.2.3.1 Equidistribution or Frequency Test: Test for Uniformity 

Since the standard uniform distribution has a range between 0 and 

1, then if the (0, 1) interval is divided into a number of classes 

of equal width, one would expect an equal number of random numbers 

to fall in each class if uniformity does exist. The observed 
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frequency in each class from the sequence of random numbers 

generated can be tested against the expected frequency with Chi-

squared Goodness-of-fit Test for uniformity. 

Table 6.1 shows the results of a Frequency Test performed on a 

sequence of 300 random numbers generated in this study with an 

initial seed value of Xo = 8.0E10. 

Table 6.1: Chi-squared Values of Frequency Test for Randomness 

Observed Freq Expected Freq Chi-sq Component 

27 30 0.3000 
32 30 0.1333 
29 30 0.0333 
31 30 0.0333 
31 30 0.0333 
33 30 0.3000 
28 30 0.1333 
28 30 0.1333 
32 30 0.1333 
29 30 0.0333 

Chi-squared value ::: 1.26667 
Degrees of Freedom ::: 9 

Ten classes, each of length 0.1, were used. Expected frequency in 

each class = 300/10 = 30; the degrees of freedom = 10 - 1 = 9. The 

critical Chi-squared value at a = 0.995 (with 9 degree of freedom) 

is 1.735 (from Bhattacharyya et aI, 1977; Table 6, p.600). 

Since the observed Chi-squared value (1.267) is less than the 

critical value (1.735), at the 99.5% confidence level, one cannot 

reject the hypothesis that the sequence of random numbers generated 

is uniformly distributed between 0 and 1. 



6.2.3.2 Serial Test: Test for Independence 

The Serial Test is used to check if pairs of successive numbers are 

distributed in an independent manner. If the (0, 1) interval is 

divided into d classes of equal width, then a number generated can 

fall into any of the d classes. With a pair of numbers, the number 

of combinations of classes into which they can fall is d2 • 

To make this test, count the frequency with which pairs of random 

numbers 

j = 1, 2,3, •••• , n 

fall into each of the d2 classes. For n pairs of observations, the 

observed frequencies in these combinations of classes should all be 

equal to n/d 2 if the sequence of random numbers are uniform and 

independent (Knuth, 1969; Cooke et aI, 1982). Then\ichi-SqUared 

Goodness-of-fit Test can be applied to test for departures; d may 

be chosen as any convenient number but subjected to the constraint 

n > 5d2 • A valid Chi-squared test should have the expected number 

in each combination of classes greater than 5, and the above 

constraint is to ensure that this condition is complied with. 

The results of\. Serial Test performed on a sequence of 500 

(i.e. n = 500) pairs of random numbers generated in this study are 

shown in Table 6.2. 
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Table 6.2: Chi-squared Values of Serial Test for Randomness 

Class Observed Freq Expected Freq Chi-S9 Component 

1 , 1 19 20 0.05 
2,1 18 20 0.20 
3,1 21 20 0.05 
4,1 22 20 0.20 
5,1 20 20 0.00 
1,2 21 20 0.05 
2,2 19 20 0.05 
3,2 21 20 0.05 
4,2 21 20 0.05 
5,2 19 20 0.05 
1,3 21 20 0.05 
2,3 20 20 0.00 
3,3 21 20 0.05 
4,3 20 20 0.00 
5,3 21 20 0.05 
1,4 19 20 0.05 
2,4 20 20 0.00 
3,4 23 20 0.45 
4,4 20 20 0.00 
5,4 19 20 0.05 
1,5 19 20 0.05 
2,5 20 20 0.00 
3,5 17 20 0.45 
4,5 20 20 0.00 
5,5 19 20 0.05 

Chi-squared Value = 2.00 
Degrees of Freedom = 24 

The (0, 1) interval is divided into 5 classes (i.e. d = 5), each of 

width 0.2. The expected frequency in each class = 500/52 = 20i the 

2 degrees of freedom = d - 1 = 24. The critical Chi-squared value at 

99.5% confidence level with 24 degree of freedom is 9.886 (from 

Bhattacharyya et aI, 1977i Table 6, p.600). Given an observed Chi-

squared value of 2.000 (see Table 6.2) which is very much less than 

the critical value of 9.886, at the 99.5% confidence level one 

therefore cannot reject the hypothesis that there is no serial 

correlation in the sequence of random numbers generated. 
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6.2.4 The Selection of Seed Values 

It should be noted that random number generators are usually 

sensitive to the seed value used, and may generate a biased 

sequence (Smith et aI, 1983). For this reason 1 the random number 

generator developed for this study would need to be tested with 

different seed values. The significance of selecting the 

appropriate seed values can be inferred from the results of 

Frequency and Serial Tests performed on sequences generated with 

different seed values by the random number generator (Table 6.3). 

Table 6.3: Frequency and Serial Tests for Sequences with 
Different Seed Values 

tI tllf 
Seed Frequency Test Serial Test 
Value {Chi-squared Value} {Chi-squared Value} Status 

123.0E06 9.13 6.20 Rejected 
2.3E10 10.93 87.70 Rejected 
8.0E10 1.27 2.00 Accepted 

25.0E10 1.33 1. 80 Accepted 
30.0E10 0.40 5.20 Accepted 
35.0E10 0.60 169.10 Rejected 
40.0E10 0.60 5.50 Accepted 

If Accept or reject at 99% confidence level (deg. of freedom = 9) 
for which the critical value is 2.088. 

tI* Accept or reject at 99% confidence level (deg. of freedom = 24) 
for which the critical value is 10.93. 

Table 6.3 shows that the inputs of different seed values for the 

random number generator yield quite different results. Some of the 

results have exhibited large departures from the requirements of 
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uniformity and/or independence. Hence, care should be exercised in 

choosing seed values for a random number generator. For this study, 

a "trial and error" approach was adopted in the search for suitable 

initial seed values for the random number generator. Only streams 

of random numbers generated from seed values that have passed both 

the Frequency and Serial Tests have been used. 

6.2.5 Number of Simulation Runs and Test for Normality 

If uncertainty in project evaluation is to assume the form of a 

probability distribution, one would be faced with the question of 

how many simulation runs are needed to adequately express this 

uncertainty? It is a question of balancing bebveen sample size and 

computing time required. The greater the number of simulation runs, 

the larger will be the sample from which uncertainty distributions 

can be represented, but the greater \-lill be the computer time which 

is required. 

To answer the question above, 3 sets of random numbers of sample 

size 100, 300 and 500 were generated from a normal distribution. 

The observed cumulative probability distribution for each sample 

was then plotted against the expected theoretical normal 

distribution (Figure 6.15) • In addition, the histograms of 

probability density for the 3 samples were also plotted. They are 

shown in Figure 6.16. 
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Figure 6.16: Histograms of Probability Density for the Three 
Samples of Random Numbers from the Normal Distribution. 
(Sample Size: lOa, 300 and 500) 

Table 6.4: Kolmogorov-Smirnov Tests for the 3 Samples of Random Numbers 
for Normality 

Critical K-S Value Acceptance/Rejection 
Sample Observed at the at the 
Size n K-S Value 1~ Significance Level 1~ Significance Level 

100 0.045 0.163 Accepted 
300 0.017 0.094 Accepted 
500 0.018 0.073 Accepted 
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The Kolmogorov-Smirnov (K-S) Test (Ang and Tang, 1975; Fishman, 

1973; Knuth, 1969) was then applied to each of the samples to test 

the extent of departure from the expected theoretical values. A 

comparison of the results from the K-S Test is shown in Table 6.4. 

The critical values in Table 6.4 were obtained from Ang and Tang 

(1975; Table A.4, p.385). 

From Figure 6.15, Figure 6.16 and Table 6.4, the following 

conclusions are drawn: 

i) The 3 sets of normally distributed random numbers have 

shown no significant departures from the expected 

theoretical distribution. The observed K-S value for 

each sample is found to be less than the respective 

critical value. Hence, the random numbers generated 

are satisfactory, and a sample from 100 simulation run 

may be considered adequate. 

ii) However plots in Figures 6.15 and 6.16 indicate that 

much better fits are obtained for a sample of size 300 

than for a size of 100. Improvements are marginal when 

sample size is increased from 300 to 500 (Table 6.4). 

It appears that the uncertainty distribution may be 

better and more adequately simulated if simulation runs 

of 300 are used instead of 100. Thus, for this study 

on uncertainty analysis, simulation involving 300 runs 

was performed for each of the cases considered. 
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6.3 Selection of Probability Distributions 

6.3.1 Representing Uncertainty by Probability Distribution 

The application of uncertainty or risk analysis involves the 

assessment of the relative likelihoods of the outcome of events. 

These likelihoods, or probabilities, form the basis of risk 

analysis. 

A probability of implies certainty that an event will occur; 

while a value of 0 means an event certainly will not occur. Any 

value between 0 and 1 implies uncertainty. In evaluating two 

alternatives such as A and B in Figure 6.17, under certainty the 

value of the outcome for each would be known with probability one. 

Figure 6.17 typically represents the conventional approach where 

single best estimates are used, and where the outcomes are 

presented in discrete form suggesting the position of an 

unambiguous choice. 

Probabili ty 

A B 
1.0 

Outcome 

Figure 6.17: Comparison of Alternatives in 
Conventional Approach where Single 
Best Estimates Are Used. 
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In contrast, when the number of possible outcomes is very large, 

the likelihoods of the outcome can be represented by a probability 

distribution. Another useful representation is the cumulative 

distribution from which the probability of the variable assuming a 

value less than some specified magnitude can be obtained. 

Uncertainty can be analysed by examining the probability 

distribution curves of the alternatives. 

Consider the two possibilities in Figure 6.18(a). Alternative B, 

which has a flatter shape and a wider range, indicates greater 

uncertainty than alternative A. The corresponding cumulative 

distributions bring this point out even more sharply (Figure 

6.18(b)). The curve for alternative B exhibits a shallower slope 

and a range extending clearly beyond that of alternative A, thus 

indicating greater uncertainty. 

Probability 
0.5 

Figure 6.l8a: 
Probability Density 
Functions for Two 
Alternatives Reflecting 
Different Degrees 
of Uncertainty. 

Cumulative 
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Figure 6.l8b: 

A 

Cumulative Probability 
Distributions for the 

B 

Two Alternatives Indicating 
Different Degrees of 
Uncertainty. 
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6.3.2 Choosing Probability Distributions 

Choosing probability distributions for the variables may not be as 

daunting as it seems. Pouliquen (1970), Raiffa (1968) and Hertz 

and Thomas (1984) have variously outlined in detail the possible 

approaches in the choice of probability distribution relevant to 

risk analysis. Three of the approaches which are of particular 

relevance to project appraisal are described as follow: 

a) the portrait approach, 

b) the step rectangular approach, and 

c) the continuous distribution 

fractile (CDF) approach. 

The first two methods are due to Pouliquen (1970), while the third 

is due to Raiffa (1968). 

(A) The Portrait Approach 

The portrait approach assumes its name after the portrai t method 

used to identify suspects in police investigations. On the basis of 

limited information a portrait is dral'm and subsequently modified 

until the informant is satisfied with the portrait. Similarly, on 

the basis of limited information, a choice is made from among the 

classical probability distributions -- normal, gamma, beta, etc.--

which seems to fit the case. The particular distribution selected 

is first drawn, indicating the corresponding probabilities for 

various intervals, then modifications can be made as to the 
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skewness or the appropriateness of the intervals. This process is 

repeated until the appraiser is satisfied with the distribution. 

Indeed, after giving due considerations to all the empirical 

information (regarding to the range, mean, variability, etc.) that 

are available, the selection of probability distribution\ for the 
1\ 

variables in this study was done primarily on the basis of the 

portrait approach. 

(B) The step Rectangular Approach 

Pouliquen (1970) illustrated the second approach by taking the case 

of the productivity of labour that leads to a choice of a step-

rectangular distribution. The steps by which the probability 

distribution was established are shown in Figure 6.19. 

~ 
I::: 
.Q 

l! 
Step I ~ 

srep3 

75% 2.5% 

" 8 10 12 
TOflJi per gang-hour 

§ 
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SIep4 

" SIIIIp2 
.Q e 
Q. 

