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ABSTRACT

In this dissertation, the soft paradigm in the systems approach was applied to design
errors to obtain a cansation theory for design errors, thus providing a basis for design

stror prediction and control,

The theory is based on expert opinions about systemic ‘human activity’ factors,
affecting design errors in a particular context. These opinions are modelled as

cognitive maps and developed into a theory using the Grounded Theory method.

The preditive capacity of this theory is illustiated by a System Dynamics model,
developed with the STELLA soltware, This model simulates the hehaviour of factors
in the theory to estimate relative likelihoods of design errors, for different human
activity systems. Objective mud subjective data is readily available for such factors,

unlike when assessing errors directly.

The vole of the theory in control is illustrated with Soft Syster-- Methodology
models for one class of design ervors. SSM preseribes activity logic in a system, for
a given perspective. IHence, the models enable logicai specification and a<sessment
of error control schemes, The theory reveals relevant perspectives for control systems

and guides the definition of activity fogic, thus enhancing the SSM process,
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observed) level; the contextual (character of the local situation) level: and the
conceptunl (how a widei/local situation penerates an crror) level. A typical
behavioural description might record an error as ‘engineer eror, in first floor slab’.
A contextual deseription of the same error might add the fsformation, 'fast track,
design not checked', The conceptual level would then go beyond this to include
details of the principles e.g information transter problems (because of fast-tracking),

aggravated by inadequate ervor detection procedures,

Lirror surveys, databanhs snd other statistic gatheriag exercises (reviewed in section
2.2 ahend), will typically classify ervors behaviourally, The probiem with belavioaral
classifications in structural design, is that they yield little useful information in
themselves for error prediction and control, It is only whben the contest oi loal
situation surrounding the error is known, that the behavioural description becomes
meaninglul. (This is the reasoning behind cose-history style studies, which are
contextual in character). Unfortunately, there s a large vange of diversity in
structures and in the design delivery process. This discourages the use of a
contextual classification. It s difficult to speeify all possible contaxtual situations
beforehand, and b both exhaustive and nou-ambignous. Hence 8 coneeptual level

taxonomy appears more appropriate for this study.

rom considerations about intention, Nowak & Carr (1985) divided hunian ¢reor into
three undamental classes based on the mechanism of oceurrence. These are errors
of ¢onicept’, errors of exeeution and ervors of intention. Frrors of concept refer to
unintentional departures from acceptable practice duv (o insefTicient knowiedge, (e.p.
did not ketow which wodels were applicable). Errors of execution are unintentional
tdepartures from the conceptual model in the person's mind, (v.g misrcad. forgot
ete.) Preors of intention are fntentional departuires from what one believes to be

accepted practice. Examples are sabotage. 1o 52v ¢ Gme of mongy ete.

; . . . .
T the comdy, the word “vameept wotea] o el to severd thimgs - aa; only desipn concepts Fu
uxaiple
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Neal Fitzsimons (1986) classified the causes of human error into three levels -
personal, organizational ond institutional. Personal causes relate directly to the
individual and lie in the domain of psychology and the hehavioural scicnees
Organizational causes refer to the rofes defined for various persons in an
organisation, and the formal relationships between these roles, Rnstitutional reasons
[or error relate to industry-wide practices arJ attitudes. Sir Alfred Pugstey atso drew
attention to the role of the wider environment in precipitating failure (via heman
error). Pugsley {(1969) discussed the *engineering climatology' surrounding structural
failures. Hence, the political, financial, industria’, scientific and professional

‘climates’ surrounding o project have implications for error.

Ingles focuses on a single aspect of the error causation problem, without considering
how this aspact interacts with others. A more holistic approach would have been
desirable for a study of this sort. Fitzsimons and Pugsley’s explaustions are mote
holistic, but are not detailed. None of these explanations of error causes resulted
fi.-m deliberate studies, and they are not exhaustive in their covernge. Perhaps this
is why they don’t appear to have contributed directly to error prediction and control

efforts.

Besides these publications, some other authors have identified and listed factors that
colitributed to human error on various oceasions, These are reviewed later in section

2.4,

212 A taxonomy of design errors

There is no universally accepted taxonomy of human error or of design error. Eirors
are often described in terms of various parameters refated to cause and consequence -
when, who, how. in which activity ete. Reasan (1990) distinguishes three levels at

which a classification ol errors may be attempted: the behavioural (what was

10



CHAPTER TWO

LITERATURE REVIEW

In this chapter previous publications relevant to this study are reviewed. Using
theories of cognitive processes as a basis, design errors are categorizad inte six
distinet types. Previous attempts at modelling human error from the reliability and
quality perspectives are deseribed, and the solt systemas approach is presented as an
alternative perspective. The chapter eads with a discussion of basic prineiples in the
systems approich and a description of how these have been applied in a few failure

studies.

2,1 THE CLASSIFICATION OF DESIGN ERRORS
2.1.1 Previous work on error causation

There are fow reports in the technical literature of previous attempts to propose a
detailed explanation of how stractural design errors oceur. Ingles (1979) discussed
the reasons for human creor at the fevel of the individual, snd divides them into
physiotogical problems, psychological causes and philosophical factons, Physiological
problems velate to the sensory organs and psychological relate to attituae, hiowledge

and temperament.



with reasonable care. Aceeprable practice rathier than gccepred practice, is the guiding

eriterion,

Design errors can now be defined in terms of human error. For my purpose,
structural design errors are htman errors during the design process - from the
briefing of the structural designeris) to the final handover of all structural

drawings and schedules, including all clarifications and changes.

1.6  TIIE LAYOUT OF TIH¥ OTHER CHAPTERS

Chapter two 1s the literatave review. A taxonomy of design errors is presented, and
the traditional appreaches to error prediction and control mentioned in 1.1 are
reviewed. Justification is given for the systems approach adopted here. In the final
part of the chapter, the basic principies of the systews approach are deseribed and

a raradigm is claborated for the rest of the study.,

Chapter three deseribes the methodology in detail. Problems cncountered in the
clicitation of expert opinions are discussed at length, and reasons are given for the
appronch acdopted. Each technigue used in analysis is deseribed, le. cognitive
mapping. grounded theory, system dynamies and SSM. The chapter ends with a

discussion of the merits of the chawcn methodology.

Chapter four deseribes the design ervor theory 1 developed from expert data, The
cognitive maps are presented in the context of the studied consulting firm. and then
developed mto g theory of how design errors occur. This is the main outeome of the
study, Chapter five demonstrates how the theory ean be used For error prediction and
control. with ilustrative error prediction and error control maodels, In chapter six |1
discuss the benefits aud limitations of the theory and explain how it is to be

interpreted. The results arg summarized and the study concluded in chopter seven,

H



practice), Ilis definition includes the sccond and third elements required for an

adequate dufiniir =1 of human error, but lacks an explicit measure of performance.

Stewart and Melchers (1989) referred to human error s a departure from *commonly
aceepted professional practice’. Th ugh deficient in other respects, this definition
introduces n useful idea - Jdie judyement of a competent professional. This is »
workable measure of perfornmance, and as they point out, it is the measure used o

law courts it most countrigs.

5, chology also contributes an additional and important aspect. Errors arise only in
mtentional behaviour {¢.z. Reason 1990), i.e. the prior intention of the individual is
itself’ a performance boundary., Henee, an error involves a deviation from prior

intention,

It is now possible to propose a composite definition that incorporates the three
fndamental elements. For this study, [ define human error as the departure of an
individual (or group of individuals), both feom his (or their) prior intention and
from seceptable practice as judged by competent professionals. ‘The menstres of
performance are the individual's understanding of hisher intentions, and the
judgement of hislher peers « competent professionals, The boundery defining error

is the won of ‘what was intended’ with ‘acceptable practice’,

In this definition human etror may be large (gross) or smoli, it may be inndvertent
or o deliberate risk. A mistake in the design process that does not compromise the
performance of the gructure {cost, structural response, aesthetics, maintainability,
safety ete.), would not be an error, Though this night be a departure from intention,
it woulu. still be acceptable practice. Therefure an innovation would not be an ertor.
Conversely, an act of sabotage would not be an etror as it is not a departure from
prior intention. Finally, a deficiency in the theory or in the state-of-the-art is not
buman error in this study, provided the individual has procecded with due eare. This

is the legal viewpoint In most countries. An engineer who is acting within code

provisions, yet is stretching the theory beyond previous boundaries, must procesd



In this study I have chosen the term ‘human error’. This will refer to all errors that
are a direct result of devistions from human intention. Randot statistical errors are
not included. For example, the removal of insignificant remaining errors in a
numetical analysis may require excessive computation time, and so would be an
errot. However, it would also be an error to neglect significant remaining errors that
could casily be removed. Both cases involve errors of judgement., whicl are not
randomt in themselves, The term ‘human error' here includes gross ervor if gross is

taken t0 mean ‘large’ - referring to the size or the ¢ffect of the error.

In selecting o definition for human error a suitable starting point is a funetionai

Yene event or

definition in the Systems & Control Encyclopaedia (1% which reads
court of events of a performance vector being outside some speeified bownedary,”
This general definition suggests that the following elements are essentiat for a good
definition. (1} A mensure of performance, and (2) a specified boundary for proper
performance. In addition the aspect of direet human intervention can be considered
a third clement.

Melehers ot al. (1983}, define a human crror as "an crror of concept, of caleulation,
of design, of vonstruction, wr of maintenanee which gives rise fo o gross
misunderstanding of how a struetire will befve at some or all stages of its life, or
how i vould behave under Iypothetical lowds of different magnitudes.” The measure
of performance here is the extent of understanding {or misunderstanding) of the
structure's behaviour « presumably by the person committing the error, However,
there is no explicit boundary of performance, though one is implicd by the word

*aross’,

A widely aceepted definition is given in Nowak (1992) who defined huntan error as,
“u memmneele’ deportire from aceeptable proctioe,” Nowak makes an important
distinetion between acceptabie practice and accepted practice. The tatter term would

imply for example that innovations are errors (since these could differ from aceepted

At a R TV R WE eemiiomoe, o3 e

1. . .
The term *man’ refudn to the hunsn tce, m@ther than to pendun.
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To illustrate how the theory could be used for error prediction, I modelled the
systemie factors in the theory with a Systems Dynamiecs software called STELLA.
The relationships in the theory were quantified using inductive choices®. A model
was obtnined that demonstrates how systemic changes may be simulated to generate

changes in some index of error likelihood.

Finally, from the insights generated by the theory, I developed illustrative models of
systems for the preveation and detection of design errors in conceptualising. This
was accomplished using the Soft Systems Methodology ($SM). The models address
the question of what is required in error control (not the Aow of individual

techniques). thus providing a framework for system contrel,

1S A DEFINITION OF HIUMAN ERROR

This study is concerned with errors in structural design. But what is human error?
The term means different things to different people and the terminology s confused,
Some authors refer to *human error', others to *gross error’, and yet others to *gross
human error’, Melchers ot al, (1983) pointed out that defective human behaviour is
at the root of all errors: and gross bears the connotation of large, which is not
necessarily what is mieant. Madsen ot al, (19806) distinguished between gross errors
and random errors, deseribing random crrors as purely statistical. Thus, the remaining
errors after numerical analysis are an example of random errors. Madsen et al. then
explained human ervor as the combination of gross wnd random errors. The difficulty
with this is that their random errors are not altogether errors « in the sense that they
are expected, accepted and catered for. Random crrors are amenable to statistical

treatment whereas other ervors are not.

L e L 4 T e R P sy v n ARG - e

T
“Rather than parameter estimation as in elassical statistics.
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L To illustrate how this theory can be used for error prediction modelling from
systemtic considerations,
N To illustrate how this theory can lead to systematic specification of error

controf schemes,

1.4 THE METIIODOLOGY EMPLOYED

To establish the impact of systemic factors on design et ors I reviewed the literature
on human error and structural failures. All the Factors implicated in the literature as
contributing to human error in previous incidents were identified. it was then

possible to show the systemic nature of each factor.

To develop a theory of how design errors occur, interviews were conducted with four
persons who work together as a design team in a firm of consulting engineers, The
mterviews provided expert opinions on how systemic Factors lend to design errors
in a particular setting - that of their own firm, and similar firms in their experience.
A cognitive map of the opinions and oxperience of each person was developed
during my interviews with him. These cognitive maps became the basis for a theory

linking systemic factors to human error,

Using coding techniques from the Grounded Theory method, ) identified key
categories in the maps and isolated the concepts belonging to cach category. It was
then possibie to differentiate the roles of concepts in a given group, as required in
the grounded theory method. A taxonomy of design errors was established from a

consideration of fundamental cognitive processes, and related to the theory,

e theory developad is specific to the i Fom whuch the expests wete diwn, but 18 would by
of relevance to othet Fras w areas whete their characteristios sonwsly, ad an the underlyang principles

4



The systems approach seems to hold some promise as a means of tackling the
prediction and control problems of human error. In this dissertation, [ have applicd
the systems approach to human error to develop a theory of how design errors oceur.
At present, there are no reports in the wechaical literature of an existing theory of this
sott, Yet it seems apparent to me that efforts at error prediction and control should
rather be based on some clearly stated and coherent theory of error causation, The
emphasis here is on design errors as these are marginally more frequent than

consteuction errors (table 1.1).

1.2 TIIE PROBLEM

The central problem in this dissertation is the Formulation of a theory of how human
error is caused to occur in the structural design process. This theory must be
systemic in perspective (i.c. based on a consideration of systems in the structural
design process), and should definitely enhance the activities of design error

predictiont and control, beyond present approaches to these activities,

1.3 OBJECTIVES OF THE STUDY

To tackle this problem 1 adopted the following objectives.

n To show that systemic factors dominate the occurrence of design errors, This
would imply that design errers are the result of systemic wenknesses, and so
shounld be modelied in ternis of systemiv factors. It would not mean that onfy
systemic factors affect design errors.

= To establish 2 theory of how systemic factors in a particular setting will

ititiate and atTeet the occurrence of design errors,



The importance of human error became censpicuous in the seventies. Since then
various research and regulatory ef¥ortg have focused on this issue, and their efforts
have been in two broad groups. The reliability-oriented group has emphasised
maodelling human error to allow error prediction, so that human error can be included
in structural reliability caleulations. /1 second management-oriented group emphasises

the control of hiuman error to ensure good quality structures.

Table 1.1 - Results from an analysis of 800 structural failures

Percentage

MAIN CAUSES OF Human error 75
FAILURE Accepted risk 25
ACTIVITIES WHERE Planning & design 39
FRRORS OCCURRED Execution 17

Planui{lg. design & 19

execution

Use 5
ERRORS IN PLANNING | Coneept of strueture 36
AND DESIGN Analysis and dimensioning 36

Drawings, lists etc. 19

Preparation for execution 9

Source: Adapted from Matousek (1977)

The study of human error is closely linked to the study of failures, so that these two
sty les of human crvor studies above have counterparis in filure studies. In recent
years a new category of failure study has emerged. Researchers perceive structa. ul
tailures as manifestations of a weakness in the institutional orfand organisadonal
systems used on the profect. They therefore adopt a holistic view in these systemic
stuclies. Thuman activity is considered explicitly {human activity systems), and so

organisational procedures and practices are included,



CHAPTER ONE

INTRODUCTION

1.1 PREAMBLE

The phrsse human error loosely refers to deficient behaviour or decisions, by persons
involve: .. the planning, execution or use of a structure. As such, it has become a
catchall description for all kinds of negligence, mistakes, and carelessness, This
dissertation investigates a particular aspect of human ervor - errors in the design

phase,

Human error has been identified as the single most important cause of modern-day
structural failures. One study of 800 Failures in Europe concluded that 75% of the
failures (90% by cost), were due to human error, The other 25% . e designated as
'accepted risks'. (Matousek, 1977), Of those failures due to human error, 39% were
during planning and design, Table 1.1 on the next page, is 2 summary of Matousek’s
data, In the lower part, there is a breakdown of the errors during planning and

desipn, into work tasks,

A muore recent study of 300 case histories (Sowers, 1991), concluded that 73% of the
studied failures were due to human shortcomings - iguorance of prevailing
knowledge. or failure to use prevailing knowledge. A mere 27% were attributed to
conditions beyoud prevailing knowledpe. Other publisiied studies such ns Walker
(1981} and Fraczek (1979), are in conformity with the conclusions of Matouseh atd

Sowers,
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evolving notions of quality. Initially, quality issues focused on the performance of

the final product. Quality Control (QC) as it was known, employed statistical
techuiques to detect significant deviations in the end product, from the norm. A
major drawback in this approach was the need to serap already made defective
products. (Eg. it is costly to allow errors to manifest as constructed defects before

they are detected and corrected).

Quality Assurance (QA) shifts emphasis away from inspections to systematic
procedures. Besides incorporating the techniques of QC this normally requires in
addition, the establistiment of n management system specifically to supervise quality

tmplications at each step in the production provess.

Total Quality Management (TQM) takes a broader view than the first two. In TQM,
quality is definnd as meeting the expectutions of the customer, where the convept of
the internal custorer applies. That is, each stage in the production process becomus
customet to the previous stage. In addition, TQM emphasises leadership above
procedures, So there is the deliberate cultivation of a quality-consciousness in all

eadres, through disewssion and a continual improvement process.

2.3.2  Design ervor control in the quality paradigm

The models used in many consulting tirms for ereor control, tend towards the QC
and QA philosophies. At the institutiona] level, efforts hnve been made 1w prescribe
a method of approach to design that will ensure high quality work, The best known
of these is the Intemnativnal Organization for Standardization document, 1850 9001
(1994). This is 8 QA model for desipw/development, production, installation and
serviving, and is applicable to a widv rmnge of manufacturing activities. The ASCE
Quality manual {ASCLE, 1990) is an example of an institutional eror control model

(QA) that is specitic to structural enghneering.,



ince statistical data is scarce, such a theoty must be based on uxpert opinions. This

o

cannot be developed in the frequentist probability paradigm, but requires an approach

that is more suited to «ul jectivity.