" 8 
TOOJiI per gl!lJlg-ilour 

Figure 6.19: steps in Establishing the Probability Distribution for 
the Productivity of Labour. 

Source: Pouliquen (1970) 
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The range of the productivity for that particular case study was 

estimated to lie between 5 to 12 tons of cargo per gang-hour. The 

range was first delineated into two intervals: 5-10 and 10-12. A 

probability was then assigned to each interval on the basis of the 

engineer's judgement. It was thought that 50% might be too high a 

probability for the 10-12 interval, as did 60%-40% and 70%-30% 

splits, yet 80%-20% did not seem to give enough; therefore 75%-25% 

seemed appropriate. In other words, the appraisal team's judgement 

was best expressed quantitatively by saying that the probability of 

exceeding 10 tons per gang-hour was only one-third of the 

probability of getting a lower productivity of labour. 

In the second step, the 5-10 interval was further subdivided into 

5-8 and 8-10 intervals, and in a similar manner a 30% and a 45% 

probability were allocated to the 5-8 and 8-10 intervals 

respectively. The sum of these two probabilities was, of course, 

equal to the initial 75% probability for the 5-10 range. 

In a third step, further subdivisions were carried out and 

probabilities (as shown in Step 3 of Figure 6.19) were assigned. 

The final step involved some minor adjustments as a final polish, 

giving the final probability distribution shown in Step 4 of 

Figure 6.19. 
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(C) The Continuous Distribution Fractile (CDF) Approach 

The CDF approach in which the range, median, and quartiles are 

assessed, has been described by Raiffa (1968) and Hertz and Thomas 

(1983); its essential steps are summarised belml: 

(1) Choose a value for the unknown variable X such that it 

is equally likely the true value will fall below or 

above it. (Denote it by X50 .) 

(2) Consider only the range above X50 . Repeat the process 

of judgementally subdividing it into two equally likely 

parts. (Denote the dividing point X75 .) 

(3) The procedure in (2) is now repeated for the range 

below X50 to obtain a value X25 " 

(4) The procedure is repeated again for each of the four 

intervals now available, so that in all, seven assessed 

values of X are obtained. 

(5) Finally, a graph of the cumulative percentage 

probability (12.5, 25.0, 37.5, 50.0, etc.) is plotted 

against X and a curve drawn through the plotted points. 

Figures 6.20(a') and 6.20(b) show a cumulative judgemental 

probability distribution, and its corresponding histogram, obtained 

with the CDF method by Raiffa (1968) in one of his demonstrations. 

An application of the CDF approach in the field of transport 

project appraisal can be found in Keeney and Raiffa (1976) 

concerning the proposed development of facilities at the Mexico 

Ci ty airport. 
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A review of the various distributions, geared to making the maximum 

use of the available information in the context of project 

appraisal, has also been described in detail by Pouliquen (1970). 

The -characteristics and usefulness of some of the commonly used 

distributions are summarised below. 
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The Step Rectangular Distribution 

This distribution is attractive for 

several reasons: 

a) quantification of subjective 

probability judgement is based 

explicitly on preference ranking; 

r-;;;- P2 P3 P4 -rsl b) flexibility in the number of sub-
Minimum MaBimum 

intervals to be drawn as the 

appraiser desires; and 

c) complete freedom of expression of the appraiser's judgement. 

Also it has been found that the step-rectangular distribution 

proves to be reliable in use, and fits in well with the rule of 

using all the information available. 

The Discrete Distribution 

This distribution is very similar to 

the step rectangular distribution. 
~'Y The only difference is that the 

values of the variable, instead of 

being expressed in terms of intervals 

or ranges, are given in single 

values. The distribution is obtained 

in the same way and has the same 

properties as the step-rectangular distribution. It is used when 

the variable under consideration is, by nature, a discrete 

variable, for example the year in which the project may come into 

operation. 
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The Uniform Rectangular Distribution 

The uniform rectangular distribution 

is used where judgement is very vague 

and the appraiser is not able to 

differentiate between any two values 

within the range of the variable. It 

may be viewed as a specific case of 

the step-rectangular distribution 

with only one sub-range. Comparatively 

it utilises less information and involves less rigorous judgements 

than the step-rectangular distribution. 

The Beta Distribution 

The beta distribution is one which 

has been widely used by the PERT 

(Program Evaluation and Review 

Technique) system. A beta 

distribution is entirely defined when 

its range and two other parameters 

are known. However, using the beta 

distribution for the case of the 

productivity of labour mentioned 

earlier, Pouliquen found that the distribution was a bad choice for 

that particular case. The results obtained by Pouliquen (1970), 

using different distributions for the productivity of labour, are 

shown in Figure 6.21. 
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Figure 6.21: Comparison of Triangular and Two 
Different Beta Distributions for 
the Productivity of Labour 

Source: Pou1iquen (1970) 

The Trapezoidal Distribution 

The trapezoidal distribution owes its 

appearance to the recognition of the 

lack of reliability of the best 

estimate and that it is helpful to 

distinguish a smaller range around 

the best estimate within the total 
1/1 II 

range. This smaller range often 

corresponds to what may happen under 

normal circumstances as opposed to 

what may happen under extreme circumstances. Hence, one gets a 

distribution of trapezoidal shape, with the inner range having the 

same probability and outside of this range, the probability 
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decreasing towards the outer limits. This distribution seems to 

fi t well a large class of subjective jUdgements. 

The Triangular Distribution 

This distribution is a particular 

case of the trapezoidal distribution, 

in which values close to the extreme 

of a range are assigned lower 

probabilities than those close to the 

"-"-____ --' ____ ..... _ Vlllu.oIfM best estimate, and the probability 
- ~1IlI~ 

varies linearly with the value of the 

variable. 

The Normal Distribution 

The normal distribution is perhaps 

the best known and most important of 

all probability distributions. The 

normal distribution. is significant 

because it provides close 

approximations for a number of real 

distributions of considerable 

practical value. Of these 

distributions, the most relevant one 



in the context of risk simulation is the binomial distribution. 

Since a binomial distribution characterises a random process for 

vlhich there are only tvlO possible outcomes, it resembles many real 

life situations. It is well knovTn that for a large number of trials 

(i.e. when the sample size is large) in which the probability of 

success lies within the range of 0.1 and 0.9, the normal 

distribution serves as a good approximation to the binomial 

distribution (Murdoch and Barnes, 1975). Thus, for risk simUlation 

which involves variables characterising some random process of two 

possible outcomes, the normal distribution can be an appropriate 

choice. 

In the end, however, the actual choice of a probability 

distribution for the variable concerned is very much a matter of 

the appraiser's judgement. It is inappropriate to set any rigid 

rules for the choice of probability distribution for risk 

simulation. 

6.4 Summary 

The primary aim of this chapter is to present the methodology which 

is central to the stages of risk estimation and evaluation. For 

this study, a simulation method (Monte Carlo simulation) was used. 

In the application of the techniques of Monte Carlo simulation, 

three essential issues have to be considered. The first, and the 

most important issue, pertains to the generation of random numbers. 

The validity of the simulation process depends critically on the 
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ability of the random number generator to produce sequences of 

numbers that are uniformly distributed and have no serial 

correlation. Hence, the emphasis given in this study to ensure that 

the sequences of random numbers used for the simulation have passed 

the Frequency and Serial Tests. 

The second issue relates to the handling of correlation, while the 

third is about the choosing of probability distributions. The 

procedure of conditional sampling was adopted for the treatment of 

correlation. In the subsequent application of the Monte Carlo 

method to the two case studies (Chapter 7), four probability 

density functions were selected to represent the uncertainties 

associated with the various input parameters, 1. e. the uniform 

rectangular distribution, the triangular distribution, the normal 

distribution and the beta distribution. The algorithms and the 

methodologies for generating random numbers from the four 

probability density functions (which were elaborated in detail in 

the earlier sections) have all subsequently been used in the 

simulations undertaken for the two case studies (Chapter 7). 
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CHAPTER 7 

CASE STUDIES: 
UNCERTAINTY ANALYSIS ON PROJECT EVALUATION 

THROUGH MONTE CARLO SIMULATION 

7.1 Introduction 

Two highway improvement projects of different nature and size were 

analysed with respect to various sources of uncertainties. It can 

be considered as an application of the procedures of risk 

estimation and risk evaluation to two rural transportation 

projects. Also, it should be taken as a follow-up to the previous 

application of risk identification procedures, in the form of a 

sensitivity analysis of the sample of ten rural projects 

(Chapter 5). Recognising that the major need now, in the context of 

uncertainty in transport investment appraisal, is not so much for a 

development of new techniques but for some practical and meaningful 

applications of the already well-developed risk analysis in the 

transport sector (Pearman, 1983; see also Chapter 2), this study 

may therefore be viewed as one attempt to fulfil that need. 

The primary aims here are to develop a hypothesis on, firstly, the 

possible effects of uncertainty on transportation project 

evaluation and, secondly, how these effects would influence 

decision making. 

OWing to reasons mentioned earlier (Section 5.3.1), analysis of 

uncertainty related to the economic parameters (e.g. analysis 
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period, discount rate, value of travel time and cost of accidents) 

have not been included. Instead, this study is concerned more 

specifically with uncertainty arising from the estimation of 

traffic and accident parameters, namely traffic flow, traffic 

composition, trip purpose (work/non-work split), vehicle occupancy, 

mean free speed, speed improvement and reduction in accident rate. 

Figure 7.1 shows the relation of various parameters in the 

eValuation process commonly practised in New Zealand. 

Economic 
Parameters 

Road 
Parameters 

Traffic 
Parameters ll 

Accident 
Parameters II 

Maintenance 
Data 

Capital 
Cost 

[AnalYSiS Period 
Discount Rate 
Growth Rate 
Value of Trv.Time 
Cost of Accidents 

[Roa, Type 
Road Length 
Gradient 
Number of Stops 

[TraffiC Flow Traffic Composition 
Trip Purpose 
Occupancy 
Speed 

[Accident Reduction 

Road 
User 
Benefit 

Accident 
Saving 

[
Maintenance 

r-------~ Saving [Maintenance Cosg 

[Additional Capital 

II Parameters whose uncertainties were simulated and analysed. 

Total 
Annual 
Benefit 

Figure 7.1: Relation of Input Parameters in the Evaluation Process 

Net 
Present 
Value 

Benefit-
Cost 
Ratio 
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Some of the details of the two case studies are listed below. 

Case Study 1: Waipu Bypass, Whangarei 

The bypassing of Waipu township was aimed 

at providing a safer and more direct route 

for traffic using State Highway (SH1) . 

The route was to be shortened by about 1.6 

Km. (See Figure 7.2 for a plan of the 

bypass.) 

Road Type: 2-lane rural highway 

Gradient: Level 

ADT: 3920 vpd 

Capital Cost: NZ $1.63 million (at 1982 prices) 

Figure 7.2: Location of Waipu Township and Proposed 
Bypass 
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Case Study 2: Albany Hill, Auckland. (Crawler Lane) 

The provision of a crawler lane north of 

the Albany township was designed to 

increase the capacity of the road section, 

and to improve the horizontal curvature and 

sight distance. The aim was to upgrade 

traffic efficiency and safety. (See Figure 

7.3 for a plan of the location.) 

Road Type: 2-lane rural highway 

Gradient: 2 - 7% 

AADT: 10,470 vpd 

Capital Cost: NZ $0.67 million (at 1982 prices) 

1 M 
1350 

• <> 
A • r;; 
... ! A , '" • l A 6. A 1600 
•• • • • >-RIVER HEAD :2 Z...J 

~ ",...J 
STATE ••• ~ "'-
FqR~ S.r: ~ 

...J:I: 
800 "" 

~ 
~ , 500 ROSEDALE RD 

<> 
N m m 

Figure 7.3: Location of Albany; 
Traffic Flow (ADT) 
Recorded around 
Albany Hill. 
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7.2 Probability structures for Treatment of Uncertainty in 
Traffic and Accident Parameters 

Uncertainty in the estimation of a parameter can be conceived as 

some kind of a relationship between the actual and the estimated 

values of the parameter. Here, uncertainty has to be placed in the 

context where an estimate for the parameter does exist. It is only 

relevant to talk about tluncertainty" or "uncertainty distribution" 

if there exists an estimate while the actual value is unknovm. It 

means the probability structures for the parameters will therefore 

be defined in relation to some estimates, and in almost all cases 

these estimates are the parameters' input values originally used in 

the evaluation procedures. 