2.3 PREVIOUS STUDIES OF ERROR AS A QUALITY ISSUE

2.3.1  Quality as n concept

Fven when human error does not catse structaral Fathire it conld still lead to a
reduction in quality, What constitutes acceptabie quality is not easy to define. 1F
quality is described as geeting the customer’s expectations. that implies a different
quality stendard For a wural agricultural shed, than for say an urban corporation
headquarters. Codus apply different factors of safoty for differing structural types, but
this is not quite ihe same thing, Different quatity standards imply ditferent levels of
workmanship, checking, quality systems ete. In practice, professionals do tend to
tatlor their efforts to match a perceived level of client requirements (perhaps guided
by their fees). [owever, this is carely done systematically vis-a-vis quality. i o
client's brief called for a design ot a certain level of quality and the engineer
provided a lower level, few proflessionats woutd deny that an error was made. This
might not lead to struewral Frilure, Bat would be a quality defeet, Such defects
typicaliy manifest as cost and time overruns, structural and aesthetic defects, nagging
maintenance probloms and a dissatisfied client, Tence, a dull, unimaginative design

could b structurally seand, and yet have defective gquality.

The emphasts in the quality perspective of human error. has been the practical
munagement of the error visk at the organisational level. The Quality concept has

evolved over tinve, and various models for quality (error) con trol have appeared with
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to various causes may then be modelled as fuzzy sets. These are used to assess the

proneness to fuilure,

There ar+ two important contributions in Blockley's work that are of relevance here
It was the {irst attempt to account for organisational snd itstiiutional factors in an
error prediction model, Tt was also one of the earliest attempts to formalize the use

of engineering judgement.

The work on fuzzy models was then criticized on two counts. Ditlevsen (1980)
pointed out inconsistencier in the algebra of fuzzy sets used by Blockley and voent
on to empha ‘z¢ the lack of globally acespied rules in the then fledgling field of
fuzzry logic, Ditlevsen (1¢483) also declared ihat it was neither necessary nor possible
to combine a fuzzy measure of the probubility of failure due to ‘gross' errors (p,, )

with the theoretical prabability of frilure from random vardations only ().

The eriticism of fuzzy algebra is no longer as valid now ns ii was then, as mach
progress has been made in that field. However, one abiding weakness of the fuszy
motels lies in the fact that the choice of which climatological factors Lo use, is not
systematic, Morecover, inter-relations between factors are ignored. The use of fuzzy
algebra does provide a way to manipulate expert opinions, but it does not on its own
provide a framework for a systematic antl holistic vonsideration. Though useful, the

sophisticated fuzzy logic is not esseatial to the elicitation and manipulation of expert

opinions,

The most serious problem encountered in probabilistic error pradiction is the lack of
suitable staustical data from which to extrapolate. Resaatcliers such as Stewart
circumvented this by using expert judgements. However, the probabilistic models of
Stewart, Melchers, Steinberg ete. still ignore causation. The older {uzzy models of
Blockley and Brown incorporate causation indirecily from system-related {ssues, also
from expert assessments. Howeser, this s not done systematically. Ther2 is 2 need
for a ¢colierent theory of causation af errors, to enable a systematic approa.dy to error

prediction, For this theory to be coherent and vatid it must be halistic and systemic,
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2.2.3 Fuzzy models

The theoty of fuzzy sets has been applied to the problem of predicting the
probability of struetural failure from human error. Leading contributors in this area
are Professor Blochley at Dristol Uni. wity, England and Professor Brown at the

University of Washington in the United States.

Blockley built upon earlier work by Pugsley on the influence of the *engineering
climatology'. Pugsley {1969) suggested that structural failures are often the result of
the financial, industrial, scientific. political and professional *climates’ surrounding
a project. Pugsley (1973) then suggested that expert opinions be used to assess each
factor, to oblain a prediction of the *proneness to failure' for a structure. Blockley
proceeded from the assumption that it would be more accurate for an expest to give
such an assessment in linguistic terms (plain English phrases), than with single
numerical values. A numerical value would be precise, but therefore loss likely to
be aceurate: a linguistic assessment would be vague, involving a vange. A linguistiv
assessment, say of the political climate as “very poor', ¢ould then be repiaced by n
fuzzy set. Fuzzy logic could subsequently be used to manipulate the variables as

required.

Blochley {1975) deseribed the theory of fuzey sets and how it could be applied to
vieyetural failure, In Blockley (1977), the method waxs applicd to twenty three case
histories of failures, to assess the ‘inevitability' of each case. At that point, twenty-
five variables wore considercd. The proneness to failure of each project was then
ealeulated as the weighted average of the fuzzy sets, with cach weight itself being
A fuzzy set. In Blockioy {1981), catastroplie theory techniques were incorporated o

apply the method to ongoing projects

The work by Brown ditTers front Blockley's most significantly in the introduction of
the *sarprise’ concept. In Brown (1979), surprise is used ax a dividing line between
random variations which are expected and should cause no sueprise, and ervors which

are unexpeeted and lead to surprise. Linguistic assessments of surprise at failure due

gt



whare
P, probability of a member design being judged sale,
Re ¢ percentage resistance ertor,
flev) - probability distribution function for the t distributicn,
nird v, 2 are constants.
Steinberg (1994) has also used undergraduate exam data to estimate failue

probabilitics,

In other models proposed by Stewart (Stewart, 1990.1993), typical design and
construction tasks are divided into small mivro-tasks that are then linked in an event
tree. Experts are interviewed to obtain distributions of error frequencies/eonsequences
for each micro-task. A distribution for the entlre task is then obtained via Monte
Carlo simulation, This was done for steel beany design, concrete beam design
conerete heam construction.

Within the thivd theme area, Mowak researched the use of sensitivity analyses in

identifying consequentinl errors (see Nowak and Tobsh 1988).

The availability of raw data on error probabilitie: is a problem in all the models. The
need For large quanti.’ s of data s due in patt to the general nature of these models,
The researchors try to describe all ervors direetly, without reference to ervor causutive
mechanisms or context. In the recent models based on expert opinion, the experts
still provide ervor frrencies andd probabilitios directly, agein without reference to

causes il gontext,

In some cases, this niny be because the researshers sought to enhanee the validity
of their models by tnvolving large numbers of experts. [ence, their investigations
were necessatily shallow” behnvioursl deseriptions, rather than “deep’ cotitexiual
theories (see 2.1.2). Such invastigations are more typical of the frequentist statistics
sehool (where a probability s coneeived as the frequency of aceurrence of an event),
than of the subjective (probability is & measure of heliet) school. The use of expert

opinions for probabilities should naturally be reated in a subjective paradigm.
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A basic difficulty in probabilistic models of error is the lack of suitable statistical
data for estimating parameters. As explained above, the data gathering efforts such
as databanks, have been largely unsuccessful. In the models above therefore, the
modellers chose which factors were relevant, and then chose the suitable
mathematical model, and also chose the parame s, Everything was arbitrary - based

an the intuition of that one individuad.

A recent trend in probabilistic modelling, is rather to use several expert judgements
for one or more of the three choices. Stewart and Melchers approached the problem
of checking by trying to gencrate cmpirical datn on error detection rates. (See
Stewnrt and Melchers 1989, Melehers 1989). In their study, they obtained data on
self-<checks from examination scripis for undergraduates. They also conducted a
survey of practising engincers, asking them to check typival design tasks, The
experimental conditions bore litthe semllanee to reality, but they proposed tentative
models based on those results they obtained, They suggested a Type [ extreme value
distribution for self-checking, a ntodified ¢ distribution for overview checking, and
an 8 shaped learning curve for independent design checks. This last was informed
oy the theory of leaming in Lducational Psychology. The models for independent

and overview checks are presented as Equations 2 and 3 below.

0) !

n Eqn 2
1+ Acxp(--Bt%)

where P, is the average checking efficiency, and depends on checking time t in
minutes. They obtained u good fit by setting the constants A and B to 3704 and
i.430 respectively,

PRe) 1120 [ ° Az vz Re <% Eyn 3a

PiRe) 1

R

; J: : Sfiz.vidz Re > % Eqn 3b
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has not been very forthcoming and dats paucity means statistics eannot be inferred.
A second problem is that the data obtained is highly summarized, the classifications

being behavioural.

2,2.2  Probabilistic modelling

The classical probabilistic models foens mostly on design errors, along the lines of
three overlapping themes. The first theme is the prediction of error rates by
considering the mechanism of ocenrrence. A second theme is the prediction of error

reduction by checking. The third, which is linked to the [irst, is the estimating of a

probability of failure, given the occrrrenve of an error.

From the first theme, early examples are found in Kupfer and Rackwitz (1980), and
Nessim and Jordaan (1983). These both assumed design errors to be random events
occurring at a given rate over a time interval. This led to a Poisson formulation for
predicting error vceurrence, In the second theme, Nowak and Lind (1986), describe
a checking model by Nessim that uses Bayes' th-orem: updating prior distributions
for error, as ervors are detected. Lind (1983) also proposed an ervor elimination
model which assumes a uniformy or normal distribution for inital crror, and a
detection probability expressed as a function of both inspection titne and initial ervor

magnitude,

L
i
2

-d
Py *-;') {1+99¢) * Eyn 1

1]

Equation 1 shows the final form of Lind's exponential model, where
P.(t)  probability of error, and
{ inspeetion time.
Lind chose Py(1} as equal to 0.1 so that a unit of inspection brings the ertor

probability from 100° to 108,
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(5)  Design errors predominate in areas requiring close attention to detail, e.g.
connections and joints. Many of these are undetected until during usage when

they become serviceability problems, sometitnes leading to distress.

{6)  Construction errors usually manifest or are detected in the construction phase.

About half the undetected construction errors result in collapse or distress,

(7)  Design errors are far more costly in terms of structure damage and equipment

damage. but construction errors frequently lead to higher levels of fatality and

injury,
{8)  Relatively speaking, few user errors result in frilure.

(9)  Usually the errors could have been detected if sotneone had done something,

just a little bit differently, They were not inevitable,

Effor: - save been made in somo countries to establish public data-banks on structural
faiture and related issues, which should obviously inchude humaon error, In the United
States, there is the Architecture and Engineoring Performance Information Centre
(AEPIC), housed at the University of Baltimore. The ULK, has & similar initiative -
the Construction Performance Centre located partly at UMIST and partly at the
University of Strathclyde. Noither of these appears to have made any significant
impact. A more successlul venture, is the Systéme de Collecte d'informations sur les
Desordres (Sycodes) in France, which is reported (CIB-W86 1992) to contain
information on over 30,000 cases, There are also reports of data-banks in Finland,
Belgium and the Netherfands. Kaplan (1987) described his own unsuevessful attenipt

to establish o Failure data-bank hiere in South Africa.

Except for Sycodes, the publiv data-banks have not been successful. Thelr databases
are small and superficial in detail, This is fargely 2 consequence of their mode of
operation.  ALFPIC for example, relies on voluntary information from  design

professionals about failures with which they are involved. For obvions reasons this
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Failure surveys have glso temded to generate data on errors, because of the high
impact of errors on failures, Some notable failure swveys that contributed
information on human error are published in Matousek {1979), Hauser (1979),
Walker (1981) and Hadipriono (1985). The information from such surveys has also
been of limited use in estalishing detailed statistics: for much the same reasons as
the ACI survey, A critical study of these authors reveals an additional complication.
Their data cannot be compared enstly, because of differences in terminology and
taxonomy, They rarely state their assumptions and definitions clearly, and the criteria
uged in arriving at conclusions often nppear subjective. However, these offorts have
cach contributed some insights into the roles of uuman error in structural failure. The
following summary of such insights is from Matousek (1977), Fraczek (1979),
Hauser (1979), Walker (1981), Hadipriono (1985). Fitzsimons (19806), Ellingwood
(1987), Brown & Yin {1988) and Sowers{ 1991),

{1}  Practically every completed project involves human errors, but not all thesz
will contribute to failure. Moreover, the contribution to failure (structurally)

of an error is not necessarily related to its visibility or ‘magnitude’,

(2}  Many of the errors that affect structural behaviour significantly will actually
be built into the stracture and lead to a problem before they are detected, e,
many errors g2t through the checking process, There is a need to be cautious
about this observation though. As Fraczek points out, the errors that were

detected before construction ave easily forgotten.

(3) A significant proportion of structural failures have been coused by human
error in recent years, compared with failures due to overloading or to

ignorance in the theory, Failures are often initiated by multiple errors.

{4)  The design and construction phases roughly recount for about the same total

nwniber of eerors.



22 PREVIOUS STUDIES OF ERROR FROM A RELIABILITY
PERSPECTIVE

Structural reliability is concemed with the prediction of failure ; . sbabilities, t.e. the
probability that a structure attains a limit stare. This probability is known to be
strongly affected by human error, and some researchers in this field have sought to
investigate this effect, Their efforts may be put into three categories « data collection
exercises, probabilistic models and fuzzy models. It will be shown here that the
reliability approach to human error has been strongly statistical as is much of
reliability theory. Little attention has been given to systemic error causes, or indeed
to any sort of ervor causes. The statistival approach has been further ampered by a

lnck of statistical data.

2.2.1 Data collection exercises

Data collection exercises provide statistics for probabilistic modelling. Such exercises
include error or failure surveys. and public and private failure data~banks, There is
only one large seale survey of human errors reported in Structural Ingineering
literature to date. Fraczek (1979) reported a survey conducted by the American
Concrete Institute on errors in conerete structures, The study covered Canada, the
United States and Mexico, with most responses from Canada and a few from
Mexico. Unfortunately, this survey was unable to establish detailed statistics. This
was partly beeause of reported ambiguities in the phrasing of some guestions. A
more fundamental problem though was probably the additional cost of extending the
questionnaire to include detailed questions: a cost associnted first with a bulkier
document, and secondly with a reduced percentage response. The lower the response.

the greater the number of questionnaires that must be distribured.
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an individual is solving problems from first principles. This type arises cither
because the individual's mental model of the problem is incomplete/inaccurate (lack
of information), or else becruse of the bounded rationality phenomenon. This phrase
‘bounded rationality’ refers to the inability of man to focus simuitancously on alf
aspects of a normal-sized real-life problem. Rather, an individual selects what he'she
considers important in the problem, and conc utrates on these - a sort of sub-

optimality, Further details of Reason's theory are given in Appendix A.

There are weaknesses in Nowak & Can's classification from the perspective of this
study, Not all 'errors of intention' qualify as errors by the definition adopted here,
Moreover, one caanot establish a correspondence between their error categories and
structural design tasks, as would be desirable. Reason's taxonomy is more suitable
in this respect, with its natural division into planning and execution/storage phases.
I have therefore chosen Reason's classes of cognition-getterated errors as a basis for

this taxonomy of structural design crvors.

From a consideration of cognition in design activities, I have adopted the following

categories for design errors,

{1}  Knowledge-based mistakes in conceptualising (Type I).
{2)  Rule-based mistakes in conceptualising (Type IY).

{3}  Rule-based mistakes in computation (Type III).

(4)  Calculation « - ! lapses (Tvpe [V).

{5) Paule-based dra. ' . g mistakes (Type V) &

(6)  Draughting slips (Type VI).

The first two types of design error occur in conceptualising, They differ from the
others in that they not sequential but mutually exclusive ie. one is either using
knowledge-based reasoning for structure characterization, or else he/she is using rule-
based reasoning. The second two types nelong to member-stzing activity, and the last

two error types take place in draughting.
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In the field of Psychology, Reason (1990) also proposed a classification of human
error from a consideration of the underlying cognitive processes. Errors are divided
into mistakes on one hand, and slips and lapses on the other. Mistakes are crrors
where the nctions of an individual are carvied out accordir o to plan, but the pian is
inadequate. Slips and lapses are errors in which th- . s do not mateh the
intentions of the individual. A slip differs from a lapse «.v * . ~ips refer o obvious
external actions, while lapses refer to failures of memory (intended actions that arc
forgotten) that do not necessarily manifest outwardly. Both slips and lapses take
place either during the execution phase (when a planned activity is being executed).
or in the siorage phase (when the plan is stored in the memory before being
exceuted). Both slips and lapses result from insufficient attention (or sometimes too
much attention), during largely automatic 'skill-based tasks’. This is iflustrated in

Figare 2.1,

Cogritvo
Processes
v v v
] @ ]
Planning Sorge Exeadion
v .
Krowledgje- Rute-based Shik-bessed
bosed
Y »
Klamd . Rt - Sipsand
rristkes misihkes tapses

Figure 2.1 - Relationship between cognition and Reason's error categorics

Mistakes take place in the planning phase itself and are al two types. Rule-hased
mistakes oveur when an individunal is trving to solve a problem. by applying known
rules of the sort 'if —observed situation . then - likely solution™". The mistake could
result from the use of o good rule applied to the wrong situation, or the use of a bad

rule. The other type of mistahe is the knowledge-based mistake, which occurs when
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CHAPTER THREE

METHODOLOGY

This chapter gives the details of how the study was conducted. The fiest section is
an overview of the steps lollowed to achieve the study objectives, and the techniques
used for each step. In the sccond section, the various techniques used for data
collection, theory development, error prediction modelling and error control
modelling, are all deseribed. Problems encountered in the collection of expert data

are recounted in detail.

3., THE DESIGN OF THE STUDY: AN OVERVIEW

The ntain chjective of this methodology ts to enable the development of a causation
theory for design etrors. Methodologieally, the first issue to be rosotved is the level
of detail required in the theory to be developued, This dictates the level(s) at which
soft systems will be investigated in the study, In making this cholee the fui owing

ohservations are relevont,

(1) Individual consulting practices can react faster to recommendations from this
study, than say professional regulatory hodies. Error contral schemes for
example are traditionally implemented by individoal firms, rather than being

institutionally imposed,



Here in South Africa, Kaplan (1987) described a systemic study of data From a
survey of timber roof failures, under the auspices of the Mational Timber Research
Institute (NTRI). The survey involved a detatted study of some 47 roof failures from
ghout 1964 to 1977, and was based on records kept by NTRI, as well as discussions
with the failure investigators. The systemic study identified a causative factor @ the
wide-spread adoption of pre-fabricated timber trusses for roofs, which took place in
South Africa in the early sixties. ‘This was then linked to the roof failures of the
seventies, and thus created a new uoderstanding of industry practices. It later

Y

contributed to the decision to develop a local code of practice for timber,

More recently, Kaplan has applied systems methoids to stristural fatbure studies in
the United States. Kaplan {1990) deseribed o study hie conducted for the Design
Professionals Insurance Company, and the Structural Engineers Risk Management
Couneil (SERMC) insurance propram. The SERMC program maintains claim tiles
on projects that led to large losses. Kaplan made a study of this dats sl derived o
textual database, which was used to identify scenarios of’ comimon characteristics in
the failures, This information was used to define loss prevention {error reduction and

contrel) programs {i. the struetural enginecring practices,
‘The methoadotogy 1 have adopted in this dissertation is based on the soft systems

paradigm, I borrows sometung from each of these previous fhilure studies, and

builds on them. This methodology is presented in the next chaptor.
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soft analyst must continually remember that he/she defined the system for

a particular purpose. The system is as suitable as it is velevant to the purpose.

(10}  The definition of system boundaries becomes the analyst's way ol separating
botween the given aspects of a situation (the environment), and those that
may be macipulated in the analysis, Henee, the expliclt questioning of

‘glveny' iy standard for the soft paradigm,

2,52 Systemic studies of structurat failure and human error

The literature reveals little evidence of systemic studies on human error. Pidgeon et
al (1987) described a research program at Bristol using the systems approach, that
is based on the initisl work by Blockley. Their ‘system characteristic model’
approach relies on case studies of failures. to establish gccidet - cause sequences,
Their goa! is to establish a knowletge base of all possible safety hazards’, to allow
the svstematie detection of “incubating' hazards. Thetr case studies rely heavily on
interviews of the vartous parties involved in a failure (Pidgeon ot al. 1986; 1988),
As sueh they have had to give attention to the difficuities associated with the
anglysis of expert opinions, and introduced the use of grounded theory (Pldgeon et
al., 1991}

Dias (1994) too has applied systems thinking to cose studies of structural failures,
also basing his work on Blockley’s. Dins vonsidered a system for structural design
that includes relevant principles in the theory of structures, the model assumptions,
margins of safety and the underlying design philosophy. This system is known as the
Caleulntion  Procedural Model, Digs' examination of this  system, identified
wenknesses in the design philosophy that were at the root of the  failures.

"A hazared bere sofers W a st ol precondigons far failuee, where Bailue rolates to physieal inteprity
arxl lunsan satuty®.
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(3)

()

(0}

(7)

(8)

)

experience. One does not labour with sofl systems to establish the *real state
of affairs', but vather the ‘real expetience' of the individuals. This implies that

all viewpoints are legitimate - even ‘hidden' agendas.

T a given situation the individuals will hold certain perceptions in conimon.
Hence, though there is no objective reality as such. there is an “inter

subjective reality' which can be established,

Given the vagueness of soft problems, it is wiser to think in terms of a
problem situation (one in which there is unease), than of a problem. It would
also be wiser to refur to problem mitigation and dissolving problem
situations, rather than problem solution. Given the nature of soft situations,
solutions that satisfy all the goals are unlikely. Problem dissolution refers to
the Fact that certain problems cease to he problems, beeause of changes in

other arcas.

The political and soctal contexts of a problem siwation are catered for

explicitly,

The naiwre of the investigator's own intervention amd its effect in distorting

the problem situation. must not be overlooked.

Different perceptions of the problem situation must be catered For in analysis,

The meanings to be atribted to data ave things to be negotinted with

probiem participants, rather than imposed by the “objective bystander' analyst.

Accommodation of different pereeptions is more important than consensus.

The haed systems thinker refers to systems as though they really existed
outside his imagination. (The evervday use of the word reinforees this

lpression, ¢z we are used to talking about “the educationa] system'). The
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(4

(0)

readily admit to (it is often considered improper to take decisions for personal

reasons), Nevertheless, these are of importaiee {iden ct al, 1983).

The political and socia! content of the system will affect the information

available to the person investigating it.

Bach individual in the system will react to the investigator's presence and
recommendations. Such reactions depend partly on the social and political
context, but may also depend on the individual's perception of the
investigator's intervention, That is, the individual attributes meaning to the

investigntor's actions.

The boundaries of what could constitute the system of interest and what
should be the enviroument are often not obvious. (This may be the
consequence of a lack of clear. unambiguous goals).

In addition to all the above, soft problems have the usual characteristivs of

complexity that are common to problems in the systems approach.

The risk factors of table 2.1 in the previous section show that design errors are

¢losely related to human activity, Hence, the design error problem is soft in nawire,

and we can expect to meet with niost of these traits claractetising soft problems in

the study, These pecutlar charncteristics of soft problems have led to o different

perception of problems, and the problem-solving process, In the analysis and

specification of soft systems, o paradigm framework has evolved over the years
{Checkland, 1981 Edent et al, 1983: Wilson, 1984 Chechland & Scholes, 1990).

This may be summarized ax folfows,

(h

FFor soft systems subjectivity is doeepted as normal = soneathing to be handled
in an adequate manner rather than avoeided. Human relagonships are tied to
the perceptions of the individuals invelved, and these may ditTer significantly.

Lienee, there is ne ‘objective realiny' outside of what these individuals
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goal. Such control is enabled by the fact of communication between the component

parts of the system,

Since some properties are only emergent at particular levels of resolution, the control
of system propertics is linked to resolution levels, This means that control is also
higrarchical, with different control units at different levels of resolution. For each
controfling unit, the ranges of desirable behiaviour are set by the controlling unit on
the higher level. The fact that a system has a particular desired range for its state
variables makes it exhibit teleonomic or goal-sceking behaviour i.e. the system
beliaves as {f it existed to fulfil a particular purpose. For example, organisations
exhibit adaptive behaviour as they respond to market forees, government policy ete.
The study of adaptive belinviour in organisations (particularly the maintenance of
dynamic cquilibrium with the environment - homeostasis) is carried out in the field

known a5 System Dynamies (Coyle, 1977: Flood & Carson. 1988).

Of particular refevance to this study is the class of systemis known as *soft’ systems,
These differ from ‘hard' systems in hat they tend to b L-defined in terms of their
boundaries and/or objectives (mwltipie and contradictory). Systems including human
relntionships are referred to as human activity systems. Such systems will always be
ill-defined. as different people in relationship often perceive and interpret that
relationship differently, The charncteristic traits of soft problems, can be summarized

as bhelow.

{1} The system of ieterest w 'l contain human elements, such that some aspects

of the problewn von ~nly be expressed subjectively by the humans involved,

{2)  'The people in the system have different perceptions of their situation, One or

more persons will have a sense of uncase about the situation.

(3)  The goals of many people in the system will be vague, and often

contradictory. Peaple have personal ‘illegltimate’ goals which they may not
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2.5 THE SYSTEMS APPROACH

2.5.1  Systems thinking

A group of components or factors may be complexly inter-related, so that the
behaviour of the individual components is dictated more by the ‘manner of inter-
rel.. fouships', than by the peculiar characteristics of the component jtsellfl The
personal, erganisational, institutional and climatological factors influencing design
errors, form such a group as we found in the last section. In such cases, the group

is best looked at holistically as a system.

There will be aspects of the behaviour of any given factor in the group that result
from its innate potential, whereas there are also aspects that result from its position
within the system Jinkages and inter-relationships. The latter aspects are said to be
systemic, Systentic issues may dominate the responses of an entire system in cases
where the inter-relationships are complex i.e. large nuinbers of inter-relations or/and
very intricate inter-reintions. Systems thinking is a manner of approach to such

situations, which Focuses on general trends rather than particular instances,

A system du this technival sense is an intellestun! construct which an observer
belicves is relevant to the salicnt aspects of o problem. The observer chooses a
pottion of the real-world, such that the portions that are wot chosen are those
expected to have little or no effect on the problem. The boundaries of a system do
not really have to conform to observable bounds in the real world, The observer who

specifies the system, can specify the boundaries as desired,

The basic behavioural traits common to all systems nre emergence, hicrarchy.
communication and control {Checkinnd, 1981). *Well~-defined' systems tend to be in
Mierarchies, such that certaiv properties are only distinet (emergent) ot a particular
level in the hierarchy. 15 a system is ‘well-defined', it will exhibit the phenomenon

of contrel « i, there will be a deliberate means ol aiming the system towards a

g
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Table 2.2(contd) - Relationship between design error risk factors, and typical
systems adopted by various parties to the construction
process

Emplovee selection mind training

Design decumentation

Diesign cheeks and reviews

TYPICAL Employee support du, g dusign
DESIGN . ., T
PRACTICE Design supeevigion ond co-ondination
SYSTEMS Design responsibility allocation

Feodback Erons users and sites

Each of the risk factors in wble 2.1 could occur as a result of systemic weaknesses
i.e. one could vonceive of a notional ‘leman actlvity system’, the operation of which
would generate or eliminate the risk, This is illustrated by table 2.2 which suggests
typical systems for some of the project organisation and institutional risks from table
2.1, 1 have also listed possible systems in the desigm practice, that would affect the
personal and design practice ovganisation risks. The nomenclature in table 2.2 is
drawn mainly from the ASCE *Quality' manual, (ASCE, 1990),

The systems approach provides a means f tackling problems with complexly inter-
related parts, in a holistic fashion, As the risk factors of table 2.t are obviously inter-
reiated, this alone would justify the uwse of the systems approach, OF greater
importance however, is the fact that the systems approach includes a “soft’ paradigm
which emphasizes human activity systems - thus eaterfng for vaguetiess and human
perception, The soft approach incorporates hiccti ity and is more suited to
handling expert opinjons, than the classical reliability approach, The next section
deseribes the essential features of the systems approach in general, and the soft

systems paradigm in particular.



The risk factors of table 2.1 are mostly related to human internction within the
organizational settings of the structural design practice. the project team or the
project climatology. Such human interactions may be conceived of as being dictated
by ‘huwman activity systems’ that are stipulated and controlled by the design practice

partners, the project managers and the professianal regulatory bodies, respectively.

Table 2.2 - Relationship between o sign error risk factors, and typical

systems adopted by various parties to the construction process

TYPICAL SYSTEMS TIHAT COULD AFFECT DESIGN ERRORS

The client

The architect &
other
consultants

Contractors &
fabiricators

Publie, govt. &
end users

Designer solection

Dusign corondination

Submit shop details

Professton regrulation

Projoct Bnance

Conltlicl resolution

Contractor desipt

Rusearch fmding

Share responsibility

Fabricator design

Edveating owners

Seiting goals

RELEVANT RISK FACTORS

Inadequate fees

Conflicts of interest

Details not submitted

Damage to neighbour

Peor conmuninication

Architect error

Correctiohs neglectod

Hazardous usage

Desiymt time
constraint

Hazardous project

Datails missed on site

Linforeseen extension

Finaneial constraints

Low eontractor ubility

Inoxperivnesd owners

Undlofined usagespoai

New mothods/material

Maintenanee effeet

Limitesdd work seope

Political prossire

Fust track dusign

Code complosaty

Fee biding

New matetials




Fable 2.1 ~ Factors identified in literature s incrensing the risk of design errors

These related to individuals (personal)

Lack of knowledge Attitudes and cthics
th Designer out of depth experigneewise. | (8) Slipshod work {earefive, unticlinuess).
(23 Other engineer donng struet, enprs job. | (% Many design chechs, thus carclueas

i Ungualified person doing design task, | (10} Postponing decisions on design aspoect

C3) Techitival Jeeiston dictated by client. | (11} Inadequate attention to duetail.
(5) Contractor ability cer't miatch project. | (12) Lack of profesionalism or ethies.
{63 Inexperielced users. U Low pay for design employees.

h Poor teaining/pay of ficld inspectors. ey Inadequate fee paid to design firm.

Those related to the erganisation of the structural design practice

laternal conmmunication Software related
(% Discontinuity in design staff. (20 Progeam ssawiptions wihiieswn,
IS] Breaks in design process. (211 Analysis proyram unsuitable.
(17N Moudel assumptions not wiclerstood. 2h Progtant not updated.

{18 Inadequate instruction For detaiters,

{10 Umnleteutod errors in earfier tasks.

Those refated to the arganisation of the project

Contract administration Communication problems
(X7 Fue-biddnmg for designer selection. (&0 Paor description of elient oxpuectation.
() Fost-trich contracts. {3y Undefined structural poals for usage.
(25}  Conteastor-fabricator design. (K34) Arxchitect dusign errors or inadequacy.

(261 Restrieted scope of work for dosigner. § (33) Shop deasings not corrected.

n Nobody with clear overall suthority. (h Poor co-ordintion of dusipn firms.

128) Inadequaty tinme lor design. t35) Lovernl dosign changes/zite alterations

(29 Interest contlicts Detwesn dogipn Gnns

Those related to institutionally-regulated practices

Affecting the design process Affecting project characteristics
(30 Traits of nearby struetures uthnown. M Production=siyle vonsinietinn,
3N Uniconventional desipns 4 New materials/ennstiuction methads
(8 Unknowns in desipn data. 4 Complexity of codos & specitientions,
(KUH Deliburate departures tram cole, or [EXH Incompatibility of critetia for
dusipn uiuation not coverxd by code: evaluating structural amlysis.
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2.4 THE NEED FOR SYSTEMIC CONSIDERATIONS

The problems deseribed for error prediction in the reliability paradigm (section 2.2)
and for error control in the - uality paradigm (2.3). suggest that there is a need for
an alternative approach to the study of design errors, The d :velopment of a theory

of how errors are caused and oceur, should be central to & iy such alternative,

Several publications have identified factors that increased the risk of human error,
and possibly contributed to structural failure on different oceasions. The foliowing
list of such factors relevant to design is compiled from Brown and Yin (1985).
Fitzsimons (1986), Fraczek (1979), Hauser (1979). Walker { 1981), ASCE {1990} and
unpublished papers by 5.0, Kaplan. The factors have been grouped loosely into cight
categories in table 2.1, using Fitzsimons' classification of error causes (section 2.1.1)

as a basis,

As we look through the factors in table 2.1 it is clear that most of these are not
technical issues. but rather causative factors that affect the risk of error. These
causative risk factors are ignored in most probabilistic models, and addressed only
haphazardly in fuzzy models and error control sehemes. It is also evident that these
factors are not independent. For example, the performance of a design task by an
untqualified person may be the result of lee-bidding. The interactions between factors

will definitely be signiticant in some cases.

Most studies are content to simply list factuis such as these, What is necded
however, is a coberent theory detailing how these factors interact with one another
and with design errors, and explaining the circumstances under which each favtor or
interaction becomes potent. This would enable us to assess the contribution(s) of
individual error contro! measures in a holistic manner, and should lead to a means
whereby predictive models can incorporate these fundamental error causes, The
difficulty is that the relationships between some of these are vague and complex.

Furthermore, human error involves humans, who are capricious and unpredictable,

ra
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Typicaily the techniques specified in error cotitrot models are managerial in - ture -
mostly qualitative, and are implemented in Quality Assurance schemes, Examples
are fault and event trees, diagnostic trees, hazard and utilisation scenarios, control
scenarios, morphological boxes, matrix charts, checklists, safety plans and control
stops. Some of these techniques are described in JCSS (1981) and Schueider (1981).
Event trees, scenarios etc, are attempts to systematize what people are already doing
intuitively, hopefully to m»Xe them more effective. All of these techniques have been

used in various fields of endervour.

New techniques are being proposed or incorporated into error control models. Lutz
¢t al (1990) have described their work on a PC based expert svstem for design
checks. It allows a design reviewer to retrieve information on design review
standards for a’fferent structural types and products. The Redicheck system (Nigro,
1988). is a technique for error detection. when co-ordinating drawings and
specifications  from  different design disciplines, 1t emphasises a systematic

comparison of salient points in drawings, following a checklist,

The error control scheme adopted in a given firm or on a particular project, will
typically include several of the techniques above. In deciding which techniques to
use firms develop their own models - guided by such philosophies as QA or TQM.
Otherwise, they pattern their models on institutional ones such as ISO 9001 or the
ASCE Quality manual. 1t is usually impracticable and undesirable to simply
implement all known error contro) procedures, or all those in ISO 9001 for example,
The suite of techniques chosen for a given project must be coherent. integrated and
efficient. The technigues must also be relevast to the environment of the project and
the firms involved, as well as being suited to the scale of the job and the time/cost.
However, in QA, TQM or even 180 9001, practitioners are given few guidelines on
the relationship between technique and comlext. Henee, the problem here is one of
how and when to choose techniques, These choices ean ouly be made in a systematic

manuoer where there is a theory of how errors occur, to guide the provess.
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categorisation extends beyond the idea of pigeon-holes into which to drop each faet,

to clude the relationships between categories and effects over time.

The coding was carried out in two streams. First, working from the cognitive maps
tow rds the design error cotepories. Secondly, working from the desipn error
categrories back to the eategories *emerging’ from the interviews and cognitive maps,
(The desiga ervor categories themselves were in o constant stace of flux, as they were
refined often). This kind of approach 1o theory deveopment is known as
*bootstrapping' ~ lifiing oneself up by the bootstraps (see for example Strauss &
Corbin, 1990).

There are three phases in the coding. These are usually sequential, but may involve

iteration between phases. The phases are ;

. Open Coding
. Axiel Coding. and
. Selective Cading

Open cading is the process of tentatively identifying coneepts within the data and
establishing the degree of inter-relatedness between them. This is done by atiaching
coneeptual labets to observed events, and grouping concepts provisionally around
some phenomenon. For example, a person may mention “disenssing aspects ol a
problematic design with my colleagues” (deseription) and 1 could record this as an
example of "information exchange” {concept). In this study, o lot of the igitial
conceptualisation was carded out in consultation with the respondents, as part of the
uegotiative provess of cognitive mappipe. Moreover, the respondents acially
specified the immedinte and obvious ralationships. This greatly simplified the open

eouling, which otherwise can be very demanding.

Axial coding, Jv this phase, each category is ve-specified in terms of a paradigm
mode). This first requires the isolation of the cenbal theme in the category, All other

coneepts ¢an then be refated to that theme as cither causal vonditions, contextal
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Grannding theory, in_data

The Cry aded Theory method was used in this study to develop the copuitive maps

into a i ry of causation for design errars (3.1.1).