The derivation of the probability structure for each of the 

following traffic and accident parameters is described: 

1. Traffic Flow 

2. Occupancy 

3. 'Vlork/Non-Work Trip Purpose 

4. Traffic Composition 

5. Base Speed 

6. Predicted Changes in Speed 

7. Reduction in Accidents 
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7.2.1 Traffic Flow 

The input parameter in question is the mean hourly flow for each of 

the five demand periods. (To account for the short-run demand 

varia tion, astra tifica tion of five demand periods was used for 

this st udy • ) The task is to estimate the possible range of 

uncertainty in this input parameter, and express it in the form of 

a probability distribution. In this way, uncertainties in various 

key variables, quantified in the form of probability functions, can 

then be simulated by Monte Carlo technique to give an indication of 

the overall, combined impact of such uncertainties on project 

evaluation. 

As mentioned in Chapter 5 (Section 5.4.1.1), uncertainty in the 

flow estimates may arise from two error sources: 

a) the direct measuring process, and 

b) the sampling procedure. 

The uncertainty in the sampling procedure will first be estimated, 

followed by that associated with the direct measuring process. 

Since continuous count data were not available for the sites of the 

two case studies, data from another rural site (State Highway 1, 

Templeton) were used instead. As the main aim at this stage is to 

illustrate a realistic but practical approach of incorporating 

uncertainty in the estimate of flow parameter for appraisal 

purposes, the use of data from another rural site can offer some 

indications of the possible range of uncertainty in the estimate of 

flow parameter for rural roads in New Zealand, provided caution is 

exercised due to variations in local conditions. 
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Traffic count data from the above site have shown that the 

distributions of hourly flow for the day periods approximate normal 

distributions, while for the night periods they resemble some form 

of negative exponential distributions (Section 5.4.1.2). Since the 

estimator here is the sample mean (i.e. the mean hourly flow for a 

particular demand period), the Central Limit Theorem suggests that 

the estimated sample means for the day periods will be distributed 

normally irrespective of sample size, whilst the same will hold for 

the night periods if the sample sizes are large. On this basis the 

normal distribution was thus chosen to represent the uncertainty 

associated with the mean hourly flow estimate, and the range of the 

distribution could then be derived from the standard error (S. E.) 

of the sample mean. 

It is well known that the size of standard error for a sample is 

dependent on the variability inherent in the variable and on its 

sample size. It follows that the range of the uncertainty 

distribution, in this case, is therefore dependent on the sampling 

procedures used, particularly on the length and frequency of 

counts. For this reason, two groups of sample dra\-m from count 

procedures of different length and frequency were analysed. 

Table 7.1 shows the length and frequency of counts for the samples 

analysed. 

For each group of sample selected above, the critical parameter 

(i. e. the mean hourly flow) and its associated standard error 

(S. E.) for each of the five demand periods were computed. The 

variability of the uncertainty distribution for a particular demand 
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Table 7.1: Length and Frequency of Counts for Samples Analysed 

Length of Frequency of Months in which data 
Sample counts counts were collected 

Al wk.in every 1 , 3, 5, 7, 9 & 
6 weeks 2 months of 

A2 24-hour counts 2, 4, 6, 8, 10 & 

B1 1 , 5 & 9 

B2 1 wk.in every 2, 6 & 10 
3 weeks 4 months of 

B3 24-hour counts 3, 7 & 11 

B4 4, 8 & 12 

Table 7.2: Representation of Uncertainty due to Sampling 
Error in the Estimates of Mean Hourly Flow from 
Two Different Groups of Samples 

Group A 
Estimate from 6 wk. 
of counts (1 wk.in 
every 2 months) 

Group B 
Estimate from 3 wk. 
of counts (1 wk.in 
every 4 months) 

11 

12 

Demand 
Period Uncertainty Distribn. Uncertainty Distribn. 

I Normal ; C.O.v.:: 3% Normal; c.o.v.:11% 
II Normal; c.o.v.:: 2% Normal; C.O.v.: 7% 

III Normal; C.O.v.:: 6% Normal; C.O.v.: 8% 
IV Normal; C.o.v.: 3% Normal i c.o.v.=10% 
V Normal ; CoO.v.: 8% Normal i c.o.v.:::11% 

Note: Demand Period I : Weekday Peak 
II :: Weekday Off-peak 

III ::: Weekday Night 
IV : Weekend Day 
V : Weekend Night 
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period could then be obtained (in terms of a coefficient of 

variation, c. o. v.) 

hourly flow (that 

by dividing the standard error by the mean 

is, c.o.v. ::: S.E.!mean). This was done on the 

assumption that the standard deviation of the uncertainty 

distribution was represented by the standard error of the sample 

estimate. From the analysis of the count samples in Table 7.1, the 

following risk functions were used to represent the uncertainty in 

the traffic fle>.j estimates due to the element of sampling error 

(Table 7.2). 

Owing to the lack of empirical evidence on the accuracy of counting 

instruments employed in New Zealand, some judgement on the likely 

error range was necessary. Since there was no firm basis to 

discriminate against anyone value within a selected range, a 

uniform rectangular distribution was therefore chosen to represent 

the uncertainty arising from the direct measuring process for each 

of the five demand periods. The range so selected was applied 

uniformly to all the five demand periods. For this study, two 

uncertainty ranges, one with a range of ±5% and the other ±8%, were 

simulated so that a comparison of the possible effects of different 

uncertainty ranges on the appraisal results could be made. 

Subsequently, the following three combinations of probability 

structures were selected to simulate the possible effects of 

uncertainty in the estimate of flow parameter on evaluation (Tables 

7.3(a), 7.3(b) and 7.3(c»). 
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Table 7.3(a): Probability structures for the Flow Estimate 

Set 1 Sample Size: 3-week counts (1 week in every 4 months) 
Error Range (direct measuring process): ±8% 

Demand Uncertainty Distribn. Uncertainty Distribn. 
Period (direct measuring proc.) (sampling procedure) 

I Uniform; r*= 8% Normal; c.o.v::::11% 
II Uniform; I" ::: 8% Normal ; C.O.v.: 7% 

III Uniform; r ::: 8% Normal; C.O.v.::: 8% 
IV Uniform; I" ::: 8% Normal ; c.o.v.:10% 
V Uniform; I" ::: 8% Normal; c.o.v.:::11% 

~ I" : range/2 (see Figure 7.4 below for a diagrammatic 
representation of r) 

Table 7.3(b): Probability Structures for the Flow Estimate 

Set 2 Sample Size: 6-week counts (1 week in every 2 months) 
Error Range (direct measuring process): ±8% 

Demand Uncertainty Distribn. Uncertainty Distribn. 
Period (direct measuring proc.) (sampling procedure) 

I Uniform; I" ::: 8% Normal; c.o.v.: 3% 
II Uniform; I" : 8% Normal; c.o.v.: 2% 

III Uniform; I" : 8% Normal i C.o.v.: 6% 
IV Uniform; r : 8% Normal ; c.o.v.: 3% 

V Uniform; I" : 8% Normal; c.o.v.:: 8% 

Table 7.3(c): Probability Structures for the Flow Estimate 

~ Sample Size: 3-week counts (1 week in every 4 months) 
Error Range (direct measuring process): ±5% 

Demand Uncertainty Distribn. Uncertainty Distribn. 
Period (direct measuring proc.) (sampling procedure) 

I Uniform; I" ::: 5% Normal; c.o.v.:11% 
II Uniform; r : 5% Normal ; C.O.v.: 7% 

III Uniform; r : 5% Normal; c.o.v.:: 8% 
IV Uniform; r ::: 5% Normal; c.o.v.:::10% 
V Uniform; r : 5% Normal ; c.o.v.:11% 

304 



Uncertainty from tbe two error sources (i.e. from tbe direct 

measuring process and tbesampling procedure) can be modelled in 

steps. A random number witb tbe defined uniform distribution is 

first generated. (Given an estimate of the mean hourly flow and a 

prescribed range, the uniform distribution has been fully defined.) 

This first step models the uncertainty from direct measuring error. 

Using the generated random number obtained from the previous step 

as the best estimate for the subsequent distribution function, and 

with tbe other parameter (e.g. CeO.V. or uniform range) already 

defined, a second random number can then be generated from the 

prescribed distribution. This models the uncertainty from sampling 

error. The value generated from the second step may then be used as 

input for the cost-benefit computation. This procedure was applied 

separately to the five demand periods. 

The representation of uncertainty in the flow estimate, via these 

two steps, is shown schematically in Figure 7.4. 

Step 1: Uniform Distribution (Direct Measuring Process) 

r-r_!_r--i 
x* 

Best estimate x* 
Range 2r 
where r is expressed 
in terms of a percentage 
of the best estimate. 

Step 2: Normal Distribution (Sampling Procedure) 

. 

A 
x 

x = output from Step 1 
(i.e. random number 
from the uniform 
distribution) 

Degree of spread is 
described by the c.o.v. 

Figure 7.4: 2-Step Representation of Uncertainty in the 
Flow Estimate 
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7.2.2 Occupancy 

Similarly to traffic flow, uncertainty in occupancy estimates may 

arise from two error sources: measuring error and sampling error. 

For the first error source, major contributing factOrs may come 

from misreporting and inappropriate inclusion of children in the 

recording (Ohstrom and Stopher, 1984). Information gathered from a 

survey can only be a sample of the population, hence inevitably 

sampling uncertainty exists. 

Owing to the lack of information on the accuracy of occupancy 

surveys in New Zealand, a systematic derivation of the error 

structure in occupancy surveys is not possible. From the input data 

on occupancy for various rural roading projects, supplemented by 

the findings of an occupancy study conducted more than a decade ago 

(RRU Bulletin 17, 1973), the lower and upper bounds of vehicle 

occupancy rate on New Zealand rural roads were estimated for the 

three vehicle categories (Table 7.4). 

Table 7.4: Estimated Lower and Uoper Bounds of Occupancy 
Rate on New Zealand Rural Roads 

Occupancy 
Rate Lower Upper 

Veh. Bound Bound 
Category 

CAR 1.2 2.4 

LCV 1.0 2.1 

RCV 1.0 1.8 
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Given the lower and upper bounds, and the best estimate, a measure 

of the uncertainty associated with the variability of occupancy 

rate is still needed. The extent of variability may be expressed in 

terms of the coefficient of variation (Ang and Tang, 1984). Because 

of a lack of information on the error structure, it will be 

inappropriate to prescribe a single value for the c.oov .• Instead, 

an uncertainty distribution for the occupancy estimate, subject to 

the constraint that the CoO.Vo must lie within a prescribed range, 

was used. 

For this study, it was thought that the range of c.o.v. might 

reasonably lie between 5% to 12%, and hence the following 

assumptions were made: 

i) CoO.Vo due to sampling error ::: e 1 ' and 5% ~ e 1 ~ 12%; 

ii) c.o.v. due to measuring error ::: e 2 , and 5% ~ e 2 ~ 12% • 

Therefore, c.o.v. from the total random error, et , has a range 

152 
+ 52 ~ e t ~ /122 + 122 ; 

thus, approximately 

7% ~ e t ~ 17%. 

Hence, it vias decided that the uncertainty distribution for the 

occupancy estimate must satisfy the following constraints: 

a) the best estimate must lie within the bounds given in 

Table 7.4,and 

b) the coefficient of variation (c.o.v.) should be within 

the range 7% to 17%. 

A probability distribution appropriate for a random variable whose 

values are bounded is the beta distribution. The shape parameters 



for the beta distributions have been selected such that the best 

estimates (i.e. the input occupancy rates) coincide with the means 

(see Chapter 6, Eq.(6.20», while the coefficients of variation 

fall within the 7%-17% range. There is yet one other consideration 

which has to be taken into account. That is, the distinction 

between weekdays and weekends. Vehicle occupancy rates have been 

found to vary significantly between weekdays and weekends, with 

weekend occupancy being 10%-30% greater than weekday occupancy 

(MWD, 1984; see also Appendix D). Hence, in this study, beta 

distributions of different shape parameters were used to represent 

the uncertainty in occupancy estimate for weekday and weekend. 