The term *grounded theory' was proposed by Gliser and Strauss (1907), to deseribe
their technique for generating theory out of feld. duta. (See also Strauss & Coibin,
1990). In the social sciences data often comes from unstructured intervivws, {ield
observations ete, In topivs whete there is Hrtle existing theory to make sense of data,
it tr possible for researchers to accidentally develop hypotheses which have no
relationship to the facts. On the other hand, o theory is said to be grounded (in data)
i it can be shown to have grown divectly out of the observations. Such a theory will
be characterised by "fit” (e faithfulness to observations in realsworld), by
attderstanding (it mukes sense), and generality (aceounts for a high degree of
variety). Additionally, o grounded theory lead to the cohancement of control
activities « monitoring. feedback ete. « in the studied situation (Strauss and Corbin,
1990},

The word “theory' ns used bere requires amplification. A theory is 1 set of well
arpued ideas that offer a pleusible explanation for a phenomenon, Theory differs
from deseription 1n thet theory explaing events and behaviour in terms of conecepts,
and places the concepts in o relational framework. Description simply recounts the
events. Moreover, in grounded theory concepts are arrived at from the inteepretation
of the datn, but alse provide feedback and direction for subsequent data collection -
0 that the duta is collected in a systematic manner (Pidgeon ot al, 1991). Henee,
I was constantly isolating concepts and their relationships, concuirently with the
interview process. Wherever convepts lacked clarity, or the respondent drew

conclusions without examples, one would note this and question further.

The isolation of concepts and the development of theit relational framework is
rferved to as a ‘coding' process. Basically the coding procedures provide o

systematic means for categorising otherwise overwhelming masses of data. In ¢ ading,



The benefits of cognitive mapping are as follows:
. fach cognitive map is int essence, an explicit elucidation of the individual's
personal theories on cause and effect, in the situation In short, a model of his

expuitence.

. Problem content and structure are clearly stated. Inter-relationships are seen

at o plauce.

. It provides n vehicle for the researcher and each vespoudent to negotiate
problem content and structure. They can else negotiate the meaning and

relative impact to be attributed to each coneept as n part of the problem.

‘These benefits are stmple but powerful. When both parties can see the details of
what hos been said so far, 1t helps larify thinking, Respondents can see where they
have said enough and wihat needs expanding on, The researcher casily detects which
arens have been neglected and which are elaborated, and this guides the discussions.
The boundaries of the issue become obvious, and it is equally obvious when the
respomdent has gone owtside thom, Most importantly, it lends o transparency to the
provess which is otherwise lacking. Not only can any person see at o glanee the
information provided (aud so ascertain the interview's impartial covernge). the expert
respondent can alse confirm that he/she has been properly understood. This Tast

possibility is then an additional check on the veracity of the data,

Since the respondent is stating opinious (bused on observations), there is no need to
withhold embacrassing information. In fact, the visual display Forces a diseipline on
the respondent in explaining histher ideas. Most respondents will typically back up
each Tink In the map with reference w partieular projects, conlident that the projects
themselves are not inctuded on the map. Finally, the map provides 54 assurance (o
the respondent that he/she hes been understood, and many lenpthy repetitions ave

thus avoided.



The cognitive map

itself  is  simply =2 j’;-f:/f :::““ “f
directed  praph  (di- ;Qush ecd / d

graph): a network of J e‘/}"

clements joined with &_‘) /ﬂ o .»w.h{-

arrows. The clemients lovnadstn ()

are phrases deseribing r-’x &.E:ql::
ideas or concepts Qeum"a’- Loy mank
(figure 3.1). The map nq. a S0/
is drawn during 0"’”‘"'”’

unstructured interviews gwfe.}‘.j Wiy v

with the respondent, Figure 3. - Part of a typienl cognitive map

starting  with  some

agreed label deseribing the problematie issue {design ervors in this case). The
consequences of the initial fssue are explored by questions such as "why doces this
matter to you™? Similarly, the analyst may explore bachwards to investigate the
causes of a particular element, by ashing questionts such as “what reasons come to
nind a5 explanations for this evem? The answers to the questions deseribe nev

concepts or lead to new arrows.

The meaning(s) o be ateeibuted to concepts are “"negotiated” by drawing the
respondent's attention to conflicting linkages, by constructing hypothuses for
clnboration and by requiring him/er to define a term with psychological opposites.
The analyst could also construct hisher own model, to micrge with the respondent's

in a joint session. This becomes 4 means of westing one's understanding.

The arrews in a cognitive map may samy ndus signs, Arroves without signs are used
for interactions whare the preceding concept enhances the sueceeding coneept. Minus
sipgus indicate the opposite. Simple lines are used instead of arrows, where coneepts

uppear related, but there is no elear causal betief! Thexe are called connetative links.



next sub-section (3.2.2). Cognitive mapping addresses all the concerns above and is

set in the soft paradigm.

Once the details of the data collection were sorted ont, a second attempt at expert
interviews was initiated. These were the interviews which now form the raw data tor
this dissertation. [ chose a new set of experts to avoid overtasking the patienve of Dr
de Clerq. Besides, I now needed several people from one firm with simple clear
characteristivs, and van Wyk & Louw would have been too large and complex. In
chapter four {4.1), details are given about this finnl set of experts and the firm to

which they belong, though panes are withlield in the interest of confidentiality.

In this second and successful attempt, the data collection was carried out in two
paits. Tn the first part, about twenty unstructured interviews were conducted with the
experts over & period of' 3 to 4 months, These vielded the primary data of opinions
on fetors causing design error and their inter-relationships, recorded as the cognitive
maps {3.2.2), The second phase of data collection involved a second set of Four or
five interviews with two particular experts, The second set of interviews provided
secondary quantitntive information that was used to calibrate the illustrative error

prediction model (see 3.1.2 and 5.1 ahead).

32,2 Flaborating relationships - Cognitive  aps & Grounded theory

Jhe use of Cognitive_mapsy

Most of the information given by the respordents in the interviews was recorded as
copnitive maps,  The maps were diawn on the spot during inteviews and were
hewn to respondents at intervals. Thus, the maps were both o data coltection
instrument, and the first step in apalysis. A cognitive map is a visual model of &
person's beliets about relationships botween concepts. The technique was developed

at Bath University (Fden et al, 1983). [he deseription below is o modified version.
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thant painting a complete plcture, The interview process and methodology at that

time, had no builtin checks for corroborating the westimony of the experts,

These difficulties led me to the conclusion that a completely unstructured approach
should be used. That would prevent the experts being “led’ in particular directions.
The difficulties also brought home the need for n new way of looking at the
interview process, which was fater provided by the soft system paradigm (2.5.1).
Instenad of dictating the meanings of key concepts to the experts. they chose their
own terms, A shared understanding of what each term stood for would then be
‘negotiated’ with ench expert. (The key phrase of ‘hurean ¢iror' was the exception
to this principle). To provent people saying things ‘for the record!, ‘raw' answers
would not be printed and cach person would only be given a chance to look through

the conclusions. Each expert was to be informed of all these at the onset.

The soft paradipm emplasizes the context of expertise, and It had been clear that
each expert spoke from his own perspective. T therefore decided to choose several
experts from a single contextual background « which meant from the same firm in
this cnse. This would also provide a means of double-checking, if it was suspected

that someone was speaking ‘for the record',

In adopting completely unstruetured interviews, it was realised that some of the
problems encountered with semi-structurad interviews would be present to a grenter
degree. It would be difficult to relate the issues, make sense of the ideas and
generally analyse the answers, A means would also be required with which to assess
the extent of each expert’s knowledge, and whether or not the information given had
fully exlinusted those bounds. One option was the use of ¢ Qualitative Data Analysis
(QDA) soltware to analyse sentences for recurring themes, stmilazitios ete. Howevyer,
that process can bhe very tedious even with computer packages, and the sofiware is
not presently available in the university. Morcover, the experts had to have the
assurance that thelr answers would not be published verbatin - for the reasons piven

above. An alternative was provided by Cognitive mapping which is discussed in the
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of information tended to be overwhelming, The lack of structure made it difficult to
relate the ideas, or to make sense of the issues. The effort required in transeribing
the tapes was also considerable (eight hours or so per hour of tape). AfRer the 1irst
round of expert interviews, 1 decided the semi-structured answers would be too

difficult to analyse.

At this point, I switched to n formal questionnaire with pre-defined answers frov
which the expert had to choose. Pan of this questionnaire 1s presented in Appendix
B. The data from this was easy to wnderstand since answers from different experts
wotld be directly comparable. However, the questions (and contact time) required
for a detailed study were too involved, so that after four interviews we had only
covered three risk factors in detail. At this point, it was clear that there were
fundamental problems that hiad to be solved in the data collection provess, and the

interviews were terminated.

There were three major difficultics encountered in that initial attenpt at expent
interviews. First of all, the pre-defined topics {taken from the literature) tended to
lead the experts in particular directions, The topics lhindered them from giving free
rein to their own inuer opinions. When the change was made to the formal
questionnaire, it was much worse. Secondly, there was a lot of confusion over
concepts, 1 would mean one thing hy a topie, and the expert would assume it meant
something clse, The expert too would sometimes perccive that he had been
misunderstood, and would have to clarify himselfl Eventually, the questiontaire had
to include tong passages defining Key concepts. It alse had to anticipate cvery
possible sitwation with different questions, so that the answers would be comparable

and exhaustive. All these led to an over=long questionnalre.

The third problem was the most serious. T realised that there would be no means off
telling if an expent was simply speaking *for the record”. In investigating an issue as
sehsitive as human error, there is o possibility that people -cisctin o withi old

information to give a pood impression of themselves and their orpauisation, rather



3.2 DETAILS OF THE TECINIQUES AND METHODS USED

3.2.1 ‘The collection of data

The first dawa collected was a pilot study with a consulting engineer, Mr AL
Gioldstein, It four sessions of about an hour and a half each. I sought to establish the
boundaries of what can be regarded as normal design practice in the South African
context, At the end of the interviews, he had deseribed the structural types connmon
in South Aftican practice, the procedures normally adhered to in practical design
situations, roles assumed by various parties on construction projects, information and
communication patterns and coniract types used in South Alrica. I followed up these
interviews of Mr Goldstein, with a single interview of Mr Bruce of Murray &

Roberts, 1o establish the contractor's normal practice in n similar way.,

Before interviewing the chosen respondents, 1 interviewed Professor Krige and Dr
Lunt at CSIR as “dry runs”. Both the pilot studies and the dry runs were conducted
as somi-structured interviews using only an interview guide « a list of toples to be
discussed. This was satisfactory at that point. but later proved inadequate for actual

respondent interviews.

The first attempt at expert interviews involved two respondents -~ Mr 1. Lemmer of
the South African Associauon of Consulting Engineers and Dr IL de Clerg of the
cottsulting firm of Van Wyk & Louw. The interviews with Mr Lemmer were
interrupted by a terminal illness after only two interviews. Those with D de Clerg
continued over 2 three month peric 4, before T terminated them to re-consider the data

collection process.

The semi-structured interview had been adequate For the pilot studies, but it became
appment on he dry runs that each jnterview took too long. It was assuned at the
time that this could be remiedied by taping the interviews, but this was wrong. When

the fnterviews with the experts commenved it was much worse, and the sheer amount
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Hence, the model allows the caleulation of an index of design error litelihood,
whose value is dictated by the simuiated events. This index is arbitrary but it is o

measure of the relative likelilioods of error in different situations, within the bounds

where the theory is applicable.

3.1.3 Using the theory for ~rror contrel

To generate models from the error causation theory that allow (he systematic
specification of error control systems. I used the Soft Systems Methodology (85M).
S8M (desenbed in 3.2.4 ahead) is an approach to system specification from the
premise that if one can isolate a specific viewpoint of why a system oxists, then one
can  determine what compouents of the system are logical, and their relationships.
This is the issue at stake in the existing error control models, The proposed theory
of desipn errors provide an understanding of the key mechanisms underlying
oceurrence and detection, in ench design error category. An error control system can
then be specified for any design ervor category, by assuming this system to exist for
the purpose of aidinghindering those mechanisms as desired. The process is
demonstrated by the specification of an error prevention system and an error

detection system - both for knowledge-based design errors in conceptualising (2.1.2),
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3.1.2 Using the theory for error prediction

After the theory of design errors was completed, it was used to develop an
illustrative model which predicts error likelihood by simulating the behaviour of
factors in the theory. A System Dynamics simulation software - STELLA - proved
to be suitable for this purpose. Systems Dynamics (section 3.2.3 ahead) is concerned
with trends in system variables over time, By representing the likelihood of a design
error as a system variable, the model simulates trends in the error likelihood in

response to systemt changes.

The experts were unable to quantify error-related probabilities. However, they casily
provided estimaces for the behaviour of systemic factors in the theory., These
estimates allowed the simulation of events in the firm over time, in a realistic
manner. For example, they could estimate how often their firm has large projects,
how long most of their projects are, how many times they have had to use contract
dravghtsmen ete. OF course, these were specific estimates for their own fim,
However, they provided a means of calibrating the error prediction model, so that

the occurrences of those estimated events can be simulated in g realistic manner.

For each factor and relationship in the theory, a mathematical expression was chosen
to represent some notionnl measure of the variables involved. Mathematical
expressions were chosen for their ability to reproduce the known characteristics
(reference behaviour) of that relationship, as simply as possible. These relationships
in the model were easier to model, than if one had tried to wodel error probabdilities
directly. Unlike error probabilities, these relationships are objectively well<known
phenomena - at least in a qualitative way. For example *breadth of experience’ was
measured on a notional seale of 1 to 10, with § representing *average’ conditions. It

was then modelled as o slowly-inereasing linear funciion of time".

"Expurigiice is hnown to prow as an S-curve [see for example Stewart & Melchers' medel i
2.2.2), bue over a relatively sheit span of tie it would e approximately linear.
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without necessarily citing occasions when this had occurred. The conclusions implied
in such a statement would then be regarded as tentative unti! corroborated by other

experts.

In effect, each respondent was drawing upon his personal experience. Since the four
respondents who served as experts were selected from the same Arm, their various
experiences derived from n similar context. Of course no two persons have identical
backgrounds in every respect. However, each of these persons had been assoviated

with that consulting firm and had worked together For several years,

The information from the experts was obtained during a series of unstructured
interviews with ¢ach individual. There were about 20 odd interviews in all, over &
period of several months. In the course of exch interview, the ideas and relationships
outlined by the respondent were sketchied out in cognitive maps, This provided o
visuzl representation of the discussion, that both the respondent and 1 could see. The
respondent could see from the sketches whether his statements had been understood.
On the other hand I was repeatedly ‘analysing' the information, using the maps to
clarify the ideas, This is the negotintive process required in the soft paradigm

(section 2.5.1).

Concurrently with the interviews, I was developlng the emerging information into a
theory, using the Grounded Theory methodology {see 3.2.2 shead). In this process,
the reminiscences and observations of the experts were stripped of their immediate
contextual seutings to identify ideas and concepts behind the observed phenomena,
and the inter-relationsitips of these ideas. Where the experts drew conclusions of
their own or inferred relationships between concepts, [ would question the experts
further to seek corroborntion . Hence, the theory developed was ‘grounded' in the
data, The use of cognitive maps and Grounded Theory are deseribed in section 3.2.2

ahead,
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{2)  Client organisations have the gieatest capacity to determine the project
organisation, but they also tend to be the least informed about advances in

the construction sector.

From these considerations, this study focuses on organisation-level systems rather
than broader institutional systems. Sysems pertaining to the structural design practice
are chosen. This is not to say that the institutional and climatological environment
surrounding the design practice is ignored, The distinction is that the environment

is consider.d to be only partially affected by my decisions.

A proper theory shoutd emphasize conceptual explanations rather than behavioural
or contextun! descriptions (cf 2.1.2). Hence. detailed understanding of causation
within a specific context is preferable to shallow understanding for a large number
of contexts.

The secondary objective of the methodology. will be the demonstration of how the

developed theory enhances error prediction and control,

3.1.1 Developing theory

In developing the theory the data of choice was expert opinions. This choice is in
harmony with recent trends in modelling buman error (2.2 and 2.3). and is
neeessitated by the lack of alternative data sources on a comparable seale. A case
study of the error expertences of n design team in a consultiug engineering firm, was
undertaken. It was not a study of errors that necessarily led to failure, but rather of
errors commonly encountered in everyday work. The respondents were not obliged
to refer to particular incidents, though they often did. Such anecdotes were important
in corruborating their conclusions, yet they were also encouraged to make general
observations. For example, an expert could say, "etrors in general arangement

drawings are copied to several other drawings, under sach and such a circumstanee”,
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The study was originally intended to focus on a specific design team in the
consultancy, for a specific project. Tt quickly became apparent though. that the
contposition of # specific team is not static. Projects tend to overlap in time, and
different persons will be considering different aspects of any given project at any one
time. It was more convenient to conceive of the design team in terms of persons who
tend to work on a particular project type. The boundaries of the team defined in this
way are fluid, but there are some persons who are constantly in the team, for given

structural types.

4.1.2 The expert respondents

Four persors were interviewed during the study, who form the core of the team
handling complex steel structures eg. mining headgears, containment structures ete,

These four persons are identified here by their initials as CJ, JP, FP and NC.

CJ is a parner in the consulting firm. He has over 30 years of expericnce in
structural steelwork design including periods with major mining houses, Educated at
technical institutes in the UK. he has worked his way up through the ranks and is
familinr with all the stages nf the design process. As a partner he is responsible for
getting work, client linisca and co-ordinating the others in the team. He bears the
responsibility for design concepts and is considered to be particulaily expert at

competitive design.

FP is n senior design draughtsman who usually acts as section leader on the team.
Theugh nominally a freclance dranghtsman, he spends most of his time working for
this consulting firm. He used to be a permanent member of staff’ Lefore the
consultaney reduced thelr stafl. FP has had 33 yverrs experience in droughting of steel
structures - the last 16 of these have been with this firm. As a senior design

draughtsiman, he is required o work from design ealeulations to produce GA
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These used to be permanent members of staff, but were let go when the finm ran into

financial problems. Other draughtsmen and engincers are red for specific contracts

as required - usually on large projects or when there is a targe volume of work.

The organisationnl
structure adopted for
most projects s
illusteated in fgure

4.1. A supervising

partner is
responsible for
administering  the

contract and handles

Supervising Partner’

AP D
Secliun . Lahd 2]
- tngineers

Leaduer

I rau phismen

Figure 4.1 ~Typicnl organisation of a design team in the
studied consulting engineering firm

the ligison with the

client and other design piofessionals. This partner is responsible for the overall
concept of the structure (in consultation with other partners). but would assign the
bulk of the “engincering” (calculations and member-sizing) to one or more design
engineers, The drawing side is coordinated by a section leader who would be a
senlior design draughtsman, The section leader is responsible for the (LA drawings.
and then co-vrdinates the production of detail drawings by other draughtsmen, Hefshe
may be assisted in either task by other ser qughtsnien, depending o the size
of the project, The design engineer is perceived as rendering a service to the deawing

office, aud the section leader is said to ‘run' the project.

The atmosphere in the firm is largely informal. The professionals show respect for
each other's judgement, and recopnise cach person’s arca of expertise. There is a
cultare of good quality work as the staff malaly appear to take pride in doing a good
job. On the whole, this consulting firnt enjoys a [airly good reputation in its areas
of specialisation, This is underscored by the fhct that many of its clientele are
themselves knowledgeable professionals who would have high standards, In the
competitive design market, surviving {firns have to be innovative and economy-

minded in approach, while retaining a reputation for good quality.
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over time, with increased spending on infrastructure, The present atmosphere in

constraction (in 1996}, is one of much uncertainty mixed with cautious optimisim.

The firm of consulting enpineers used for this study was formed in the sixties. fn its
present form it is a parnership of some five members, with a sixth retired member
serving ns an occasional consultant, The firm has been involved in civil engincering
and project management activities in the past, and more receatly in arbitration and
legal matters. Nevertheless, their aren of specialisation is the design of steel and
conerete structures. The desigm team studied within the firm is the tean: that handles

steel structures such as containment, mining and industrial structures.

Ou the steel design side. the consulting firm tends to offer a specialised service for
a wide range of jobs, Their clients include construction firms who are tendering for
projects on a design and construct basis. Such clients often reguire competitive
designs which will enable them to secure the contract. The economic downswing ol’

the Inst decade and a half has led to grenter emphasis on low costs.

The services provided by the firm will typically involve one, two or three phases:

(1) The ‘“engincering' phase, which refers to conceptual design, layout and
membar analysts/design.

(2

(3)  The duetailed drawings.

e

The preparation of general arrangemient (¢G.A) drnwings,

They will cither undertake all three phases or the first two phases. or only the

engineering phase.

The firm retains a small nucleus of staff on a permanent dasis - the five partners
carlier mentioned, and two or three senior engineers. It had previously been o much
larger firny, but like many other firms it experienced financial difficultics in the late
cighties. The administrative side Is handied by an administrative head who oversees
two secretaries, a messenger and a tea lady. Besides this nucleus, there arve theee or
four senior draughtsmen and senior engineers employed on a freelance basis, who

have close relationships with the firm. Some actually do all their work for this firm.
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CHAPTER FOUR

THE THEORY DEVELOPED IN THE STUDY

Inn this chapter, the methodology in sections 3.1.1 and 3.2.2 is applied to obtain
expert opinions, from four persons in an enginecring consuiting firm. In the first
section details are given about the firm, the experts and their background. In the
second, the cognitive meps developed for each expert are presented and described.
The provess of identifying categories is traced. nud finally the information iz

developed into a theory of design errors causation in the third section,

4.1 THE CONTEXT OF THE DATA COLLECTED
4.1.1 The consulting cogincering firm

In the late eightics and early nineties, the South African economy has been
depressed. ‘This has taken its toll on construction work. Large projects have been
relatively scarce and clients are much more cost conscions. The emphasis on low
costs has led to tighter monetary budgets and time schedules. These trends are even
more marked, when compared with the situation in the sixties and seventies. Then,
construction was hooming, firms grew rapidly, and good professionals were in
demand. The various consulting firms linve hiad to adjust to the times. each in their
own different ways, Recently, the pofitieal changes have fed to a perception of

instability, Yet, it is hoped that these some changes will lead to economic growth

%34



. Structuring of situations which could be messy, complex or inundated with
information.

. Cenerating understanding of the perspectives of others.

The developers of SSM themselves refer to it as an enquiring system « a means to
learn about a situation, Human activity systems do not really have optimal solutions
(cf. section 2.5.1). since human relationships evolve with titne, However, leaming
and the implementation of changes should ease problem situations. As relationships
evolve and fresh problems appear, the previous leaming provides a basis on which
to apply the entire process again. A second eflect of leareing is that it brings about
a change in our ‘apprecintive settings'. This last phrase refers to our readiness to
notice particular aspects of a situation, and to accept certain dspects as more
significant than others. Appreciative settings are condltioned into us by our previous

experiences, and will in turm determine our new expericnces,

55



In the di-graph representation, the elements of the conceptual model are short plirases
describing the activities tn the systenn, The clements are linked with arrows denoting
the logic of activity flow. Checkland {1981} suggests that a model should have
between five to twelve clements so the essential details can be castly grasped. These
activities would all be at the same ‘resolution level' i.¢., the same degree of detail.
Hence, a system including organisational factors, would not also include factors
personal to one individual, If it is necessary to explore succeeding levels, cach
activity in this first system is easily turned into a new (sub) system by writing a root

definition for it

OF the four fundamental traits of proper systems, (section 2.4.1). it is evident that
‘emergence’ and ‘hierarchy' are satisfied by reor defindtions and levels of resolution
respectively, To satisfy the other two traits of communication and control, the
conceptual model must always include control activities. Communication is assumed
to be diffused through all adtivities, Ciicekland and Scholes (1990) suggested three
types of criterin which the malyst could define within the model, for control

purposes. These are eriteria for measuring

{1)  Lfficiency - resources per unit output.
(2)  Effectiveness - the long term aims of the system must be mot,
{3}  Efficacy ~ ensuring that the provided means ({or the transformation) actually

work.

To these may be added other criteria such as ethiculity and elegance. depending on

the typ 2 of gystem.

Mingers and Taylar {1992) discussed the benefits of §SM. From a survey of 137

persons, the following benefits were mentioned.

. Providing a structured approach for the study.

. Aiding clarity of thought,
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. Tdentifying the necessary and sufficient elements (processes or activities) in

that system, and the relationships between these elements.

The second and third steps are modelling activities. The second step leads to a “root
definition' of the system, while the third leads to a ‘conceptual model'. A root
definition is a verbal sentence defining what a notional system st be, if it exists
for a specific reason or ‘transformation process’, The trausformation process is an
exprassion of a particular ‘weltanschauung' i.e. a view or perspective of the world
held by a person or persons, which is relevant to the situation, Checkland (1981)
proposed the mmemonic CATWOL to represent the essential ingredients of a proper

{well-formed) oot definition.

CATWOE stands for
Customers, The beneficinries (or victims) of the system.
Actors. The people operating the system,
Transformation. The process which is central to the system's existence.
Weltanschunung, German for “world-view' (perspective) from which the
transformation is desirable.
Gwuership. Those with power to implement or shut down the system.

Environmental constraints. The ‘givens' in the situation,

The second modelling activity (the third step above) is the development of
‘concepiual models’, A conceptual model is a di-graph representation of the
necessary and sufficient activities making up the system. The analyst lists the
nminimum necessary activities that must be carried out in the system, for the system
to be what it is said 1o be in the root definition, it is then possible to decide the
logical connectivity between activities by considering information inflows and
outflows. For each activity the questions are asked, *what informption is required as
jnput for this activity’ and ‘which activities will produce that information as their

own outputs?
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1990). In the more recent text, SSM is described as twa streams of analysis: a logic-

4

based strenm, and a cultural stream of analysis.

The cultural stream is the analysis of the context of the studied situation. fn section
.1, a description is given of the consulting firm from which the experts were drawn,

This is the context of their expertise,

In the logie-based stream of annlysis. the analyst is secking to determine which
structures and processes in the system are actually logical. from relevant viewpoints
Processes refer to the activities performed on such resources as information, capital,
materials ete. Structure refers to the relationship (physical or abstract), between the
various places where resources are stored or/and processed. For ex.mple,
organisation trees and desiga checking “systems' are structures, while design tasks

Are processes.

The emphasis of the logie-based siream is swnmed up by the question, “whet
activities are logical for a given viewpoint?' 8SM helps one to specify the processes
and structures required from a given perspective, and so leads to a judgement about
existing processes and structurcs. What it does rof do. is to specify a means or

technique(s) for each activity i.e., the how,

In this study I have emphasised the logic-based analysis, The logic-based analysis
was used to investigate the uctivities required for management of error risk. for some

categories of design crror. There were three steps in this approach, These are:

. Identifying views of the situation (the vonsulting firm and its operation). that

are relevant to the study (of design errors). This {s a *cultural’ aspect,

» Dutermining the nature of # human activity system that depicts each given

viewpoint.



In most instances, the ‘type of variation' was easy to assess since one was now
dealing with elements with gueditatively well-knows characteristics’”. Typical values
of course are anly typical with respect to a given context. The values were selected
to be typical for the particular consulting firm from which the experts were drawn,
The experts were able to supply the required values easily in most instances :the

secondary data described in 3.1).

In the simulation phase of STELLA, state variables such as stocks or levels (design

etrors in this case), are monitored to see their response to system changes over time.

3.2.4 Exploring system logic with SSM

As with error prediction (3.2.3), it was also necessary to demonstrate that the
proposed theory of design error causation (produced via cognitive maps and the
Grounded theory method - 3.2.2), will enhance the process of ervor control, For this
purpose, illustrative models of error prevention and detection systems were

developed. This was done using the Soft Systems Methodology.

The Soft Systems Methodology (SSM), is & means of exploring the logical
implicattons of a particular perspective of some ‘purposeful’ human activity, while
taking explicit coguisance of the activity's context. As such, it deals solely with
human activity systems. SSM was developed by resenrchers at the University of

Lancaster over the last 30 years (see Checkland, 1981 and Checkland & Scholes,

"For example. it is qualitatively clear that “time pressure’ as o Faeling, will dopend on how much time
is [eft for design (time Joft) and how nuch work is yet undone (outstanding work). Honve, [ chose to
mode] time pressure a8 a linear function of time oft and outstanding work. The exact slope and abscissn
are not critieal to the model, since the object is to provide a comparison between error likeliloods in
different situations. v nodelling certain patts that deal directly with eeror bebaviour, relationships wore
not “qualitatively cloar® since these were lutherto fuzzy iy nature. However, the proposed theory now
provided qualitative information on these.
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Figure 3.2 - Elements in a typical STELLA structure diagram

There are three steps to modelling in STELLA, and each of these are usually
inductive when modelling soft systems i.e., modellers rely on subjective judgements,
The first step is to lay out the various elaments; representing each relevant variable
with an element, and showing the relatior dips with arrows, (Large numbers of
interconnections between elements are not easily implemented in STELLA. The
modeller is therefore forcad to setect dasie causative mechanisms and ignore more
secondary relationships). The second step is to define the behaviour of each element
as a mathematical form or ‘model’ e.g. lincar, exponential ete, Thirdly, the values of
the parameters for the mathematical form must be specified e.g. slope and abscissa

for a linear mode!l.

In this study, the theory I derived from the experts provided the basic causative
mechanisms for the first step in modetling. The two othe, steps were subjective, In
carrying out the two subjective steps, a reference bebaviour was first defined for the
element (High Performance Systems, 1994). Ouce a reference behaviour was
established for an element, the mathematical model and its parameters could be

chosen to reproduce the desired behaviour.

The phrase ‘refereace behaviour' indicates the fipe of variation expected (say over

time for example). and also the npical values under *average' or *normal' conditions.
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3.2.3 Predicting trends in error likelihoods - System dynamics & STELLA

After the proposed theory of design errors was developed via the Grounded theory
method, it became necessary to demonstrate that the theory does enhance the
prediction and control of error. An \Lustrative error prediction model was developed

using STELLA - 2 System Dynamics software {see 3.1.2).

System Dynamics (Coyle. 1977), is about the study of adaptive behaviour in
organisations i.e., how an organisational system maintains dynamic equilibriun with
its environment, In soft and complex systems, the intricate and vague interactions
make it difficult to determine the effect(s) of any one input or system change.
System Dynamics is a technique that allows the prediction of the system's response
over time, by modelling the causative factors and simulating their behaviour.
STELLA (High Performance Systems, 1994}, is a software package that enables one
to carry out the modelling and simulation on a PC, and it is particularly useful for

‘soft' systems,

Structure diagramis are the main graphical representation used in modern System
Dynamics models, (Sce for example Cellier 1991, - chapter 11). The main elements
in a structure disgram are system state variables called levels or stocks, and flow
rates, Stocks are inventories of resources within the system, while flow rates model
msowrce inflows and outflows. A third clement type called an auxiliary or a
couverter is added to aliow the carrying out of celculations, to hold values for
variables, and to enhance clarity. Arrows are used to link the - -.-~us elements

according to prescribed rules, to demonsirate relationships,

In STELLA, double arrows represent resource flows, while single line arrows
represent cause - effect relationships. The stocks are squares, flow rates are circles
with spigot valves, and converters are simply circles. Wihen a resource originates
from outside the system, or ends up outside the system, then the sources and sinks
are depicted with lite clouds. These various elements are demonstrated in Figure
3.2 below.
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conditions or intervening conditions. (Intervening or trigger conditions are those
which are not necessarily present when the central phenomenon occurs; but when
they are present, they alter the likelihood and outcome of the phenomenon). The
selected categories of design error in section 2.1.2 emarged during this process. as
the concepts were clustered round themes pertaining to the mechanisms of

occurrence. This led me to seek an explanation in cognitive processes (Appendix A),

In the second phase of axial coding, the analyst seeks to ideuntify mentioned
action/interaction strategies to manage the phenomenon in the central theme (design
etrors), over time, For each action/interaction strategy, it is important to determine
its goal or purpose, likeliiood of success and consequences. The weakness of this
technique in prescribing control actions, lies primarily in the fact that only actions
cirrently in use can be considered, This allows one to assess current actions vis-a-vis

the central concept, but does not help in a systematic development of new actions.

Selective coding is the third coding procedure. At this point, the core category is
systematically related to all the other categories, in much the same manner as for
concepts within a category, in open coding. At this point, a lot of emphasis is placed
on validating eacli relationship from the data, and on identifying feasible patterus of
action contexts, Selective coding ends when the theory can be laid out in narrative
form or diagrammatic form. I reaily did not develop the aspect of action contexts (for
the reason given in the last paragraph), preferring to use the SSM teclinique for this
aspect,

The cognitive maps for the four experts were subjected to these coding procedures,

to yield a theory of how design errors occur.
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often take the form of glips (e.g. missing dimensions, slips of the pen ete.). However,

there will also be mistakes which arise from the application of draughting rules {e.g.

use of wrong convention for 2 weid ).

From the above cousiderations, it was proposed in 2.1.2 to categorise design error

into six types. These are:

n
(2}
&)
(4
(%)
(6)

Draughting slips +Type VI).

Calculation slips and lapses (Type IV).
Rule-based deaughting mistakes (Type V) &

Knowledge-based mistakes in conceptualising (Type I).
Rule-hased mistakes in conceptualising (7" pe II}.
Rule-based mistnkes in computation (Type III).

Fable 4,2 - The occurrence of design error types in typical stnges of a design

project

DESIGN ERROR
TYPES

TYPICAL STAGES IN A DESIGN PROJECT

R4} muistahes - typo 1T

Structure Member Dwsapn | Conneetion Design | General Arrange-
Coneeptuatisation et & Dotail
dwg
K-I3 mistakos in \/ V! \r”
feoneaptualising - type I
R-B mistakes in \/ 1/ \/
feoncoptualising - type Ii
Computation \/ \,f

Culenlation
slips & lapges - type 1V

Dyravghting
R~} mistakos - type ¥

Diroughting

K-B - Knowledge-based: R«B - Rule-hased.

Suppose a desipn project is divided into Four stages: structure o .eptualisation,

member design, connection desipn (which could be done by draughtsmen), and

T




different depree). The conceptual categories of this genetic muodel are described in

Appendix C.

43 A THEORY OF CAUSATION FOR EACH TYPL OF DESIGN ERROR

4.3.1 A further considerstion of design error classification

It is convenient for this study, to divide the design of a structure into three types of
work activity - conceptualising, selecting/ealculating (of both member and connection
dimensions), and draughting of general mrrangement drawings and details,
Responsibility for vich type of activity is typically spread actoss different phases of
the project, and may be handled by different persons.

Conceptualising or the appreciation and characterisation of structural behaviour, is
carried out at three levels: for the entire strueture; for individual members; and for
cach connection. OF the three cognitive processes of planning, storage and execution
(see 2.1.2 and Appendin A), conceptunlising involves ouly planning. As such,
conceptualisicg may be either rule-based or knowledge-based, Therefore, errors in

conceptualising will take cither of the two mistake forms.
The selection and caleulntion of both member and conngetion sizes, will involve hoth
planning and execution (2.1.2). Therefore, there will be slips" associated with these,

as well ns mistakes, Much of draughting is skill-based”. Hence, draughting errors will

=y

*Hencatodh, T will mention only ‘slips’ and this can be then W refer to both “ips' and "lapses’

*I distinguish between those "desimt’ tasks carsied out by daughtsmen (e membr sizing from
tahles), anel pure drzuphting.
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Table 4,1 summarizes the relationship between the element groups in the cognitive
maps and the seven conceptual categories. The conceptual categories are themselves
divided into three types - those related to the ‘environment’ surrounding the design
team; those related to the behaviour of individuals making up the team: and those

relating directly to design errors,

Figure 4,10 shows hiow all the various conceptual categories are related to one

another in o general manner.
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Figure 4,10 - Conceptun) eategorization of elements in the cognitive maps - o

generic niodel

The conceptunl categories and their relationships are outlined in figure 4.10. This can
be regarded as a generic mudel of causality for design errors. This model sugpests
that design errors are to be viewed. as the result(s) of interseting *weahnesses' in the
abilities and states of mind of the individuals carrying out the design, Those
weaknesses themselves ave only present and are more potent or less poteat,
depending on the “environment of design’. The environment of design is dotermined
itt turn by the wider project organisation, which is not included in the model, This
madel implies that the task of the consutting firm's leadership {vis-a-vis crror), is to
mediate the interface between the project atd the individuals, (Project characteristivs

change from one project to anothier, Human behaviour is alse dynamiv, though to a
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» The characteristics of information {input into the design process) e.g. wrong,

late ete.
. The availability of time for structural design,
. The effects of revisions, corrections and other work delays e.g. due to low

productivity or extensive document checks ot some projects,

. The work-reluted abilities of members of the design team e.g. experience,

understanding of the material, competence ete,

. Attitudes adopted by the members of the design team, and other concepts

related to their states of mind.