The beta shape parameters selected to represent the uncertainty 

distribution of the occupancy estimate are listed in Table 7.5; 

their corresponding shapes are plotted and are shown in Figures 

7.5(a) and 7.5(b). It should be noted that a beta distribution 

would be fully defined once the shape parameters and the lower and 

upper bounds have been determined (see Eq.(6.20) and Eq.(6.21». 

Table 7.5: Proposed Uncertainty Distributions for Occupancy 
Est:llnates 

CAR LCV 

q = 3·00 q = 2.~5 
r = 1.10 r = 1.10 

Weekday meaD = 2.1 mean = 1.8 
s.d. . 0.2ij s.d. = 0.17 

c.o.v. = ,,% c.o.v. = 13~ 

q ::: 3.35 q · 3.33 
r = O.~5 r = 0.48 

Weekend mean = 2.3 mean · 2.0 
s.d. . 0.18 s.d. · 0.17 

c.o.v. = 6% 0.0. v. = 8$ 

Lower 
Bound a ::: 1.2 a = 1.0 

Upper 
Bound b • 2.4 b = 2.1 

Note: q and r are the shape parameters; 
s.d. denotes standard deviation; 
c.o.v. denotes coefficient of variation; 

RCV 

r " 2.20 
q · 1.26 

mean = 1.5 
s.d. · 0.18 

c.o.v. = 12% 

q = 3.00 
r = 0.~8 

mean = 1.7 
s.d. · 0.13 

c.o.v. = 8% 

a ::: 1.0 

b = 1.8 

For a description of the beta distribution, please see 
Section 6.2.2.6. 
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Figure 7.5a: Beta Distributions Selected to Represent 
Occupancy Uncertainty (Weekday Periods) 
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7.2.3 Trip Purpose: Work/Non-Work Split 

A beta distribution, symmetrical about its mean, is proposed to 

represent uncertainty associated with the estimate of the work/non-

work split. It is a compromise choice between the normal and the 

uniform distributions; the normal distribution over-concentrates 

probabilities around the central value more than desired for this 

case, whereas the uniform distribution spreads the probabilities 

evenly and lacks discrimination that gives relatively greater 

weights to values around the central value. 

Beta distributions of different shape parameters were plotted; they 

are shown in Figure 7.6. Symmetry requires that the shape 

parameter q be equal to r. Based on the subjective choice of the 

shape and of the degree of spread (Figure 7.6), the curve with 

parameters q :::: r :::: 1.7 was preferred to represent uncertainty 

distribution for the work/non-work estimate • 

... 

a •• 

I .• 

II VA!..I.E 
STANDARD lElA Ol3TRtBUTIOH 

* Preferred choice for uncertainty distribution of 
work/non-work split. 

Figure 7.6: Beta Distribution of Different Shape Parameters 
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With the shape parameters chosen, other characteristics of the 

probability structure were selected in accordance with the 

following considerations: 

* The best estimate x should form the central value 

(i.e. the mean) of the distribution. 

2. Based the empirical data from surveys and project 

schemes (see Appendix D), maximum empirical ranges of 

the value of percentage of "working" vehicle on rural 

roads in New Zealand were estimated. They are 

summarised in Table 7.6. 

Table 7.6: Empirical Ranges of the Percentages of "Working" Vehicles 
on Rural Roads in New Zealand 

Weekday Weekend 
Vehicle Lowest Highest Range R*/2 Lowest Highest Range R*/2 Category Entry Entry R* Entry Entry R* 

CAR 25.0 47.2 22.0 11. 0 2.0 5.0 3.0 2.0 
LCV 58.0 100.0 42.0 21. 0 6.0 10.0 4.0 2.0 
HCV 83.8 100.0 17.0 9.0 52.4 70.0 18.0 9.0 

* With the best estimate x and the maximum empirical 

* range R established, the beta distribution (with shape 

parameters q = r = 1.7) may then assume a range of 

* * * * (x - R 12) ~ x ~ (x + R 12) 
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Figure 7.7 illustrates the shape and range of the 

proposed beta distribution. 

l , R*/2 R*/2 
x* 

(best estimate) 

Figure 7.7: Range of Proposed Beta Distribution 
from Empirical Data 

3. The generated value x must obviously lie within the 

range between 0% and 100%, i.e. 

o ~ x ~ 100. 

That is, only values which are within the range of 0 to 

100 were accepted; any generated values outside 

this range were discarded. 

The proposed uncertainty distribution would therefore have its cut-

off points at 0 and 100, and can be represented by the following 

equation: 

(x - a)q-1 (b _ x)r-1 

-~(~~-~)-·----(~-=-~)q+r:1-----

where q ::: r ::: 1.7 
ii< * a ::: X - R /2 
I if 

b ::: x + R /2 

and 0 ~ x~ 100. 
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Figure 7.8 illustrates diagrammatically some of the possible 

locations of the uncertainty distribution which is a function of 
if 

the best estimate x • 

Upper 
Limit 

0% xI xl+1 100% 

Percentage of "Working" Vehicles 

Figure 7.8: Uncertainty Distribution for the Estimate of "Working" 
Vehicle Percentage. 

7.2.lj Traffic Composition 

For the purpose of this study, a classification of three vehicle 

types was used, namely car, light commercial vehicle (LCV) and 

heavy commercial vehicle (HCV). The approach adopted was not to 

assess the uncertainty associated with percentage composition per 

se, but to estimate the probable margin of error involved when 

counting the number of cars, LCVs and HCVs in the traffic stream 

during traffic surveys. 
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First, estimates were made of the margin of sampling error. 

Empirical data from surveys conducted for the National Roads Board 

of New Zealand formed the basis for these estimates (RRU, 1973). 

Translating those findings, which were expressed in confidence 

limits, into the form of the normal distribution, some estimates of 

the standard error of the sampling procedure can then be obtained. 

It was decided that the 95% confidence interval values for the 

samples of empirical data be taken to correspond to a spread of 4 

standard errors (see Appendix D for the findings of the surveys). 

The sampling errors so estimated for the five sites are listed in 

Table 7.7. 

Table 7.7: Estimated Random Error from Sampling 

Site (CAR) (LeV) (HeV) 

1) He1ensville 3% 14% 11% 

2) Waipu 2% 22% 16% 

3) Whatawhata 3% 17% 10% 

4) Maungaturoto 5% 23% 15% 

5) Te Kauwhata 3% 15% 15% 

Mean 4% 18% 14% 

However, as most traffic surveys of traffic composition are done 

through manual enumeration, random error from the measuring process 

(due to human error or otherwise) will need to be addressed. Error 

of this nature can be as high as 10% (Penrice, 1978). A value of 8% 

was adopted here. From the average values in Table 7.7 for sampling 
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error and a value of 8% for measuring error, the total random error 

for each of the three vehicle types becomes 

CAR: J42 
+ 82 

:::: 9 (% ) approx. 

LCV: J182 + 82 
:::: 20 (%) approx. 

RCV: ),42 + 82 :::: 16 (%) approx. 

Assuming that the uncertainty is normally distributed, the 

probability structure for the traffic composition parameter will 

take the form of three normal distributions with coefficients of 

variation (C.O.Ve) of 9%, 20% and 16% for car, LCV and RCV 

respectively. 

7.2.5 Base Speed 

Despite being one of the most rigorously researched traffic 

parameters, speed has rarely been studied in relation to how 

uncertainty of its estimate may impact on project evaluation. 

The parameter which is of main concern here is the estimate of mean 

free speed. However, before the uncertainty distribution for the 

mean free speed estimate can be established, the relationship 

between mean free speed, operating base speed and traffic flow 

first has to be dealt with. (Here, operating base speed is taken to 

mean the operating speed in the before-change situation.) 

Given a speed-flow relationship, the operating base speed can be 

estimated if the flow volume or the volume/capacity ratio is known. 



(For a discussion of the uncertainty in flow estimate, see Section 

7.2.1.) VJaking the assumption that, for the purpose of project 

evaluation, the s peed-fl ow relationship can be reasonably 

represented by a piece-wise linear relationship, the uncertainty 

can then be reduced to that associated with the mean free speed and 

with the location and gradient of the slope of the curve. 

Figure 7.9 ill ustrates such a speed-flow curve. The curve is 

fully defined by the points A(Xa , Ya) and B(Xb , Yb). Error, and 

hence uncertainty, can arise from the estimates of either or all of 

the four co-ordinates. 

y 

free 
speed f 'p"d - f( o. curve 

----~------~ ________________ ~----------_x 
o free flo,", 

Limit 
Flo .... 

flo .... at 
capacity 

Figure 7.9: A. Typical Speed-Flow Curve 

(vph) 

The speed-flow relationship adopted in this study is shown in 

Figure 7.10 (after Both and Bayley, 1976), where points A and B 

correspond to the same two points in Figure 7.9. Here, "B" 

represents the conditions at capacity where xb and Yb are the flow 
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and the operating speed at capacity respectively; "All represents 

the point where free flowing condition begins to break down, and 

where the traffic vol urne has increased to the level at which 

interactions between vehicles begin to prevent vehicles from 

travelling at their desired (free) speeds. 

Y 

free ( Xa. Yo ) 
speed A I 

I 
I 
I 
I 

x = free flow limit (Table 7.8) 
a 

Ya= free speed 
xb= flow at capacity (1.0 vic ratio) 

Yb= speed at capacity (Table 7.8) 

___ :-=p..:.e~ ~ -='UJ:QEtr. _ ( Xb. Yb) 

I B I 
I I 
I I 
I I 
I I 
I I 

____ -L ____ ~--__ ------__ --~~--------__ x 
o Free Flow 

Limit 
1.0 

(Capacity Flow) 

Volume/Capacity Ratio 

Figure 7.10: Speed-Flow Relationship Adopted for this Study 

To make the uncertainty analysis on base speed more manageable, two 

critical but necessary assumptions have to be made: 

1. Road capacity approximates a deterministic variable. 

Given a full description of its characteristics, road 

capacity can be determined exactly (i.e. the estimate 

xb is exact). Uncertainty is negligible in its 

determination, and therefore may be ignored. 
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2. At capacity, vehicles will be travelling at very low 

operating speed with little variability among them. 

Thus speeds measured at such conditions may be assumed 

to be subject to relatively little error. Uncertainty 

arising from such measurements may reasonably be 

ignored (i.e. the estimate of Yb may be assumed to be 

deterministic as well). 

Such assumptions apart, there is a further difficulty which needs 

to be dealt with. It concerns the value of the free flow limit 

(i. e. the value of x ). This limit, or cut-off point at which a 
interactions between vehicles begin to noticeably affect operating 

speed, is more of a theoretical construct than a well-defined, 

readily observed condition. Currently there still exists an obvious 

lack of consensus regarding this free flow limit, as reflected in 

the widely different values proposed in various published works 

(e.g. Highway Capacity Manual, TRB, 1985; Duncan, TRRL, 1974; Both 

and Bayley, ARRB, 1976). The uncertainty is one associated with 

modelling error rather than one related to measurement or sampling. 

It is beyond the scope of this study to quantify and analyse the 

uncertainty associated with the theoretical construct of the speed-

flow relationship. Thus, this theoretical uncertainty will not be 

considered here. 

Also owing to the lack of any known work on speed-flow 

relationships for New Zealand roads, the results of speed-flow 

studies on Australian roads pertaining to the values of free flow 
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limit (Xa ) and operating speed at capacity (Yb) (Both and Bayley, 

1976) have been adopted for this study. The values adopted are 

listed in Table 7.8. 

Table 7.8: Values of Free Flow Limit and Speed at Capacity 

Road Type Free Flow Operating Speed at 
Limit (x ) Capacity (Yb) 

(vic rati3") (kph) 
One and two-lane 0.1 48 
roads 
Three and four-lane 0.2 50 
undi vided roads 
Divided roads 0.3 56 

Freeway/Motorway 0.4 64 

Now, with the preceding two assumptions (on capacity flow and speed 

at capacity) and the free flow limit being dealt with as above, the 

uncertainty analysis is reduced to one associated with only one 

variable, that is, the mean free speed (y ). Since the distribution a 
of free speeds has been found to approximate the normal 

distribution (Almond, 1963 i Leong, 1968; McLean, 1978; Bennett, 

1985), the estimates for the mean free speed shall be distributed 

normally too. The remaining task is to estimate the extent of 

spread for the distribution of the mean. To this end, two recent 

speed studies in New Zealand (Barnes and Edgar, 1984; Bennett, 

1985) were used as a guideline. 
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The mean free speeds measured in the two separate surveys exhibit 

quite a large differenoe; the results of the two studies are 

oompared below. 

Barnes and Edgar 

Bennett 

Differenoe 

Barnes and Edgar 

Bennett 

Average 

Mean Free Speed 

97.3 kph (33 sites, 2-lane rural roads) 

83.5 kph ( 3 sites, 2-lane rural roads) 

13.8 kph 

Differenoe (% of estimate) 

13.8/97.3 = 14 (%) 

13.8/83.5 = 17 (%) 

16 (%) 

Given the limited information, it was deoided that the average 

variation of 16% be taken to oorrespond to a spread of 2 standard 

errors. The result was an unoertainty distribution for mean free 

speed estimate in the form of a normal distribution with a 

ooefficient of variation (o.o.v.) of 8%. The unoertainty 

distribution with respeot to the speed-flow ourve is expressed 

graphically in Figure 7.11 • 
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Figure 7.11: Mean Free Speed Uncertainty and 
Speed-Flow Curve 

7.2.6 Predicted Change in Speed 

The otber speed-related uncertainty to be analysed concerns tbe 

predicted magnitude of change in vehicular speed witb the 

implementation of a proposed scheme. So far, tbe basis on wbicb 

speed changes were predicted for most highway improvement scbemes 
I 

in New Zealand bas been found to be large\judgemental (Clark, 1979, 

p.l). Tbe judgemental nature of tbe prediction may introduce a 

significant source of uncertainty in project evaluation. Besides, 

the reliance on subjective judgement in making tbe estimates has 

also meant tbe absence of a defined estimation procedure from wbicb 

some sort of error structure can be derived. 
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Under these circumstances, it is felt that the choice of a 

triangular distribution is most appropriate. The best estimate 

gives the central value (i.e. the mode), while the variability of 

the estimate is defined by the range within the two extremities of 

the triangle. Values close to the best estimate are assigned higher 

probabilities than those close to the extremities. 

The choice of a triangular distribution constitutes only one aspect 

of the decision. The next task is to select the shape parameters 

for the proposed distribution. At this stage, considerations will 

have to be given to the correlation between change in speed and 

traffic flow. As has been discussed in the previous section on 

"handling correlation" (Section 6.2.1.2), 

conditional sampling was adopted here. 

the procedure of 

It should be recalled that the modelling of uncertainty in the flow 

parameter consists of two steps: a uniform rectangular distribution 

to represent uncertainty in the direct measuring process, followed 

by a normal distribution to model the uncertainty from the sampling 

procedures (Section 7.2.1). For the treatment of the partial but 

conditional correlation between traffic flow and speed change, it 

was decided that the normal distribution for the flow parameter 

(from the last of the two steps mentioned above) should be divided 

into three ranges, with the dividing lines being at one standard 

deviation below and above the best estimate (i.e. the mean). To 

each of these three ranges ~las attached a conditional triangular 

distribution, representing the uncertainty distribution for the 

estimate in speed change. The partitioned normal distribution and 

323 



the three conditional triangular distributions together with their 

shape parameters, used in this study, are illustrated in the 

diagram below (Figure 7.12). 

Probability 

Probability 
a=O-25b 
c=1-25b 

a 

/ 
b 

a= 0-5b 
c=1-5b 

a 

Flow 

a=O-75b 
c = 1- 75 b 

b = bes t 
estimate 

Speed 
'---'---"a-b'----'-----'---"-- I m prov em e n t 

Figure 7.12: Conditional Sampling between Flow and 
Speed Improvement. 

To investigate the possible impacts of correlation between traffic 

flow and speed change on appraisal results, Monte Carlo simulations 

were carried out (1) for flow and speed errors assumed to be 

independent, and (2) for flow and speed errors assumed to be 

correlated. 
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7.2.7 Reduction in Accident i 

The effectiveness of highway improvement schemes in New Zealand in 

reducing accident occurrence remains an area which has largely been 

unexplored. In fact, existing methods in New Zealand of predicting 

accident reduction have been cited as erratic and inconsistent 

(Clark, 1979, p.4 and p.30). 

The lack of local research in this respect has resulted in the need 

to turn to overseas studies for guidelines. An Australian study 

(Teale, 1984) has been used as a broad reference to provide an 

indication of the average effectiveness of rural highway 

improvement projects in reducing accident occurrence. The project 

type, included in that study, that can serve as a reasonable 

reference for our purpose is one classified under section 

realignment. Such realignment projects, carried out in South 

Australia during the period 1974 to 1980, have been found to have 

brought about an average reduction of 26% in accident numbers, with 

the 90% confidence interval of 3% to 49% (Teale, 1984). For this 

study an interval range of 40% was assumed. If the uncertainty 

distribution pertaining to the accident reduction estimate is to be 

represented by a nonnal distribution, the interval range of 40% 

reduction may then be taken to approximate 4 standard deviations 

(as a 95% confidence interval for a nonnal distribution is 

represented by 4 standard deviations). Based on the above 

assumptions, an uncertainty distribution with a 10% (= 40/4) 

standard deviation (S.D.) was thus adopted for the case studies. 

The parameters selected for the two case studies are summarised in 

Table 7.9. 
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Table 7.9: Uncertainty Distribution for Estimate in Accident 
Reduction 

Waipu Bypass Albany Hill 

Distribution: Normal 

Best Estimate-: 33.3% 

S. D.: 10.0% 

c. o. V.: 0.30 

* Input as the distribution mean (obtained from 
assessment reports). 

Normal 

40.0% 

10.0% 

0.25 

7.3 Results And Analysis 

As it was expected that uncertainty in different variables would 

affect the results of evaluation differently, simulations were 

performed to analyse the impacts of the variables, first, 

separately, and then in certain desired combinations. The variables 

and their selected combinations which were analysed, are listed 

below: 

1. Traffic Flow 

2. Occupancy 

3. Work/Non-vlork Split 

4. Traffic Composition 

5. Occupancy, Work/Non-Hork Split and Traffic Composition 

(Combined) 
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6 • Base Speed 

7. Change in Speed (With Treatment of Correlation) 

8. Change in Speed (Without Treatment of Correlation) 

9. Accident Reduction 

10. All Variables Combined 

7.3.1 Impacts of Uncertainty in Traffic Flow Estimate 

As mentioned earlier, uncertainty in the estimate of traffic flow 

may arise from two principal sources; the sampling procedure used 

and the direct measuring process. The combined impacts from the two 

sources will first be analysed, followed by their relative 

influence on the eValuation outcome. 

(A) Combined Impacts from the Two Error Sources 

Take the case in vlhich flow estimates are derived from a sample 

consisting of 3 week's count data (1 week in every 4 months), and 

where the error range from the direct measuring process is ± 8% 

(see Set 1, Table 7.3(a), for the uncertainty distributions). The 

results of simUlations on the sample are discussed below. 

Figure 7.13 displays the histogram of relative frequency of the 

benefit-cost ratio (b/c ratio), resulting from traffic flow 

uncertainty, for the Waipu Bypass project. Visual inspection 

suggests that the distribution of the resultant blc ratio does not 

resemble a normal distribution. Indeed, when applying the K-S test 
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to the results, the K-S value (0.12) from the distribution is found 

to be greater than the critical value (0.09) at the 1% significance 

level; the hypothesis that the resultant distribution is a normal 

one, therefore, was rejected. The distribution, instead, is shown 

to skew to the left (Figure 7.13). 
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Figure 7.13: Histogram of Relative Frequency of BIC Ratio 
due to Traffic Flow Uncertainty. (Waipu Bypass) 

The resultant uncertainty of the blc ratio is found to have the 

following features: 

.1. It has an uncertainty range of 1.38, bounded between a 

minimum of 2.68 and a maximum of 4.06. 

2. It assumes a skewed distribution that has a mean of 

3.55 and a standard deviation 0 .31 , thus giving a 

c.o.v. of 8.7%. 
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3. The mean of the distribution (3.55) is marginally less 

than the blc ratio (3.57) obtained from an analysis 

based on the use of best estimates (Le. the use of 

single estimates without considering any effects of 

uncertainty) • 

The risk situation associated with the uncertainty in traffic flow 

estimate can be briefly summarised as (Figure 7.14): 

1. There is a 42% chance that the actual outcome will be 

less than the result which was based on single best 

estimates. 

2. The variation in the result is reasonably high (c.o.v. 

=: 8.7%), but owing to the high mean blc ratio (3.55) 

the risk is reduced to a situation where the worst 

scenario will still yield a blc ratio of 2.68. 

3. Assume, for the moment, that there was no budget 

constraint and a cut-off value of 1.0 in blc ratio was 

to be used as the critical value of a decision 

criterion (Chapter 2), then it is obvious that the risk 

arising from the possible estimation errors in the flow 

estimate, for the Waipu project, is nowhere near the 

critical value. Thus, one can therefore confidently 

conclude that, as far as the uncertainty of the flow 

estimate is concerned, the risk in the project is 

rather low and non-critical. 
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However, the same cannot be said of the Albany Hill project. The 

corresponding cumulative probability curve for the Albany Hill 

project (Figure 7.15) shows that, given the nature of flow estimate 

uncertainty involved, there is a 0.10 probability that the actual 

outcome will have a blc ratio of less than 1.0 (the critical value 

with no budget constraint). 

In contrast, if the condition of budget constraints is imposed, the 

riskiness of the situation may change drastically. Assume, for 

instance, that due to budget constraints the critical cut-off blc 

ratio is now 1.1. Then the probability that the outcome will be 

less than the critical value increases to 0.42 (Figure 7.15). The 

risk, as measured against the critical-value criterion, has been 

increased four-fold. It also means a longer, or even a fully 

continuous count sample may be necessary in order to reduce the 

risk associated with the flow parameter estimation. That is, 

consideration should be given to a trade-off between risk reduction 

and the cost of gathering more information (traffic counts). 

The example illustrates that the risk (probability of the blc ratio 

less than the cut-off value) thus depends on (1) the project, and 

(2) the cut-off value chosen. It has also shown that in appraising 

projects in an uncertain environment, risk analysis can be a useful 

decision aid to transport planners or decision makers in deciding 

whether a larger or more complete count sample is necessary. 
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(B) Impact of Sampling Error 

This part of the analysis is concerned with the relative influence 

of uncertainty in the sampling error arising from count samples of 

different size, while keeping the error ranges from the direct 

measuring process constant. Essentially it is a test of the 

relative impact of two sets of sample (Set 1 and Set 2; Tables 

7.3(a) and 7.3(b». 

The statistics of the simulation results for the two sets of sample 

are tabulated in Table 7.10. The negligible difference in mean blc 

ratio is not unexpected as uncertainties in the variable for both 

samples are distributed around the same central values (i. e. the 

same set of best estimates). Risk in the project, as measured by 

both the c.o.v. and the range, is reduced almost by half when the 

sample size was doubled from 3 to 6 weeks (Table 7.10). The 

results suggest that the uncertainty, as reflected in the blc 

ratios, can be reduced considerably by increasing the sample size. 

Table 7.10: Characteristics of Uncertainty Distribution for 
Outcome from Samples of Size 3-Week and 6-Week 

Waipu Bypass Albany Hill 

Set( 1} Set(2) (2)/(l) Set( 1} Set(2) (2)L(n 

Mean ill 3.55 3.56 1.10 1.10 

S.D. 0.31 0.18 b.58 0.07 0.04 0.57 

c.o.v. 8.7% 5.0$ 0.57 6.6% 3.8% 0.58 

Range ill 1.38 0.74 0.54 0.33 0.17 0.52 

Set 1: 3-week sample; direct measuring error range = 8% 
Set 2: 6-week sample; direct measuring error range = 8% 
II ble ratio 
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(C) Impact of Direct Measuring Error 

To compare the impacts of uncertainty associated with different 

ranges of measuring error, probability structures for the Set 1 and 

Set 3 samples were used (see Tables 7.3(a) and 7.3(c». The 

sta tistics of the simulation results, for the two case studies p 

based on these two samples are summarised in Table 7.11. 