. The various design errors themselves, and

. Error detection, mainly by checking - both formal and informal,

These coticeptual fnbels are my cholee of wrms to describe the ideas which seen to

be the common traits of various groups of elements, Appendix C describes the exact

meaning of each label (ns used here), and explaits which ideas and concepts are

incinded within each label and the boundarics of each conceptual category.

Table 4.1 - Relationship between the groups of elements in the cognitive maps
and the conceptunl entegories
ENVIRONMENT OF INDIVIDUAL IN [ERROR
DESIGN THE TEAM PHENOMENA
Cognitne
mgpy | Informatn [ Time | Work delny| Waork | Attitude & [ Design Error
Xieristics ; Avalinble | & vovislons | abilitles [ mind state |  evvors tletection
p Enpr! d'men Careloss= | Faulty Desiyn
vonImuicti ness vonnectos  [eale check
B information {Produstion | Daien Staffing & |Attiedes  (Drraes in | Drawing
ucetls mte lime  Jehangues campetsice drawinps  Juhechs
NC o [Comnna- | Time Material Lvror typou | Nelfecheck
] ation pressire understamd. Liv&v!
oy liwereet  [Tog litthe  {Revasions | Expetiviee [Mental All erior
information {tinye aftituckes  oypus

48




The tast map in figure 4.8 is the one developed for CJ. This is the most elaborate,
having 39 elements in 68 relation<ips. che main element groups are stnmarized in

figure 4.9,
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Figure 4.9 - The main groups of elements in CJ's map, and their relationships

4.2.2 A generic model of de.ign error enusation

The groups of elements in figures 4.3, 4.5, 4.6 and 4.9 reflect the first attempt at
eategorizing the various map elements. The open coding process of grounded theory
{section 3.2.2) led to o simpler categorization of the map elements into seven classes,
These new *conceptual categories’ evolved from the interview process as T tested my
initial impressions on the expe.is. For example, further questioning revenled that the
eftect of matntenance (in figure 4,9) was not directly related to design error - at least

not by the definitlon in section 1.5,

The seven conceptual categories that emerged from the opet coding process were:
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NC did not really develop the relationships between the groups in his map, This may
reflect the fact that fewer interviews were held with him. The error types deseribad
in figure 4.7 are termed by NC as conceptualization, arithmetic errors and
draughting/detailing etrors. In the desigu error categories of 2.1.2, these correspond
to type I knowledge-based conceptualization mistakes, type IV caleulation slips and
types V and VI draughting errors respectively.
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Figure 4.8 - The cognitive map developed for C'J
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The cognitive map for NC (figure 4.7), has 46 clements in 34 relationships. He has
had the longest experience of all the experts, and spent a considerable portion of his
career in managing the design process. This shows in the clarity with which his ideas
are presented. His description of self-checks of design ealeulations is a succinet

example of this. [ have divided the elemeats in his map into six groups in figure 4.6
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Figure .7 - The cognitive map developed for NC
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The map for FP in figure 4.4 has some 42 elements in 53 relationships. The
difference in perspective between FP and JP, is immediately evident. JP is a design
engineer while FP is a senior design draughtsman, aad their concerns are very
different. In keeping with the organisational arrangement adopted in the firm, FP
handles queries from clients. This leads to a greater awareness of the influepce of
external parties. The ‘errors of desipn’ in FP's map are the type V draughting
mistakes in the proposed classification of errors {2.1.2), while ‘errors of fit’ refer to
type VI draughting slips. The main groups of elements in figure 4.4 and their inter-

relationships are summarized in figure 4.5.
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Figure 4.5 - The main topics in FP's map, and their relationships
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Figure 4.6 - The main groups of elements in NC's map, and their relationships
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different nuances in meaning. In the later stages of analysis therefore, the map
elements could be manipulated within conceptual categories with contidence, At this
initial stage however, names were only changed in a few cases where 1 perceived

two or more experis to be using similar words for dissimilar phenomena.
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Figure 4.4 - The cognitive map developed for FP
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groupings were either identified directly by the expert (round some key issue). or
became obvious from the extont of atteation given to an issue by an expert. The first

tentntive names given to the groups are as follows.

. Checking of design caleulations.

. Communication between designers and draughtsmen.
, Faulty connections,

. Carelessness.

Figure 4.3 below summarizes the relationships between these groups. and so
summarizes the map in figure 4.2, The group names in figure 4.3 are colour-coded

to match the circles denoting groups in figure 4.2.
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Figure 4.3 - The main groups of elements in JP's map, and their relationships

JP makes reference to three of the error types adopted in section 2.1.2 - computation
slips and mistakes (grouped together), and rule-based mistakes of characterisation in
the design of connections, These are error types I, IV and II respectively (2.1.2).
OfF course the proposed error categorisation was not fully developed tifl late in the
study, and the names used in the maps do not fully reflect those distinctions.
However, the context and the linked elements made it possible to distinguish which

error type the expert had in mind, for each nieation of error,

As much as possible, the names used in each map are the actual phraseology of the
expert. As explained in 3.2.2, p meaning was ‘negotinted” for each term in the

intervicws. This negotintion process made for very explisit understanding of the
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42 DEVELOPING THEORY FROM EXPERT DATA

42,1 The cognitive maps

The cognitive maps for each of the four experts are presented in this sectior As will
be seen, the maps for different individuals differ in level of elaboration, complexity
and emphusis. The maps here are cleaned up versions of the ones developed in the
study, so as to enhance understanding, A comparison between the maps and table
2.1, shows that the experts collectively touched ot most error risk factors in the

literature - though sometimes doing so indirectly, or using a different term.
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Figure 4.2 - The cognitive map developed for JP

The map for JP in fipure 4.2 has the fowest elements, and so is the ensiest to
understand. There are 26 efements there, in 27 relationships. These may be grouped
loosely into four main groups (shown with different colours in figure 4.2). though

some elements are common to two or more groups. As explained in 3.2,2, these
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drawings, and then to check or approve shop details to ensure they are in accordance
with his drawings. When he acts as a section leader (on Iarger projects), he takes on
the ndditional responsibilities of co-ordinating other draughtsmen and answering

queries from clients, He is regarded as an expert on draughting of silo designs.

NC is a freelance design engineer working for the consulting firm on a contract
basis. Though only working there occasionally, he maintains a good relationship with
the firm and is considered a member of their staff. NC retired from a position as
chief design englaeer with a large organisation in 1980, by which time lie already
had 8 years of experience in the industry. He also rose through the ranks - stariing
as a fearner draughtsman - and holds technical qualifications, Besides freelance work
as & private consultant and with this firm, he has been involved in drafting codes,

manuals ete, with the Southern African Institute of Steel Construction (SAISC,.

JP is an in-house design engineer with the consulting firm. He was educated at

various technical institutes in the UK, and has had long experience in design.

The unstructured interviews with these experts vielded two forms of ‘raw' dats. The
primary data (from about twenty unstructured interviews over a three to four month
period - see 3.2.1) are the cognitive maps recording each expert's opinions and
experience, Secondly, quantitative estimates of the likelihood of occurrence for some
factors previously linked to design error causation, were a secondary type of data
(3.2.1). This secondary information was obtained in later interviews (four or five)
with CJ and FP after the theory of design errors was developed. Those quantitative
estimates are specific to this consulting firm and would obviously differ for other
firms. As such, I have used those estimates to calibrate the illustrative error
prediction model (sectton 5.1 ahead), but the raw values arv nut presented, The

cognitive maps are presented in the next section.
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concepts and the member sizes must be communicated to the draughtsmen. Most

draughting mistakes result from a poor communication of the concepts.

Type V errors are what FP refers to as ‘crrors of desipn’. These will normally affect
connections, member sizes and leading dimensions. As such, type V errors have

consequences for the integrity of the structure,

Error context and intgrvening conditions
There is no obvious context given for type V errors in the interviews. One
intervening condition thet is mentioned by almost all experts is the effect of physical
distance between the design ungineers and (some of) the draughtsmen, When some
or nll of the draughting is carried out at n different location from the
conceptualization  and  coleulations.  opportunities  for  communication
misunderstandings inerease. As mentioned betore {(4.3.4), designers varely state all
their assumptions explicitly. Hence, the draughtsmen often clieck their understanding
of the coneepts in informal contacts. This is areatly facilitated by physical proximity.

A rlaed condition is the situation where the designers and (some of) the
draughtsmen, are not used to working with cach other (FP & NC maps). This could
be because they are from different organisations, or otherwise because the
derughtsmen are only employed for a particular project - contract draughtsmen.
Ditferences in symbols and terminalogy employed tend to increase the opportunitivs
for misunderstandings. Personality clashes and a desire o avoid looking incompetent
can aggravate such communication gaps. Hindrances to communication have been
particularly problematic when draughtsmen design unusually loaded connections,
Competitive design situations are more likely to fead to highly loaded connections

and son=standard connectiotis.

Contract draughtsmen nuay produce other opportanities for type V errors, Their skills

are varialde, often unhuown quantites. and they require differing amounts of



Error context and intervening conditions

Caleulation slips and lapses result from insufTicient attention at ¢ritical points. There
is no single contextual condition identified for this in the interviews. However, there
are intervening conditions, One of these is a feeling of pressure due to time

constraings, or to events in the wider society (map for JP).

Fatigue also tends to affect the likel hood of caloulation slips and lapses, as with type
T errors, In this ense, the effect is evident even at fow levels of fatigue and mny not

increase appreciably nt higher levels.

As mentioned above, the wse of sophisticated caleulation aids will decrease the

opportunitles for type IV arrors.

Action strategies

Calcuiation slips are casily detected by the same person committing the error, though
this is affected by the complexity of the structure (see NC's map). Omissions are far
less easily spotted, and are also not amenable to independent chechs. Checkers will
often go through a design sheet, and overlook the same thing the designer
overlooked. The provision of memory 2ids such as checklists should help prevent
lapses, Reminder messages can be posted at critical points in computer programs

and design manuals, to help the self-detection of both slips and omissions.

43.6 Type V design cerors - Draughting rule-based neistakes
Causative mechanisms

The rule-based portion of draughting has to do with recopnising the nature of the

structural design, and understanding how it is to be represented. The structural
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$.3.8 Type IV design orrors « Calculation slips and lapses

Causative mechanisms
Some of the work in analysis is simply the routine manipulation of numbers. Much
of this number manipulation will be carried out in a semi-automatic fashion by most
persons, as the precess is familiar and the rules are mainly internalized. Analysis

requires conscious concentration at other times, but this is relaxed during the routine
manipulation of numbers, IHenvce, it is casier for one’s attention to wander, This ix
all right if the person brings histher attention back to the task at regular intervals to
keep the task on track, However, if a necessary attention check is omitted, the task
could go in an wiintended direction. The tendencey is to earry out soine other familiar
routing rather than the intended one, or to omit some aspeet of the intended

sequence. These slips und Inpses are type 1V errors,

Type IV errors thercfore are the result of carclessness (Insufficient attention) at
required points (see the cognitive map for JP). They will manifest as slips of the pen
and memory lapses during routine manipulation of numbers. Numbers may be
transposed. decimal points shifted, reading (or writing) wrong figures from tables,
or even applying the wrong mathematical operation. Mis-writing (or rending)
formaulae is nlso a common occurrence that belongs in this category. Such slips
commonly fead to inadequate (or over-adequate) member sizes, as with type Il
ervors. It is possible that an inadeguate member size could lead in tuem to partial or
total collapse, but in most eases, serviceability problems are more common ..
excossive sway or deflection. Perhaps this is because the need to standardize member
sizes lends to large "reserves” in member strenpth for some members. Hence, failures
are more common in structures such as silos where the effect of standardization is
less pronounced. Besides, as mentioned in 4.3.4, major. significant errors in member
size are probably obvious to designers, even with only a few years of refated

experience (see maps for JC & FP; and also N on self-chocks),

In type IV errors, the emphasis has shifted completely from “abilities' in the generic

mode! (section $.2.2), to “state of mind' factors,
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for a long while. Tlie more sophisticated the computation aid or programme, the less
transparent its opetations will be to the designer. Hence, the less likely that in-built
errors will be detected, A related condition is the use of soltware or manuals with

poorly written documentation, which encowages procedural type 111 errors,

High levels of fatipue will also affect the likelihood of type 11 errors, Such high
Fatigue levels result from long stretches of working without breaks under conditions
of high pressure and/or low morale (see map for FP). Projects which everyone kaows
to be running at a loss, or on which the client is disliked or the deadlines are simply

impossible, are stronp erndidates for {ow morale.

Action strategies

Computation mistakes are more easily detected than the first two error types. The
ease of independent detection is aftected by the Fact that designers will rarely state
all their assumptivns explicitly (IP's map). Hence, the adoption of standard
comprehensive formats for reconding caleulations makes independent error detection

likelier,

Training can have a significant impact on computation mistakes, particularly with
regards to software and eompatation aids. People come to understand the capabilities

and limitations of their aids better,

The present industry requirement of a mentor ship period for newly-gradunted
engineers tends to be peared towards teaching them to avoid error types I and 1V,
As the caleulations of these pupil engineers are checked. they leam to adopt
systematic routines and develop an eye for obvious errors. Apparently, this systens
is dying out (see (J's map). As a result of the feaner economic climate, consulting

firm principals consider the time investment to be too high.
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are & neeessary part of both conceptualising and analysis. Hence, any taeit
assumptions in the chosen analytical rules must mateh the assumptions in the
conceptual models, When there is a mis-mateh between these two sets of

assumptions, a type ILI error has oecurred.

Like type II errors, type 111 curors are mistahes in pattern recognition (conceptual
model asswmptions). or remembering the cocrect solution (the appropm iate analytical
model). Common type 111 mistakes are the use of inappropriate Formulae {or
computer programs), incorreet application of an analytical procedure amd the
mistaterpretation of analysis results. These errors will usually oceur during the
member design and connection design stages. Henee, the consequences of such errors
will range from serviceability problems due to inadequate members, to fatlure of
cotnections, (See the map for JP). Such errors can also result in member fhilures, but
these are only likely with unusual or/and complicated sttuctures. (On standard
structures, large errors in member dimensions tend to be obvious - more so than

errors in connection details).

Error context and intervening conditions

If the error stems from non-recognition of the critival assumptions in the conceptual
modal, the contest is usuafly one of poor communication of the concepts, {This is
Dbrought out indireetly by NC in his reforence to *commuaication misunderstondingy’

when detecting type II1 errors). If the weakness is in the analytie procedure chosen.

then the context is one of poor training or education vis-n=vis that structural type,

The use of computer programs, calculators, design manuats and other computation
nids, are a common intervening <ondition for type I errors. The use of a
compurtation aid tonds to speed up aud automate the computation proce-s, reduving
the likelihoods of caleulation lapses and slips (type IV errors). As a second beneit
it refieves the time pressures on the design engincer. Unfortunately, people tend to
aceept computation results at face value, If u program includes n bad rule or a mis-

written formula (a type [T error by the programmer), this could easily go undetected
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to untidy solutions. Gbviously, process engincers are less likely to have experience
i structural layout (smatl rule base), and also tend to interpret the structural goals

only from a process perspective.

Action strategics
The prevention of type II errors is dependent on the provision of larger rule bases.
This may require broad strategic decisions such as personuel selection/development
policies, to cultivate broad experience, Career development planning is likely to be
fruitfil here. This would not be simply going for a single course or the occasional
seminnr, Rather, it requires a deliberate grooming of individuals over several years,

to ensure wide exposure in certain project types.

The provision of rule bases may also be emried out at the tactical level, with extemal
rule bases, Exnmpiles of extemal rule-bases are office cesign manuals, expert systems
amnd records of how previous design concepts wers arrived at and how they
performed. (As mentioned efore, firms rarely document the details of how and why
concepts were arrived at. This is different from recording the concept itself in terms
of form, load paths and assumptions made). A design code can also serve as a rule-
base at a generalized level. Hence, the provision of design codes at a suitable level
of specificity can be a strategy For error prevention at the institutional level.

Presently, few codes or office manuals address the concepts in any detail.

434 Type 1 design ervors - Rule-based mistales in computation

Causative mechanisms
Onee the destgn concept (or a part of it} is fixed, the designer applies analytical rules
(formulae & procedures) to purtions of the model, to estimate dimensions and

confirm the suitability of preceding steps. Idealizations and simplifying assumptions
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4.3.3 Type IT design errors - Rule-based mistakes in coneeptualising

Rule-based conceptualisation is a model selection process. The individual is looking
for cues in the structural problem to guide him/her as to which model fits best. In
knowledge-based conceptualising the issue is problem comptehension; here the issue
is pattern recognition, The conceptualiser recognises a familiar pattern in the
information, and he/she remembers which structural model is applicable, Type 1T
etrors arise when the pattern that is taken to be important is the wrong one (similar
to problem comprehension for type I ervors), or when the model in the memory is

wrong. In the first case a good rule is wrongly applied: in the other the rule is bad.

Rules are available in the memory when the individual has seen several such
structures, solved in various ways. Hence, the context of type Il errors is the
experience of the individual - both with a structural type and with the material of
design. (The import of experience here is not length of years, but breadth of
oxposure relevant to the problem. The broader the relevant experience of the
tndividual, the larger the rule-base), This is clearly brought out in NC's map where
inexperience is relerred to as ‘lack of knowledge', and the material aspect is called

‘a feel for the material',

As mentioned before, problem recogaition in type IT etrors is analogous to problem
cotprehension for type [ errors. As with problem comprehension, problem
recognition is affected by (he characteristics of the information itself. Therefore
wrong or missing information would have an intervening effect similar to that
deseribed for type 1 errors, CJ mentions a peculiar problem which he referred to as
"too much information”, On structures housing provess operations, clients typically
get the process engineers to design their aspects first. In some cases the process
engineer could go ahead to stipulate the structural layout. This becomes problematic

if the stipulated layout is chunsy, since the structural engineers are then constrained
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have to use knowledge-based reasoning, they are mugh likelier to make mistakes
than with rule-based conceptualising. (Conceptualisers need to anticipate how their
concepts will be implemented in successive stages, and this is best done by rule-

based reasoning. Also see Appendix A).

Type 1 errors are difficult to detect (Appendix A). Detection by others is easier if
that aspect is rule-based for the checker ie., it is within hisher experience. OF
course, with innovative structures this is very unlikely, It tends to be true that areas
of weak or untidy conceptualization are casily identified, However, one can rarely
show that these will critically affect the structure, Self-detection only takes place if
the conceptualiser adopts a systematic problem solving appreach which includes
petiodic checks. Since the work is knowledge-based and so is quite out of his/her
experience, ¢ rors are not very visible, People can be taught to be systematic in their

problem-solving approach, but this may be related to individual temperament.

Except for cases where the . .ecker is considerably more cexperienced than the
designer (larger rule base), independent checking of concepts is inefficient and time-
cousunting. If the checker is also adopting knowledge-based reasoning, he/she can
only check to sce if the processes followed in conceptualising were logicnl and
systematic. Unfortunately, the thought processes of conceplualising are difficult to
describe. Phenomena such as groupthink and tunnel vision'' are actually far likelier

with type I errors.

On the side of error prevention, a possible strategy is the management of information
flows from other partics. (These other parties are not always clients or other
designers, Connection conceptualising for example, may require information from
colleagues in the design team). For example, a firm could allocate someone full-time
to clieut fiaison on ‘information-risky' projects, such as fast-track jobs. Systematic

problem-solving is a tactical means of error prevention,

“These phrases refer to situations of decision making where decision makers igsore seemingly
obviaus aspects of a prablem, that would atfect ducisions takon. Tunnel vision is wed For eases whete an
individual foeuses an one aspect and so losex sight of others. Groupthink (coined by 1. Janis) refers to
situations of group decisions whate peer influences niabe some members sitent to aveid being difforont
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only erroncous if it differs from ncceptable practice - given the quality of information
available, This would not detract from the responsibility of the designer to proceed
‘with reasonable care’, which reasonable care may involve secking and checking
information). The effects of judgement and correct information availability would
overlap i.e. someone might emphasise non-critical aspects of the theory because of

poor judgement, or because of wrong information, or both.

Pressures due to insufficient time for design nlso affect the likelihood of type !
errors, (See this in CI's map). There are two mechanisms involved. On one liand,
such time pressures can lead to insufficient consideration of alte.natives during
conceptualising. This is likelier to manifest as clumsy or inefficient concepts, rather
than outright unworkable cnes. On the other hand, the feeling of pressure may affect

the judgements of individuals to differing degrees,

A more subtle intervening condition is the occurrence of clumsy concepts at an
earfier stage in the design, CJ recounted a case where he was called in to check o
design by another firm. Some of the member concepts were extraordinarily
convoluted and he sought to change them. It became apparent though, that the
designer of the members had to resort to those unnecessarily complicated mensures

because the concept for the overall structure was quite untidy.
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how often such errors occur or are likely to oceur. However, it is clear that
opportunities for knowledge-based mistakes will be relatively fower than for other
types, This is because conceptunlising usually requires a relatively small proportion
of design time, and much of the conceptunfising will be rule-based (also see
Appendix A). When conceptualising, individuals prefer to ‘rulc-mateh’ - searching
their minds for similarities to previous projects. People will only resort to
knowledge-based reasoning when they have no choive. The oppottunities for type 1

errors will be few, but the error/opportunity ratio will be very high. When people do
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directions, omitting loads or relevant limit states {not hecause ene forgot but because
their relevance was not appreciated). or even an unsuitable layoul. An expert
deseribed a case he was involved with, where a well-respected UK firm proposed a
restraint system which was a mechanism (and woutd not edmit their error till it had

beon adjudicatad by a professional body).

A related phenomenon, is the use of *clumsy' concepts and details. These last are not
errors in themselves, but can have consequences for other error types - notably

computation mistakes.

I the generic model of figure 110, all design errors result from individual
weaknesses in abilities or/and states of mind, Type [ errors result from weaknesses
in abilities - in this case, the ability to comprehend the essential details of a
structural problem, This can be seen in the cognitive map for the expert NC (figure
+.4), whore the phrase “conceptualisation errors' refers to type [ design errors. There
was no evidence in any of the interviews linking such conceptualisation ervors to

*state of mind' Factors such as morale, carelessness ete,

Context and Intervening conditions

Ability to comprehend a problem will always be linked to the complexity of the
probiem. Hence, the context of type I errors is the complexity of the strueture (or
menther) to be designed. The effect of complexity is variable, since individuals differ
in their capacity to cope with complexity. Morcover, training and exposure (leading

to good or poer judgement) will affect this capacrty.

Sometimes, an ndividual's inability to grasp essential details from dte information
ix bevause the information itself is deficient. In CFPs map (figure -4.5), he identifies
wioag information and new unforeseen foads (e p. unforeseen loads resulting from
pont mgintenance), as leading to layout and conceptualisation crrors. Ilenee, the
el vacteristies of the information given is an intervening condition that can affeet the

likelihood of type T errors. ¢There ix a distinetion 1o be drawn here. A concept is



directions, omitting loads or relevant limit states {no. because one forgot but because
their relevance was not appreciated). or even an unsuitable jayout. An expert
tescribed a case hie was involved with, where a well-respected UK firm proposed a
restraint system which was a mechanism (and would not admit their error till it had

been adjudicated by a professional body).

A related phenomenon, is the use of ‘clumsy' concepts and details. These last are not
errors in themselves, but can have consequences for other error types - notably

computation mistakes.

In the generic model of figure 4.10, all design errors result frorc individual
weghnesses o abilities or/and states of mind, Type I ervors resull from weaknesses
in abilities - in this case, the ability to comprehend the essential detnils of a
structural probiem, This can be seen in the cognitive map for the expert NC (figure
4.4), where the phrase ‘conceptualisation errors’ refers to type [ design errors. There
was no evidence in any of the interviews linking such conceptualisation errors to

‘state of mind' factors such as morate, carelessness etc.

Caontext and_Intervening conditions

Ability to comprehend a problem will always be linked to the complexity of the
probtem, Hence, the context of type 1 error complexity of the structure (or
member) to be designed. The effect of complexy ,  ariable, since individuals differ
in their capacity to cope with complexity. Moreover, treining and exposure (leading

to good or poor judgement) will affect this capacity,

Sometimes, an individurl's inability to grasp essential details from the information
is because the information itself is deficient. In CJ's map {figure 4.5), he identifies
wrong information and new unforeseen loads (e.g. unforeseen loads resulting from
poor naintenance), 48 leading to layout and conceptualisation errors. Ience, the
characteristics of the information given is an intervening condition that can affect the

likelihood of type I errors. (There is a distinetion to be drawn hete, A concept is
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draughting {of general arrangement drawings and details). Then one can associate the

proposed design error types with the design stages. as in table 4.2 above.

The seven counceptual categories of the generic model in figure 4.10 are tiot equa v
relevant to each of the six design error types. Lach design error type had to be
considered against ihe generic model, so that a specific theory of causation was
gvolved for each error type. In the axial coding process (section 3.2.2), the concepts
and elements related to each error type were identified as cither basic causative
mechanisms, contextual phenomens or {outcome modifying) intervening actions, The
resulting theory is presented in narrative form for each ecrror type in turn, in the rest

of this section.

43.2 Type 1 design errors - Knowledge-based errors in conceptunlising

Causative mechanisms

Knowledge-based mistakes are generally due to the individual's inability to hold
every facet of the problem, in hisfier working memory at once. Type I errors take
place during the conceptualising activity. when the individual is transforming real-
world information into a relevant structural model. This could be for the entire
structuwre. or less frequently for a part thereof such as a member or connection.
{However, conceptualising of a memiber is likelier to be rule-based), For knowledze-
based reasoning, the difficulty in the process lies not so much in the structural
models (piuned joint, point oads ete.), but rather in distinguishing the relevant
details and co-ordinating the implications, for all the given information, 1Tence, Type
I errors are conceived here as mistahes in comprehending the structuraliy refevant

aspects of a problem, from the input information presented to one,

Type 1 errors may monifest as poor load concepiualizations (e.p. poiut load

represented as a distributed load), wrong assumptions about load paths and stress



directly based on the generic model of section 4.2.2. The error . .diction model is
divided into four sectors as shown in figure 5.1, Three of these - the project time,
budgeted work flows and information processing scotors - correspond roughly to the
‘design environment® categories in the proposed generic model for design error in

figure 4.10 {4.2.2). The fourth sector models the behaviour of the design error types.

8 Budgetad Wor... "{?\
Budgeted Work

Flows
A
4

The Deslgn Errer. .. '(7“ (" Information Prog... v\

Information

The Design Error
Types 4+—1  Processing
S
A

i Pryjoct Tirme vw

Project Time

.

Figure 5.1 - The seetors in the error prediction model and their velationships

‘The seennd step in modelting was to specily the elements in gach seetor, and thirdly
to specify the relationships between elements as mathematical equations. The
objective in the three design environment sectors was to recreate (through
simulation), what would count as normal events in the studied firm. In these three

sectors the execution of several typical design projects are sinitated over time, to
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CHAPTER FIVE

ILLUSTRATIVE MODELS FROM THE THEORY

In chapter two, weaknesses in present error prediction and cootrol methods were
cited as reasons why a theory of design error causation is necessary (2.4). 1t was
therefore necessary to demonsteate that the theory proposad m chapter four can be
used for error prediction and control. This chepter preseats some design error models
developed in this study and illustrates the sort of provess that can be used in
applying them, The error prediction model developed is a System Dynamics meodel,
implemented with the STELLA soltware ({see 3.23). It enables a plausible
representation of the relationships affecting design ercors, and allows the effvct of
systemic changes to be sin.alated. This model is presented in the flrst section of the
chapter. The error control models developed are SSM (3.2.4) representations of
system logic, for defined viewpoints. They enable the assessmuent of existing systems
with reasonable and cogent eriteria, aad enable *optimeal system specification. These

are presented in seotion 5.2,

81 AN EKRRUR PREDICTION BIODEL FROM THE PROPOSED
THEORY

L1 An overview of the error prediction model

In developing the model there were three steps to carry out (see 3.1.2). First, the

overall arrangement of the model had to be specitied. This overall arangement was
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(10)

on costs, And this is done without a thorough understanding of the emphasis
and effect of each error control strategy. Corapetitive design is more commoy
in such periods, with the attendant dangers of unusually loaded counections.
Finally, the use of contract staff is more prevalent in times aof economiv
pressure, and this is implicated in the ¢iusation of both draughting error
types. There may be reduced professionalism amongst botl draughtsmen and

junior engineers, as design firms reduce salaries paid.

From the standpoint of etror prediction, it is clear that error likelihoods will
have two components - the number of oppottunities for an error; and the
number of errors at cach opportunity (error‘opportunity 1atio). The
opportunities for each error type depend on the work task with which that
error type is associated (see figure 4.11), and the content of each work task
is ensity estimated For o given project. The error fopportunity ratio is less
casily estimated as it depends on the interplay of causative and intervening
actions, for each error type {see figure 4. 12). Opportunities for ervor will tend
to inerease from type I through to type VI conversely, the error /opportunity

ratlo will tend to decrease from type I through to VI

Frror prevention is not consciously practised at present. It is fikely that
systematie ervor prevention programs will lead to fewer incidences of error -
at least for certain ervor types, Flowever, looking at the eeror mechanisms for
the different error types, it is unlikely that all erroes can be wholly prevented.
There will be a need for error detection as well, and error control procedures

should seek to fnclude both in a balaneed manner.
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concept). There is # need for further study on a means and format for
recording the conceptualising process, which can be used on innovative

projects,

Failures from draughting errors are rarely catastrophic, but can be expeotsive.
Calculation slips and computation mistakes can lead to collapse, but this will
be rare. More often, the failures will be of the serviceability type.
Conceptualisation errors of both types will be uapredictable in their results,
These will probably lead to some of the more spectacular collapses. The issue
is compounded by the fact that failures of innovative sttuctures or structures
going beyond the state of the art, tend to be highly publicised. Moreover, it

is the larger fims that tend to handle such projects, and failures from

conceptualisntion errors cannot be waved off as *inexperience’. Such failures

have nffected public confidence in the eatire profession, in the past.

A strategic means of sreventing conceptuallsation errors, is to assign only the
most experieaced persons in a firm to the conesptunlising activities, Most
firms are doing this alrendy for overall structure concepts, {This is also the
rationale behind the award of difficult projects to firms with proven track
records). Connection conceptualising is far less obvious than member
conceptuatising and connection failures will often be more eatastrophic, yet
the former is often left to less experienced personnel than the latter.
University curricula typically pay linde attention to conceptualisation and to
connections. Presently, more engineers are being trained in universities than
before, and these will typically start halfivay up the technical career ladder.
Somve of these will be senior engineers without having had sulficient

understanding of concepts and connections,

Feonomic difficulties fead to potentlally risky periods in teems of design
ervor. Firtis will tend to diversily to ensure they have work, and so are more
lihely to take on work with whichthey are not familiar. Familiar ereor control

strategics (e independent caleulation chechs) are reduced in scale to save
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442 Some conclusions drawa from the proposed theory

The following conclusions can be drawn in a general woy from the proposed

causation theory.

(1) All design errors result from interacting weaknesses in the abilities and states
of mind of the fndividual(s) committing the error, in the design team (see
4.2.2).

(2)  The key task of the leadership in a design firm (vis-a-vis eror), may be
view ' as the mediation of an interface between the design team members
and the rest of the project. It is (his *mediation’ {or error control) that
determines how the project chiarncteristics will (or will not) cause latent

weaknesses in individuals, to lead to errors.

(3)  'Ihe different error types require different approaches to error control, Error
prevention is not consclously planned by design fiem principals (perhaps
beenuse the causative mechanisms are not wholly understood), and the current
emphasis is rather on detection via checking. Independent checks are
adequate for error types IV, V and V1 - caleulndion slips, draughting mistakes
and draughting slips, They are less useful for type I errors (computation

mistakes). except where conmputations are recorded in n specified format.

(4)  The two conceptualising error types will be picked up by peor reviews,

subject 1o the structural types being within the experience of the reviewers.

(5)  Wihere the structural type is not within the reviewet's experience (innovative
structures), conceptualisation errors are very difficult to detec or prove,
There is presently no accepted format for recording the thou =ht processes In
conceptunlising. and in fhet most conceptualisers do not record the process

followed. They are mostly content to record only the ead resul {the resulting
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for each of the error types is summarized diagrammaticatly in figure 4.12. The full
thick lines in figure 4.12 indicate basic causative mechanisms while dotted lines

represent intervening actions. Thin full lines represent work task flows.
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4.4 IMPLICATIONS OF THIS CAUSATION THEORY

+4.1  The main features of the proposed theory

The opportunities for each of the six design error types arise in distinet and different
work activities, This s itlustrated by figure 4. 1 [ below which is an expanded version
of table 4.2, The work flow shown in figure 4.11 refers to types of activity and not
necessarily different people. Hence, one person conld carry out the conceptualising

of a connection, and then go on to analyse it and prepare the drawings.

Wark flows Frrars for which_opportunities arise

K0 cerrors in conceptualising

/_.l.'nt'ami!m o
Conceptualising

\ Familiar > RB arrors in conceptualising
W
Cheice of analytical moded 3 RE mistahes in computation
0N
Reutine manipulation of A Calouiation slips and lapses
numbers in analysis
WV
Choive of draughting ?\, Deavghting mistakes
rules & conventions
Routine drawiny activity } Przaughting slips and lapses

Figure 4.11 - An illustration of how error oppor * vities rrise in work netivities

Figure «LI1 has summarized the context for cach error type ie how error
opportumties arise. Whea an opportunity arises for some error type, the likelihood
that the error will avtually take place (errovvoppoitunity ratio) will depend on the

causative mechanisms and intervening actions. The theory of causative mechanisms
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There is a particular problem of error-propagation in draughting. When an error (type
V or V1), is made in a general arrangement drawing and it poes undetected for some
time, it may be passed on to several other drawings (see FP's map). Depending on
wlhat the original error was, its effects could easily show up on twenty or more detail

drawings,

Action strategies
One npproach to preventing type VI errors is to remove distracting influences that
could causc attentional capture. Hence, atiention must be given to locating drawing
offices away from distracting sights, sounds, smells ete, Yet there should be
sufficient stimuli For the draughtsmen so that monotony and loss of attention (intemal
preoccupation) does not set in. Internal preoccupations are much more arbitrary -
depentding on the persoual lives of the persons involved, but such preoceupations
tend to be widespread during periods of social crisis or during natlonal events. This

may instruct the vse of additional supervision during such periods.

Good supervision and personnel management are essential for high morale and well-
maotivated draughtsmen. The denwing office supervisors may not necessarily be the
longest serving draughtsmen, or the most skilied, but should rather be chosen for
supervisory skills, (However, professionals tend to respect skills and respond better
to persons more shilied than themselves) It would definitely be a worthwhile

investment to train drawing office supervisors in supervisory skills,
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draughtsmen are usually paid lower wages than engincers. A comparison with the
classical motivation theories - Maslow, X & Y theories ete. - confirms that these are

plausible reasons for motivational problems amongst draughtsmen''.

Another explanation is that many projects tend to require more drawing hours than
design (engineering) hours, Hence draughtsmen are more constantly under pressure,
so that attitudinal problems becone magnified. These generalizations do not negate
the fact of individual personality, There are many draughtsmen who take pride in
their work. However, there is definitely an impression created (FP & CJ), that
dissatisfaction and discontent are likelier issues with draughtsmen, and tend to spread
faster. Besides, these issues are more important for drawing then for the

‘engineering’ side, as it is casier to concentrate during conceptualising and analysis,

The use of contract draughtsmen was mentioned ns being contributory to type V
crrors. There are other problems involved with using contract draughtsmen that are
relevant here. Some of them are not used to working in groups (NC), and co-
ordination problems arise. They may also leave projects before the end, leading to
continuity problems. Others nre sometinias unable to keep up their end of the work
(FP), su that drawing production lags behind schedule. Al these can contribute
indirectly to the likeliliood of type V1 errors. Finally, contract draughtsmen may be
more suseeptible to the motivational problems discussed above, as they tend to have

less loyalty to the firm,

The Inck of suitnble skills by draughtsmen will trigger both types V and VI errors,
and this is not always the fanlt of the individuals. One respondent cited a case vhere
a firm inroduced CAI, and the principals thought they could save money by using
school-leavers (matric level) to enter data. On the more gencral fevel, a less obyious
{but potentially more dangerous) condition is that many firms have stopped training

draughtsmen and engineers.