Table 7.11: Characteristics of Uncertainty Distribution for 
Outcome from Samples of Different Measuring Error 
Ranges 

Waipu Bypass Albany Hill 

Set (1) Set(3) (3)/( 1) Set(1) Set(3) 

Mean ill 3.55 3.55 1. 10 1.10 

S.D. 0.31 0.28 0.90 0.07 0.07 

C.O.v. 8.7% 7.8% 0.90 6.6% 6.4% 

Range ill 1.38 1.37 0.99 0.33 0.37 

Set 1: 3-week sample; direct measuring error range = 8% 
Set 3: 3-week sample; direct measuring error range = 5% 
if blc ratio 

(3)/(1) 

1.00 

0.97 

1.12 

Table 7.11 reveals that the results from the two sample sets vary 

very little from one another, both in terms of c.o.v. and range. A 

comparison of Tables 7.10 and 7.11 indicates that the impact on 

project uncertainty from the reduction in error range due to ,direct 
! 

measuring process is very much less than that attributed to the 
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reduction in sampling error. The statement, however, requires some 

qualifications. It does not mean to say that measuring error is 

less important than sampling error per seD Rather, given the 

existing nature of uncertainty in traffic flow estimates, where 

direct measuring error may only realistically be reduced from the 

8% level to that of 5% while sampling error can be reduced greatly 

by increasing the sample size, the probable impacts of uncertainty 

reduction for the tvl0 error sources may be quite different. 

(D) Relative Impacts from the Two Error Sources 

Figure 7.16 shows the histograms of b/c ratio for the three sets of 

results (i.e Sets 1, 2 and 3). It reveals that results from the 

Set 1 and Set 3 samples exhibit not only similar range and c. o. v. 

(Table 7.11), but also very similar distribution shapes. Both of 

the above distributions assume a more distinct skewness than the 

distribution from the Set 2 sample, reinforcing the point that 

improved sampling can greatly reduce the spread and the skewness 

(i.e. the uncertainty) of the results (Figure 7.16). The 

contrasting impacts, in terms of uncertainty range and the manner 

in which they are distributed, can also be observed from their 

cumulative probability curves as shown in Figure 7.17. 
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Having established the relative impacts of uncertainty due to the 

two error sources, it may be appropriate at this stage to attempt 

at some generalisation of the situation. 

Compare the three sets of results in Figure 7.17 with the 

hypothetical results in Figure 7.18. The cumulative curves in the 

two figures are essentially the same, except that the scale for blc 

ratio in Figure 7.18 has been altered. If risk in project appraisal 

is perceived in reference to the probability of costs exceeding 

benefits (Le. on the basis of "cost recoveryll) and that a critical 

blc ratio of 1.0 (no budget constraints) is assumed, then the case 

in Figure 7. 17, owing to its high mean bl c ratio, will pose a 

negligible risk to decision makers. The worst scenario will still 

yield a blc ratio of no less than 2.6 and analysis of uncertainty 

would seem to be only academic. The same argument, however, cannot 

be applied to the situation in Figure 7.18. 

The worst scenario in Figure 7.18 yields a blc ratio as low as 0.6, 

and the probability of achieving a blc ratio of less than 1.0 is 

close to 0.12. Analysis of the uncertainty range suggests that with 

improved sampling (e.g. Set 2 sample) and more flow information 

being available, the uncertainty associated with cost recovery can 

be greatly reduced; the improved knowledge on flow estimates has 

provided greater insight into the riskiness of the scheme. Figure 

7.18 represents a situation in which the probability of the scheme 

yielding a blc ratio of less than 1.0, in the light of new and 

better information, is found to be only 0.02, and the worst 

scenario will give a blc ratio of no less than 0.96. The gathering 
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of greate~ and "more complete" information can therefore be a very 

worthwhile exercise for the case represented in Figure 7.18. It is 

much less so for the situation in Figure 1.17. 
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Figure 7.18: Cumulative Probability Curves of B/C Ratio from 
a Hypothetical Case. (Waipu Bypass) 

It can be summarised here that if risk is defined in relation to 

the criterion of "cost recovery", the location of the mean blc 

ratio, apart from the direct measure of uncertainty (e.g. c.o.v.), 

would be a critical factor. The importance of uncertainty and its 

reduction therefore depends on both the magnitude of the outcome 

uncertainty (reflected by the uncertainty range or c.o.v.) and the 

mean value of its distribution. 
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The applicability of the above generalisation can indeed be tested 

in the Albany Hill project, where the mean blc ratio of 1.1 is 

located very near the critical value of 1.0. Figure 7.19 shows the 

risk profile of blc ratio simulated from samples of two different 

sizes. Results from the use of the smaller, 3 weeks (set 1) sample 

indicate a risk of 10% chance in not achieving the critical blc 

ratio of 1.0. When the sample size was doubled from 3 to 6 weeks, 

it was found that the probability for the outcome to fall below the 

critical 1.0 blc ratio was, in fact, negligible (Figure 7.19). 
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(E) Con cl usion 

So far, it has been shown that in evaluating the flow estimate 

uncertainty and its possible impacts, three important factors will 

need to be considered: 

1. The magnitude of the outcome uncertainty, in terms of its 

spread and skewness of distribution. 

2. The location of the mean of the distribution for the 

outcome uncertainty. This is particularly important 

when alternative options are to be compared. 

3. The risk attitude of the decision makers. A risk 

criterion will have to be established explicitly within 

the decision-making framework, because the risk 

criterion so chosen can have a decisive influence on 

the courses of action to be taken. 

7.3.2 Impacts of Uncertainty in Estimates of Occupancy, Trip 
Purpose and Traffic Composition 

Occupancy, trip purpose (work/non-work split) and traffic 

composition constitute three of the key input variables in the 

rural road appraisal model. Their significance, in the context of 

evaluation, has been shown to be of similar order. That is, they 

each exhibited a change between 4% to 10% in b/c ratio in the 

sensitivity tests (Chapter 5). The central interest here is to 

investigate both the separate and combined effects of their 

associated uncertainties on project evaluation, and how do they 

compare for the two specific case studies (Waipu Bypass and Albany 

Hill) • 
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The uncertainty distributions for the outcome associated with each 

of these basic input parameters for Waipu Bypass are shown in 

Figure 7 _ 20. Tbe distributions are represented in the _form of 

cumulative probability curves. Different ranges of uncertainty can 

be clearly discerned, with the outcome associated with uncertainty 

in traffic composition exhibiting the least variation, followed by 

work/non-work split and occupancy_ 

WAIPU BYPASS 

0.8 

3.0 3.5 
B/C Ratio 

Occupancy 

4.0 

Figure 7.20: Cumulative Curves for Outcome due to Uncertainties 
in Traffic Composition, Work/Non-Work Split and 
Occupancy (Waipu Bypass) 

4.5 

The differentiation appears to be more pronounced at the left-

tailing portions of the cumUlative curves, \<lhich means the 

distributions are not only left-skewing but also the degree of 

skewness increases across the three curves (Figure 7.20). In other 

words, amongst the three input parameters, there is a greater risk 

of the occupancy estimate bringing about a lower b/c ratio. 
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Characteristics of the uncertainty in the project outcome 

associated with the estimates for the three parameters, for the two 

case studies, are summarised in Table 7.12. In addition, the table 

also includes the results due to the combined uncertainties in the 

above three parameters. 

Table 7.12: Characteristics of Uncertainty Distribution for 
Outcome Associated With Traffic Compostion, 
Work/Non-Work Split and Occupancy 

Waipu Bypass 

C.O.V. Range 

Traff.Composition 1.04% 0.21 
(3.47-3.68) 

Work/Non-Work Split 2.55% 0.41 
(3.37-3.78) 

Occupancy 3.11% 0.45 
(3.28-3.73) 

Combined II 4.26% 0.82 
(3.08-3.90) 

Mean b/c ratio for Waipu Bypass = 3.55 
Mean b/c ratio for Albany Hill = 1.10 

Albany Hill 

C.O.V. Range 

3.15% 0.19 
(1.01-1.20) 

3.86% 0.18 
(1.01-1.19) 

6.35% 0.36 
(0.96-1.32) 

7.51% 0.47 
(0.88-1.35) 

II Results from combining the uncertainties in the three 
parameters, i.e. traffic composition, work/non-work split and 
occupancy. 

Table 7.12 illustrates, first of all, that the pattern of 

differential impacts from the uncertainty in the three parameters 

5lre similar for both case studies. The variance of the resultant 

uncertainty increases from traffic composition to work/non-\wrk 

split to occupancy. The risk associated with the occupancy 

estimates is more than twice that for ,the traffic composition 

estimates. Overall, the uncertainty (as expressed in terms of 

c.o.v.) in the Albany case is found to be comparatively greater 
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than the Waipu case (Table 7.12). It is interesting to note, 

however, that the influence due to flow estimate uncertainty is 

smaller for the Albany case (Table 7.11). 

Table 7.12 also reveals the impact of combining the uncertainties 

in the three parameters. It suggests that the combined uncertainty 

is greater than anyone of the individual component uncertainties, 

confirming the variance addition property. The risk profiles 

resulting from the combined uncertainties, in addition to those due 

to the individual components, are shown in Figures 7.21 and 7.22, 

respectively, for the Waipu Bypass and Albany Hill Projects. 
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7.3.3 Impacts of Uncertainty in Estimates of Speed Parameters 

There are two parameters of major concern here: estimates of the 

base speed and the change in speed. The effects of base speed 

uncertainty will be investigated first. Figure 7.23 compares the 

distributions of the outcome (Vlaipu Bypass) due to the effects of 

base speed uncertainty and that of traffic composition, work/non-

work split and occupancy uncertainties combined. 

The outcome uncertainty distribution for the base speed parameter 

is shown to have a wider spread and exhibits an obvious skewness to 

the right. It suggests that errors in the base speed estimate carry 

a higher probability in bringing about an unusually high blc ratio, 

thus implying that the risk of a serious overestimation is 

correspondingly higher. In the context of risk management, it can 

therefore be said that, if the risk of serious benefit 

overestimation was to be reduced, risk reduction in base speed 

estimation should be given a relatively higher priority than the 

other three traffic parameters. 
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The results for the Albany Hill project are similar. The cumulative 

probability curve for the project outcome, representing the effect 

of base speed uncertainty, is similarly found to exhibit a larger 

"right" skewness and lies almost entirely to the right of the curve 

representing the uncertainty impacts for the other three parameters 

(Figure 7.24). 

Because of the correlation with traffic flow, the analysis of the 

impacts of uncertainty in the estimate of speed changes will have 

to be done in conjunction with uncertainty in the flow parameter. 

Discussion will. therefore focus upon the frequency distribution of 

outcome due to the combined uncertainties from the estimations of 

traffic flow and speed changes, with and without correlation. 

The histograms of uncertainty distribution for the Waipu project, 

with and without the correlation effects, are shown in Figure 7.25. 

It indicates that the difference between the two distributions is 

rather marginal, both in terms of the shape and the range of the 

distributions. The c.o.v. for the respective distributions have 

been found to be 9.1% and 8.8%. The effects of correlation between 

traffic flow and speed changes appear insignificant for this 

particular case. 
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Correlation apart, the impact of uncertainty in the speed change 

estimate itself is also found to be equally minor. Given that the 

c. o. v. for the outcome uncertainty due to traffic flow alone was 

shown to be 8.7% (Table 7.11), it is therefore obvious that only a 

minor portion of the combined c.o.v. of 9.1% would be attributable 

to the dependent, conditional uncertainty in the speed change 

estimate. This is not unexpected for two reasons. Firstly, as the 

major proportion of the user benefits for the Waipu project were 

derived primarily from the reduction in travel distance, and less 

so from changes in travel speed (see Figure 7.2), the portion of 
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benefits due to a speed change was smaller than usual, and so is 

the sensitivity of the outcome to speed changes. Secondly, the base 

speed level along that particular road" section was found to be 

reasonably high; close to 70 kph (Assessment Report, MWD). As the 

sensitivity of the outcome declines exponentially at high levels of 

base speed (Chapter 5), uncertainty in speed changes» in these 

circumstances, would therefore have little impact on the project 

outcome. 
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Figure 7.26: Cumulative Probability Distributions for Outcome 
due to Combined Traffic Flow and Speed Change 
Uncertainties, with and without correlation. 
(Albany Hill) 
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In contrast, the crawler-lane project at Albany Hill has been found 

to be more susceptible to the effects of correlation between 
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traffic flow and speed changes. Figure 7.26 helps to illustrate 

this point. It shows a marked increase in the spread of uncertainty 

for the project outcome when correlation of traffic flow and speed 

changes was considered. A closer inspection of Figure 7.26 reveals 

that the width of the uncertainty band has, in fact, been more than 

doubled as a result of the effects of correlation. The examples 

show that the impact of correlation between traffic flow and speed 

changes are project-specific; caution must be taken when attempting 

to generalise its impact. 

7.3.4 Impacts of Uncertainty in Estimates of Accident Reduction 

It has been identified, at the sensitivity analysis stage, that the 

importance of uncertainty in accident reduction estimate is not 

only highly variable, and depends largely on the relative 

importance of accident cost savings as a component of project 

benefits (Chapter 5). As the proportion of project benefits due to 

accident reduction for the Waipu and Albany projects was 11.7% and 

65. 6% respectively (Table 5.3, Chapter 5), it is therefore to be 

expected that the impacts of the uncertainty for the Albany case 

would be much larger than for the Waipu project. The uncertainty 

distributions of project outcome for the two case studies, as shown 

below, confirm this (see Figures 7.27a and 7.27b). For the purpose 

of contrast, the cumulative curves due to uncertainty in traffic 

flow estimate have also been included. 
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For the case of the Waipu project, the outcome uncertainty 

distribution due to uncertainty in the accident reduction estimate 

is shown to lie completely within the range of the cumulative curve 

representing the outcome uncertainty due to flow estimate 

uncertainty (Figure 7.27a). The c.o.v. of the former <3.4%) is 

found to be less than half that of the latter (8.7%; Table 7.11). 

In this case, the impact of uncertainty in the traffic parameters 

dominates that for the accident parameter. However, for the Albany 

case, it is the reverse. 

In the Albany case, the c.o.v. of the outcome uncertainty 

distribution associated with the accident reduction estimate is 

16.6%, that is, more than 2.5 times that associated with the flow 

estimate (6.6%; Table 7.11). The resultant uncertainty band 

associated with the accident parameter is shown to envelop 

completely that for the flow parameter (Figure 7 .27b). Besides, 

Figure 7.27b also shows that, owing to the uncertainty in the 

accident parameter, there is a 30% chance that the project may not 

even achieve a blc ratio of 1.0, the normal criterion for no budget 

constraint. The risk associated with error in the estimation of 

this single parame ter, as revealed in this st udy , seems to be 

unacceptably high. Hence, in the context of risk management for the 

Albany project, uncertainty in the accident reduction estimate is 

clearly a major source of concern. It follows that some risk-

control measures may be necessary for this particular case. 
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7.3.5 Overall Impacts: All the Uncertainties Comhined 

So far, the impacts of uncertainty from several input parameters 

have been evaluated and analysed separately. It is useful in the 

identification and the determination of the risk profile for the 

individual key parameters. In the end, the risk associated with 

each individual parameter will have to be combined to give an 

overall risk profile, to complete the process of decomposition-

recomposition (a central feature of risk analysis). 

The overall risk profiles, as measured by the c. o. v. and 

uncertainty range, are given in Table 7.13 for the two projects. 

Even though the uncertainty range, in absolute terms, is larger for 

the Waipu case, owing to its high mean blc ratio, its c.o.v. turns 

out to be lower than than that for the Albany project (Table 7.13). 

Table 7.13: Characteristics of the Overall Risk Profiles for 
the Waipu and Albany Projects 

Waipu Bypass Albany Hill 

Mean (b/e ratio) 3.61 1 • 11 

S.D. 0.46 0.23 

C.O.V. 12.9% 21.1% 

Range (b/e ratio) 2.80 1.22 
(2.50-5.30) (0.53-1.75) 

It may also be of interest to know how, in the process of combining 

the uncertainties from various parameters, the shape and spread of 
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the outcome uncertainty distribution have changed along the way. 

Figure 7.28 shows the overall uncertainty distribution alongside 

the uncertainty distributions for some of the parameters for the 

Waipu project. It is obvious, from Figure 7.28, that the key 

parameters, which pose the highest risk to the project, are the 

traffic flow and the base speed parameters, as indicated by their 

wider spread and greater skewness. The risk arising from the 

combined effects of uncertainties in traffic composition, work/non-

work split and occupancy is shown to be of a similar order as that 

due to accident " reduction. 
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In a similar manner, Figure 7.29 presents the overall risk profile 

together with the profiles due to uncertainty in several other 

parameters, except that cumulative curves are plotted instead of 

histograms. 
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2. a 

Because of its low mean blc ratio, the selection of a cut-off value 

becomes an important consideration here. If a cut-off blc ratio of 

1.0 is assumed, then from Figure 7.29 it can be said that the 

overall· risk for the project is a probability of 0.34 of not 

achieving the critical ratio, and that for the worst scenario the 

blc ratio may be as low as 0.53. Further, Figure 7.29 also reveals 

that the single most important factor contributing to the overall 

project risk is the uncertainty associated with the estimate of 

accident reduction. In comparison with the accident parameter, the 
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risks attributable to uncertainties in the flow and base speed 

estimates are shown to be of second order. 

To conclude, one can thus say that risk analysis, as demonstrated 

by the examples so far, has provided not only greater insights and 

more information about the risk involved in a particular project 

investment, but it also helps to uncover the identities and the 

risk profiles of the critical risk parameters. In this way, it may 

also facilitate the design and development of risk-control policy 

options. 

7.4 The Application of Risk Analysis and Decision Making 

Risks of the magnitude of 12.9% (Waipu Bypass) and 21.1% (Albany 

Hill) for the c.o.v., when assessed on that criterion alone, may 

not seem to be unreasonable. However, without placing them in 

relation to some critical value to serve as a reference for 

decision making, an assessment based only on the c.o.v. (or the 

uncertainty range) as a risk measure will be insufficient as a 

basis for sound decision making. That is, the use of information 

from Table 7.13 alone will not give a reliable basis for sound 

decision making. In addition to that information, the profile of 

the uncertainty distribution for the project outcome in relation to 

some critical value representing the risk attitude of the decision 

makers will have to be known. Furthermore, in choosing among 
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alternatives, the risk profiles for the alternatives will all need 

to be evaluated against the same critical-value criterion. 

To serve as an illustration, the overall risk profiles for the two 

case studies are plotted alongside one another in Figure 7.30. 
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If the critical-value criterion is used in conjunction with the 

concept of stochastic dominance (Chapter 2) for choosing among 

alternatives, the considerations below will then be appropriate: 

1. If only one project is to be chosen among the two, the choice 

is rather straight forward. Since the curve representing the 

Albany Hill project is completely to the left of Waipu's and 

does not intersect it, then by first-degree stochastic 

dominance criterion (Section 2.3.2, Chapter 2), the Waipu 

Bypass project is preferred. 
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2. If the two projects are to be appraised separately on their 

own, then a cut-off value and its associated critical 

probability, which reflect the risk attitude of the decision 

makers, will have to be established. It is obvious that, if 

the cut-off bic ratio is less than 2.5, the Waipu Bypass 

project 

(Figure 

is one 

7.30) • 

of very low 

For the 

risk and should be 

Albany case, more 

selected 

careful 

considerations are required. Several courses of action may be 

possible. 

(A) Undertaking Further Risk Reduction Measures 

Through the first three stage s of risk analysis (i. e. 

risk identification, estimation and eval ua tion) , 

uncertainty associated with the estimates of accident 

reduction and traffic flow have been identified as the 

two most critical parameters in the context of risk 

impacts. Thus, if the project concerned is considered 

as one of crucial importance, further risk-control 

measures may then be undertaken to reduce the 

uncertainty related to either (or both) of the input 

parameters. A decision may then be made with an 

improved understanding of the risk situation (i. e. , 

against a background of greater insights and more 

complete information). 
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(B) Use of the Recommended Cut-Off BIC Ratio of 1.3 

Based on the recent history of the National Roads Board 

(NZ) funding levels, Bone (1986) recommends that a cut-

off blc ratio (best estimate) of at least 1.3 should be 

used. The next step is to establish a critical 

probability associated with this cut-off value (due to 

budget constraint) which is in keeping with the risk 

attitude of the decision makers or the funding 

organisation. Supposing that a critical probability of 

0.5 is used in conjunction with the cut-off blc ratio 

of 1.3, then from the results simulated by risk 

analysis, it seems appropriate that the project should 

not be selected, because the risk profile indicates a 

77% chance that the project will not attain its desired 

b I c ratio (Figure 7.30). In other words, with this 

criterion, projects which carry a risk of more than 50% 

chance of attaining a blc ratio of 1.3 or less, will 

have to be rejected. 

(C) Use of the Critical Cut-Off BIC Ratio of 1.0 

If the assumption of no funding constraints is made, a 

critical cut-off blc ratio of 1.0 may then be adopted. 

Now, given a different cut-off value, the same critical 

probability of 0.5 may not however lead to the same 

course of action as in (B) above. Figure 7.30 shows 

that there is a 34% chance that the project may not 
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achieve the 1.0 blc ratio level. The risk is less than 

that stipulated, the project should thus be selected. 

The example illustrates the influence of budget 

constraint within the framework of risk assessment and 

management. On the other hand, the influence of the 

risk attitude of decision makers is reflected in 

the critical probability so chosen. For instance, had 

the decision makers been more risk aversive and chosen 

a critical probability of 0.25 instead of 0.5, the 

'Vlaipu project with a cumulative probability of 0.34 

below the critical value would then have to be 

rejected. 

The aim of this chapter is to show, in practice, the application of 

risk analysis in road investment appraisal, and to illustrate, via 

the use of actual case studies, the importance and usefulness of 

the process of decomposition and recomposition. In addition, it has 

also aimed to demonstrate that when decision makers are faced with 

the output information from risk analysis, it is possible that they 

can actually be aided in arriving at some rational and sound 

decision. The greater insights and more complete information made 

available through the process of risk analysis can be extremely 

useful in the context of decision making for transport investments. 
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PART IV 

CONCLUSIONS 



CHAPTER 8 

CONCLUSIONS 

Economic evaluation of transportation projects is concerned 

essentially with the efficient allocation of resources for the 

transportation sector. The theoretical development in transport 

economics seems to have advanced much more rapidly than the 

practical application of it. Literature on the theory of transport 

economics is much more extensive than that on the practice of 

economic evaluation of transport projects. From this perspective, 

this study was undertaken with a strong emphasis on the practice of 

economic evaluation. The thrust of the study was to identify and 

analyse the uncertainties associated with the application of 

economic evaluation procedures to transportation projects in New 

Zealand. Two important techniques were utilised for the process: 

(1) the use of a simulation-assignment traffic model (SATURN) 

in conjunction with the formal evaluation procedure, to 

give an integrated appraisal model for an urban network, 

and 

(2) the use of Monte Carlo Method to simulate and analyse the 

impacts of uncertainty in various input parameters for 

the rural appraisal model. 

The study was carried out within the risk analysis methodological 

framework. 
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The conclusions drawn from this study may be viewed from two 

contexts, i.e. the urban and the rural contexts. The distinction is 

necessary for 

complexity and 

the following reasons. Firstly, owing to the 

interacting nature of urban networks, the 

development and application of the urban evaluation procedure 

appear to be at a different stage than for the rural case. 

Secondly, the findings of this study show that the sources of 

uncertainty which are of critical importance, in the application of 

the present evaluation procedures, are different for the urban and 

the rural cases. Consequently, the remedial measures needed are 

therefore different. The two contexts will be discussed in turn. 

The case study on the Christchurch Southern Arterial project 

suggests that there is considerable uncertainty concerning the 

estimates of the project economic benefits. Three main sources of 

error and uncertainty have been identified. They are: 

(1) the scaling of estimates of benefits for a small part of 

a weekday, to give an estimate of benefits over a full 

year, 

(2) the use of an incomplete trip matrix for the study area, 

and 

(3) the use of link volumes as a basic measure for travel 

benefit (in particular, the scaling of benefits, within a 

"basic section" approach, by the traffic volume at one 

location on the basic section). 
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The nature of uncertainty as identified above can be viewed as 

belonging to the category of specification error. It relates to the 

soundness of the evaluation model currently used. The first two 

sources come about because of the exclusion of some important 

variables, that is, the temporal variation in short-run demand and 

the contribution from some trips in the affected area. The third 

source of error arises because of the use of an inappropriate unit 

of economic measure. 

Given the considerable uncertainty arising from these specification 

errors within the urban evaluation model, it is felt that further 

tests on the uncertainty in the estimation of input parameters will 

not be meaningful until reasonable remedial measures have been 

taken to reduce the impacts of the specification errors. Therefore 

under the present circumstances, one may conclude that, for the 

urban case, the stage of risk identification (in relation to the 

uncertainty in the evaluation model) remains the most immediate 

aspect of the risk analysis process to which urgent attention 

should be given. Economic evaluation procedures for urban networks 

in New Zealand may thus be enhanced considerably if efforts can be 

directed towards reducing these specification errors in the 

evaluation procedures, particularly in 

(a) the use of several demand periods, to take account of 

short-run variations, 

(b) the use of complete trip matrices for the affected area, 

and 

(c) the use of trips as the basic measure for travel benefit. 
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Some twenty years ago, Wohl and Hartin (1967) warned of the effect 

of ignoring short-run demand variations. Their discussion of the 

problem was qualitative, and now it is possible, by way of a case 

study, to quantify the effect. From the Southern Arterial study, 

the effect was shown to be an over-estimation of benefits by about 

two to four times, depending on which hours of the day scaling was 

based. 

Neuburger (1971a) considers that the correct level of aggregation 

should be the journey from a particular origin to a particular 

destination by a particular mode. Hutchinson (1974) has also cited 

the use of link volumes as an economic measure in transport 

evaluation as one of the major deficiencies. The adoption of trips 
;' 

as the basic unit of measure for this study J:rad not only avoided 

the error and uncertainty associated with the use of link volumes 

as a measure, but also had the added advantage that the matrix of 

benefits resulting from the approach enabled the identification of 

the differential impacts of the project. One can readily identify 

who enjoys the benefits or who suffers the disbenefits from the 

project, and to what extent. 

However, this study on the Southern Arterial has its limitations. 

The most significant one is due to an ill-defined network. For this 

study, the boundary of the study area was chosen to coincide with 

that adopted in two previous studies. In retrospect, it would have 

been more appropriate to have considered a wider area, so that the 

extent of increased travel outside the study area, by travellers 

diverting to the Southern Arterial, could be assessed. The "buffer 

network" facility in SATURN could have been put to good use. 



The main sources of uncertainty in the evaluation of rural 

projects, as shown by this study, appear to relate primarily to the 

estimation of various input parameters. OWing to the fact that the 

formal evaluation procedures for rural projects in New Zealand are 

relatively uncomplicated and do not require the forecast of future 

traffic level, model specification error and uncertainty are thus 

secondary in comparison with that due to input parameter 

estimation. The stages of risk estimation and evaluation, as 

evidenced from the two case studies, are more critical than the 

risk identification stage. The use of Monte Carlo simulation in the 

risk estimation and evaluation stages has enabled the full ranges 

of possible outcomes and the associated probability of occurrence 

to be described. The inadequacy associated with the use of single 

best estimates alone was thus overcome. 

The selection of probability distributions to represent the 

uncertainty in the estimates of various parameters was based on a 

knowledge of past outcomes, and supported by empirical data 

wherever possible. It is felt that the assumptions made were 

reasonable and 

not so much 

realistic. However, 

to demonstrate a 

the purpose of this study was 

"precise" estimation of the 

uncertainty in the projects studied, but to show that it is indeed 

feasible to estimate and evaluate the impacts of uncertainty on 

project outcome, and that the additional or more complete 

information gathered through the risk analysis process would aid 

greatly in decision making. 
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The results from the two case studies (Waipu Bypass and Albany 

Hill) suggest that, amongst the parameters analysed, traffic flow, 

base speed and accident reduction parameters appear to be the most 

critical in the context of uncertainty impacts. Parameters which 

are of second order in significance include the occupancy, 

work/non-work split and traffic composition parameters. The effects 

of correlation between speed change and traffic flow were shown to 

vary according to the nature of the project. Generalisation of the 

effects of uncertainty in the speed change parameter thus could not 

be made. 

In the application of risk analysis to decision making for the two 

case studies, various measures of risk and the concept of 

stochastic dominance were utilised. Two factors appear to have a 

decisive influence on the final decision whether to proceed with a 

project. The first was the matter of budget constraint, which 

determines the value of the cut-off blc ratio. The second was the 

risk aversiveness of the decision makers. The influence of this 

factor is reflected in the critical probability that is chosen. 

With the information provided by the risk analysis process, and the 

selection of some appropriate cut-off blc ratio and critical 

probability, the case studies have shown that better and more 

informed decisions can actually be made. 

It is felt that the major roading authorities in New Zealnd should 

endeavour to explore and to utilise the potential offered by the 

techniques of risk analysis to enhance the current appraisal 

practices, in particular for projects involving substantial capital 
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investment. Improving the understanding and awareness of the 

impacts of uncertainty in such projects would definitely lead to a 

greater confidence in the ability of economic evaluation to achieve 

the objective of efficient resource allocation. Risk analysis, as 

demonstrated in this study, is a useful set of techniques that 

helps to translate this stated objective from theory to practice. 
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Traffic Flows (vph) for Morning Peak 
period, assigned by SATURN (Before 
Arterial). 

Traffic Flows (vph) 
Period, assigned by 
Arterial) 

t 1W 
113 .J. 

t6q--. 
41. 

~ 

u.o ..... "'1'550-. -- "', '5'16 

1"IZ 
5"42- .!. 

for Morning Peak 
SATURN (After 

t "'-0 l6q 

t %~ 
.~ 

377 



f 134 
IZI;" ~ ~ t /01 t 11 111 t /<II '3 

871,-., 
q~2-t 

<-- 1004 

Appendix A (contd.) 378 

Traffic Flows (vph) for Evening Peak Period, 
assigned by SATURN (Before Arterial). 
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Traffic Flows (vph) for Offpeak period, 
assigned by SATURN (Before Arterial) 
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Traffic Flows (vph) for Night Period, 
assigned by SATURN (Before Arterial). 
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Traffic Flows (vph) for Weekend Day Period, 
assigned by SATURN (Before Arterial. 
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Traffic Flows (vph) for Weekend Day Period, 
assigned by SATURN (After Arterial). 
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Traffic Flows (vph) for Weekend Night Period, 
assigned by SATURN (Before Arterial). 
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Appendix C: Summary of Results from Clark's (1979) Study 

Areas of Uncertainty 

Criteria 
Discount rate 
Analysis period 
Residual value 

Present traffic 
level 

Proposed base year 
traffic level 

Traffic growth 

Hev % 

Working cars % 

Occupancy rates 

Construction costs 

Maintenance cost 
savings 

Vehicle operating 
costs 

Accident rate 
changes 

Accident costs 

Comment on Accuracy 

Conceptual framework 
should be changed 

Variable, generally 
relatively good 

Difficulties with urban 
network changes 

Inadequate data and methods 
lead to inconsistency 

Generally OK 

Guesswork 

Generally OK 

Variable 

Data variable, methods 
inconsistent and inadequate 

Study of likely future 
developments needed 

Data variable, methods 
inconsistent 

Relatively strong basis, 
needs updating 

Comment on Importance 

Critical 
Important 
Important 
Significant 

Important 

Important 

Very Important 

Important 

Significant 

Important 

Important 

Significant 

Not very Significant 
currently 

Vary from Significant 
to critical in 
different projects 

Vary from Significant 
to critical in 
different projects 



Appendix C (oontd.) 

Areas of Uncertainty Comment on Accuracy 

Speed changes 

Working time 
savings value 

Leisure time 
savings value 

Vehicle time 
savings value 

Freight time 
savings value 

Non-user benefits 

Generated traffic 

Indirect taxes, 
foreign exchange 
premium etc 

Largely judgemental 

Generally as sound as such 
notional measures can be 

Concepts and values 
need review 

Not measured 

Not measured 

Not measured 

, 
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Comment on Importance 

Critical 

Important 

Important 

Significant 

Insignificant 

Probably not very 
significant 

Probably not very 
significant 

Not very 
significant 



388 

Appendix 0: Empi rical Da ta of Traffic Parameters on Rural Roads in Hew Zealand 

OccuQancx ~ of Working Vehicles Traffic Coml22 s itlon Base Sgeed (kphl 
car LCV HCV Car LCV HCV Car LCV ID Car LCV HCV 

Data from Project 
Assessment Jjel20rtsG 

Albany Hill 1.6 1.2 20.0 100.0 78.0 22.0 70 ~O 15 

Dillons Hill 1. 5~ 
2.1 1.6 1.1 29.0 100.0 100.0 60.0 10.0 30.0 70 70 57 

Hihitahi 1.5 1.2 30.0 100.0 8~.0 16.0 55 55 ~3 

Leithfield 1.6~ 
2.0 1.~ 1.2 30.0 60.0 90.0 73.0 10.0 17.0 76 75 72 

Hangatera I.Sa 
1 6 1.1 25.0 100.0 100.0 73·0 1~.0 13.0 60 55 

1.9b 

MCkayS~ 1.7 1 ~O 1.0 23.0 100.0 100.0 85.0 6.5 8.5 
Mckay. 2.0 1.0 1.0 5.0 100.0 100.0 90.0 5.0 5.0 72 72 62 

Mt. Hae.enger 1.9 1.3 ~O.O 92.0 85.0 15.0 ~6 35 

Templeton~ 1.6 1.~ 1.2 30.0 60.0 90.0 77.5 10.0 12.5 
Templeton 2.2 2.0 1.7 5.0 10.0 70.0 92.5 5.0 2.5 78 78 76 

lIaipu Bypa.s 2.1 1.5 25.0 100.0 91.2 8.8 68 60 

" 
Waiwera 1.2~ 

2.0 1.2 25.0 100.0 87.5 12.5 65 ~O 

Da ta from tbe 
1273 stud~·· 

Helensvillec 1.72 1.~2 1.27 26.7 58.0 90.0 73.6 10.2 13 .~ 

HelEmsvilled (68.0 - 77 .0)e(8.0 - 13.5) (11.0 - 17.0) 
2.17 2.01 1.7~ 2.0 6.2 52.4 92.8 3.3 1.2 

(91.0 - 94.0) (2.5 - 5.0) 1.1 - 2.0) 

Waipu 1.71 1.33 1.16 ~7 .2 89.2 96.1 85.0 ~.6 8.9 
(81.5 - 88.0) (3.0 - 7.0) 6.5 - 12.0) 

Wbatawbata 1.55 1.52 1.23 35.5 63.0 83.8 76.5 5.2 1~ .~ 
(73.0 - 81.0) (4.0 - 7.5) (12.5 - 18.0) 

Haungaturoto 68.7 9.~ 20.8 
(62.0 - 75.5) (5.5 - 1~.0) (15.0 - 27.5) 

Te !Caul/bata 78.4 9.5 9.5 
(74.0 - 82.0) (7.0 - 12.5) ( 7.0 - 12.5) 

Data from the 
128~ StudX··· 

Hat.po 75.3 8.7 16.0 

lIaipawa 69.0 11.0 20.0 

Templeton 74.0 5.5 20.5 

• Source: Ministry of Works and Development, HZ • 
• e Source: RRU Bulletin no.17, National Road. Board, HZ • ••• Source: Bennett (1985), Report RRS-008, Ministry of Works and Development, NZ. 

e: occupancy of "working" car. 
b: ocoupancy of "non-working" car. 
c weekday. 
d weekend. 
e 95$ oonfidence limit. given in Bracket •• 
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