"These two motivational *theoriex’ can also apply to junior ongineers uder cortain circumatanees In
son fitms, junior enpiters a1e festiictod to cuertain types of members 5o that the work becomes routine
andd loses all creative chatlenpe They may also be poorly paid compared to sentor cotleagues, patticularly
in times of ccononvie difticulty.
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4.3.7 Type VI desiga errors »~ Draughting slips and Inpses

Causative mechanisms

During those aspects of draughting that simply require the execution of well-known
routines {drawing a Jine, looking up & table etc.), there is less need for constant
concentration, Tasks may be carried out in an automatic manner. OF the three activity
types in design - conceptunlising, analysis and draughting, draughting has the largest
component of such ‘automatic' portions. If the draughtsman neglects to pay attention
at a critical stage (an attentional check), the task could go awry and type V1 errors
result,

Typical type VI errors are the omission of details. transposing numbers and
miscopying. These will manifest as wrong or missing dimensions, mis-aligninents
and lack of co-ordination hetween drawings, Where type VI errors are not picked up
on time, the result is that structural components ‘interfere’ with ong another and don't
fit on site, leading to losses through delays and extra fabrication to rectify the
situation (sec maps for FP & CJ), Type VI errors will almost always manifest before
the structure is completed, and rarely lerd to collapse after completion.

Error_context and_intervening conditions

Something else oceupying the attontion {attentional capture) is the main context for
draughting slips and lapses, causing the draughtsman to be less mentally alert and
s0 omit an attentional cheek, These may result from internal preoccupations, or from

external influences in the environment (see FP's max

Intervening conditions that affect the mental alertness of the draughtsmau are tatigue
and morale. Mativational factors ave apparently most significant for this class of
errors (see FP's map). A possible explanation is that design engineers tend 10 wok
more ot thelr own; the work is more creative and they take individual responsibility
for their work. Draughting requires more of a team effort, and is less creative, hence

individual draughtsmen are less eastly fulfilled by the results of their work. Again,
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supervision. Some contract draughtsmen are not good at group work, yet they are

mostly required on large projects where group work is esseatial,

Another intervening condition for draughting mistakes is the phenomenon of
"interference” between draughtsmen on the same drawing. There is a maximum
number of dranghtsinen who can collaborate on any one drawing task, after which
errors occur due to communication and co-ordination problems amongst them, This

would typically be from 3 to 5 persons.

The degree to which a draughtsman is a specialist also appears to have an impact on
how readily he/she commits type V errors (see FP's map), This probably reflects the
tendency for a specialist to be more familiar with the draughting rules employed on
u structural type and material, A specialist is also likelier to notice if the member or
connection details are unusual.

Action strategies

The level of predictability of the design error types invreascs from very low levels
for the first two types, to high levels for the last two. FP provided fairly definite
estimates of errors expected for types V and VI, and their detection characteristics.
When shop drawings are carried out within the premises of the consulting firm, type
V errors ‘hardly ever' occur, The number can increase significantly for drawings
done clsewhere. In the studiced consulting firm, all detail drnwings done elsewhere
are normally sent back for checking and approval, This checking is done by the
section leader or the draughtsman responsible for the G.A. drawings rather than the
design engineers. FI described the error detection rate {type V) as 110 % i.e., the

tendency is to detect even errors that are not there,

‘The obvious strategy for improving communication between designers and
draughtsmen Is to ensure physical proximity. At the institutional level, specific
formats can be dictated for recording design concepts and caleulations, nnd made
mandatory for sensitive projects. This would probably incretse the ime (and cost)

for design, but could lead to reduced safety costs for the entire industry.
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Such simulations can be carried out to esttmate changes in error likelihood from
systemic changes. Say one wishes to compare the error likelihood indices Tor two
possible systents - one currently in use, and another proposal. The simulation would
then be ~arried out using values first for one system, and then the other. The error
likelihoods obtained for each systetn, could be compared directly. Hance, the error
prediction modet enables estimates of the relative error likelihood (error/opporunity
ratto) for tw.o sets of systemic arrangements. Though the figures used to calibrate the
model here were specifie to the studied firm, one could easily change fgures to suit

other firms as needed. The intention here ix mainly to demonstrate the process.

n
12

. ERROR CONTROL MODRELS FROM THE PROPOSED THEQRY

In this section, models are presented that 1llustrate how the proposed theory of
causation for design erroes (section -.3) can contribute to the task of error control.
Since the nim is to ilustrate the technique, models are developed for only one error
type « KB ervors in conceptualising (type 1). As explaiaed in 4.4, this error type s

the greatest potential for spectacular and embarrassing failures,

The illustrative error control models are develeped here using the Soft Systams
Methodology (SSM). As deseribed in section 3.2.4, S§M models are verbal-sentence

represeutations of the logical activities in a human activity system. These activities

A’
are chosen as the logical consequences of adopting some relevant viewpoint, and are
then connected in a di-graph to show their relationships. In this way, $8M preseribes
the minintum details of activities and relationships tn a human activity system. if that

svatem axiy to {ulit! some relevant viewpoint. In this sew: . the methodology is

applied to fitst the prevention and then the detection, of type T desian errora,
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Figure 54 - Graph of type I erver likelihond index over time, in a typieal

simulation run

Figure 5.4 ix a graph of the likelihvod index for type 1 wrrors over time in a
simulation. In this simulation, all the various user-defined pavameters have been set
at defoult values or allowed to vary aceording to the pre~defined equations, Figure
S demonstrates the typieal form of the results of simulations. In the simulation for
which this graph was oblained, afl the systemic variables were sot at their dafhult
values for the studied firm, In figure 5.0 therefore, a likelihowd index of one refors
to the likelihvod of error under the present ‘normal' or 'average’ conditions in the
stdied firm. An ind. « of 103 is an werease in error likelihood of 3% over the
"nornial’, The variations oceur due to everyday tiuetuations in some of the variables.
{ these are modelled as default equations e.g. a normal distribution for stryetural

camplexity ).
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Time pressure was chosen to be a linear function of the difference between
{outstanding) budgeted work and time left (to completion). normalized over
budgeted work. (The budgeted work stock keeps an account of the work progress ay
planned, not &8 executed - see the budgeted work sector in Appendix D). Time
pressure should grow with that difference {see section C.3). The equation parameters
are chosent so that time pressure is zero when the time left is one and a half times
the {outstanding) budgeted work. Conversely, time pressure is very high (ten) when
the time left is only half of what is tequired for the outstanding work, A time
pressure value of five would represent an ‘average' pressure at which the work is

going exactly according to schedule, {work left = time left),

The actual STELLA equation is:

Time_pressure = If [(Time Jeft « < 1) and (Budgeted work > 1)} then 10 else
[(10*(Budgeted work « Time left)YBudgeted work) + 5 gn 14
The first expression in square parentheses checks to see if there is less than a week
left on the project. IF the time leR is loss than a week then the pressure is very high
(10), except if the outstanding budgeted work is also less than a week. When the
time leflt is not less than a week the second expression in square parentheses applies.

This is equivalent to the algebrale cquation

Time pressure = 10{%2) +35 kgn 15
where B is budgeted work and T is time left,

Finally, the likelihood index of type I crrory is sinply caleulated as (1 « problem
compreliension), When all the input variables are sot o values of §, this likelihood
index is approximately one (1.005). The cquation is given below.

Type Lerrors < Smth3((1F {Time counter -~ 0} then 1004 olse{l -
Problem_comprehension)).50) fgn 16
In equation 16 the Smthd lunction of STELLA iy used to smooth out rapid
Muetuations in the likelihood index. Smth3 is a third order oxponential smooth which

is here performed over a 50 waek period.
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Problem comprehension = 1,072(1 -¢%0%2410 )y Eign 12

Struetural complexity (in the information processing sector - Appendix D) may be
defined by the user on the shmulation control panei, or a default value is used which
is a normally distributed random variable - mean -~ 5; standard deviation - 1,67, This
default assumes that most projects will have *average’ complexity (as Jefined by the
user for his/her tiom). The defanlt standard deviatiou assigns a probability close to

zero for complexities of zere and ten,

‘The correet information availabitity is also determined in the *information provessing’
sector (Appendix D), and depends on the size of the project and the oxperience of

the project managers (section (.5).

The judgement of the individual is coneeived as a function of hisMher innate ability
(due to experience and training), and the time pressure on the individual (see 4.3.2),
Innate ability must be the basic clement here and it is modified by time, High
pressure has the effect of lowering the judgement and this was assumed to be a
linear effect. Thus, the STELLA equation {equation 13) was chosen so that extremely
high pressure (ten) reduces the judgement to half the innate ability. At values less
than average pressure (five), the judgement is unaffecred'’,

Judgement - IF (Time pressure - §) then Innate_ability else [funate ability™ (1 -

(Time pressure/20))) st 13

The innate ability of the individual 1o judge is measured on a seale of zero to ten
{very poor to very good). It is determined in the type [l error sub-sector as the

average of the ‘breadth of experience’ and the *quality of training’.

U Avtually, sotme modorat Teved of presage oo requitedd for peakh performance (section C 23, so
that at ow gesure Tovels mamy wbividuals o umd pave then bt Hoseser, thens i seme question as
to shothor this i tue for judpoment 2k beamy came, T lownd it moe conveiaant to jrson amy pussible
lowering of judgement at low prostirg lavels.
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simplicity's sake, time effects are assumed to be dominant in generating pressure (cf.
C.3 in Appendix C),

T'rom section 4.3.2 problem comprehension is a function of structural complexity,
judgement and the availability of correct information. (The effects of judgement and
correct information availability overlap - 4.3.2 - and can be treated as being
interchangeable i.e. only the one with the greatest effect need be considered).
Problem comprehension was measured on a scale of zero to one, while each of the

input variables were measured on seales of zero to ten.

A function was required to represent problem comprehension, such that
comprehension is excellent {one) for low (zero) structure complexity and excetlent
(10) judgement (or Information availability). Comprehension should also be low
when complexity is very high (10) and judgement is very poor (zere). The
relationship coutdu’t be linenr as it didn’t seem plausible. One would expect
comprehension to still be high at avernge levels of complexity and judgemment, and
comprehension would only become low at fairly high levels of complexity and fairty
low levels of judgement. For this reason. a negative exponential function was used

to represent probiem comprehension,

The exponential function was chosen so that problem comprehension is 0.75 when
both complexity and judgement (ot information nvailability) are 5; and is one when
complexity is ten and judgement is zero. The STELLA equation is given Lelow.

Problem _comprehension = 106-H(1.05 - exp(0.0022*( 10 « Structure_complexity)™
(Min{Judgement, Correct_inlo_availability)))) Egn 11

In equation 11, the min{ab} lunetion of STELLA always returus the value of the
lower of the two variables in parentheses. Hence, the equation above would be

writtert in simple algebra ns eguation 12 where 1 is the lower value of judgement and

informntion availability: and § is structural complexity,
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§.1.3 Details of the type I design error sub-sector

The three design environment sectors simulate the behaviour of projects and those
factors in projects that affect design errors. As the values for such factors change,
the various sub-sectors (six of them - corresponding to each etvor type) in the *design
error types' sector, caleulate an error likelihood index' for each design error type.
The reference behaviour (section 3,2.3) for each of the design error types was the
same, ‘The likelihood index of ench design ervor tmay be expected to iemain sensibly
constant (or at least to fluctuate slightly about some mean) us fong as there is no

systemic changs.

8] @ Type | - KB errors in caheaptunlising O 8
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Flgure 5.3 « Model elements in the *Type 1 design errors' sector

Figure 5.3 shows th: layout of the sub-sector for type T design errors - knowledge-
based mistakes in conceptualising. From the theory of section 4.3.2, type 1 errors
result primarily from inadequate problem compreliension. Also from the theory, the
extent of problem comprehension is dictated by the complexity of the structure, the
availability of correct informativn and the individual's ability to judge. The ability

to judge in a given situation is then affected by the pressure on the individual. Tor

R —

I"‘."his= ey maitres the likehliowd ot desipn errars (error apportuuty ratio = see 4.4, with o
differcut index for each error type Rinee the parameters of the equations are only ehosen, this cannot he
saisd te be an absolute mesaure of the liketibwed of desipgn error Values vbtained tar systams can only he
interproted refative o ane auother ‘Libelihwood” is preformad to probabilite’ in subyeetivity-based
probiability.
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randoin number, between the range determined by the first two numbers (a and b)
in the function. {The third number is an optional sced that allows one to replicate the

stream of random numbers).

The percentages quoted here are defauit values for the *med job %' and *small job
%' cottverters. Thus, at the default values the Grst MONTECARLO function will
return a zero at each dt for 80% of the time. When it does, the budgeted time will
be a random number between one and six weeks, When it does not, the second
MONTECARLO function is checked - and this retums a zero 98 % (80 + 18) of the
time. If the second MONTECARLQ function is zero the budgeted time is a random

number between six and twenty-four, and so on.

Small job % :- 80 Lign 8o
Med_job %e = 18 Lign 8b
These two equations are for the *med job %" and “small job %o’ converters which sel
the values for the montecario functions in the budgeted time converter. The defaait
values are 80 and 18 respectively (leaving two percent for large projects), but these

can be set to new valoes on the simulation ‘control panel’,

Time_counter -- COUNTER{O(Project Time + 0.2)) Egn 9
In equation 9, the counter(a,b) function >inply counts time units from the first part
of the argument () to the sccond {b), and then resets to zero. In this way, the time
counter converter was used to monitor how far the simulation of each project had
advpneed (elapsed time). The 0.2 factor added to project time was because the

software was evaluating time counter a dt behind project time.

Time left  If(Project Time - Time counter) then {Praject Tinte - Time counter)
else 0 Egn 10
The time Teft converter (equation 10) monitored the time left to completion for each
project by comparing project time with the time counter (elapsed Ling) CGroe b
elapsed time became equal to the project time (adjusted for time Josses), it would

return @ value of zero.

100



Time losses = If (Time_counter = 0) then 0 else 0.5 * (Redoing work + | -
Real_work_rate) Egn §
Equation § is the equaticn for the time losses flow, When the converter time countet
reads zero (at the start of a new project), there is no flow. Otherwise, there is a flow.
Int the second half of the equation ‘1 - real work rate” measures the deviation of the
real work rate (rate of design production), fromn an average value of one {one week’s
work completed per week of elapsed time). The real work vate and the rate of
redoing work (revisions), are determitied in the information processing sector, When
the revision rate is positive and the real work rate is less than one (low productivity),

the time loss flow is the average of these two.

0 Egn 6
Whenever the time counter is zero {at the start of a new project)., the reset flow
obtains a new value for the (initial) budgeted time of a new project from the
budgeted time converter, as shown in equation 6. In order to bring the project time
stock to the same level as the budgeted time estimate, the reset flow calculates the
difference and releases (or takes) that difference from the project time stock. Since
the flow will only act for a dt (time counter will equal zero for only one dt), the flow

must be multiplied by five - flow is in weeks /week (not per day).

Budgeted_time = [If MONTECARLO (Small_job_%) = 0 then (RANDOM
{1,6,998))] else [{if MONTECARLC (Med job % + Small_job %) -+ 0 then
(RANDOM (6,24,996)) else (RANDOM (24.54,995)))] kan 7

As deseribed in equation 7, the converter ‘budgeted time’ (For new projects) returns
a random integer value between 1 to & waeks for 80% of the tme. [t will also return
8 value between 6 to 24 weeks 18% of the time and between 24 to 54 weck: 2%
of the time. The MONTECARLO(a) function of STELLA draws randomly from a
binomial distribution retutning a value of zero for a given percentage of the time and
6 value of one otherwise. The percentage corresponds to the value of *a* - the

argument in brackets, The RANDOM(a,b,c) function returns a uniformly distributed
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yearly, These are typical numbers for the studied firm obtained from the secondary

interviews with FP and CJ (see 3.1.2).

The project can gain or lose time through the flow ‘time losses'. The “tine losses'
flow is dictated by the efficiency of the team {*real work rate'), and the incidence of
‘revisions' (see section C.3 in Appendix C, on availability of time). The converters
‘time counter' (number of weeks spent) and “time lelt' (namber of weeks remaining
to completion), are used to monitor the progress of the project from the project time
stock. It is clear from section .3 that these last two converters will determine the
extent of pressure (from time congtraints) upon individuals. Time pressure is
causatory to types I and IV errors (sections 4.3.2 and 4.3.5), and is also related to

other factors in the theory such as fattgue and morale (section C.2),

The actun! equations used in the model are given below in the form in which they
appear in the STELLA software. The equations in STELLA are written in what
appears to be a proprietary brand of BASIC. Relationsltips between stocks and flows
are interpreted by the software as difference equations, which are evaluated at
intervals throughout each simulation, The iteration schentes available for these
difference equations are Euler's method and Runge-Kutta’s second and fourth order
methods (Migh Performance Systemii, 1994). I used the Fuler iteratiott scheme

thinughout,

For the project time stock, the STELLA (difference) equation was:

Projest_Time(t) = Project Time(t - dt} + (Time_losses - Reset flow) * dt  fgn o/

In equation 4 dt Is the time interval between iterntions (set to 0.2 of a five-day week
- thus a day). The units in project time are in weeks. Time losses is a flow that
adjusts the project time when time is lost or gained. Its units are weeks/week. The
reset flow adjusts the stock at the stoit of each project to reflect the new (initial)

budgeted time,
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of time losses and gains, so as to know how much time is still required", The layout

of the elements in the project me sector is as given in figure 5.2,

()] Project Tima 25 8

all Job %

Real work rate

Budgeted time Med joh %
Redoirg waork Tima countar

Figure 5.2 - Model elements in the *Project time' sector

The central element in the project time sector is the stock ‘project time' with two
flows attached - ‘reset flow' and ‘time losses'. The time tahen for each project is
conceived as a variable resource, At the start of each project. the converter “budgeted
time' releases a number of time units (in weeks) into the stock “project time' which
behaves like a reservoir, Whenever time is fost (or gnined), more time units flow iuto

{or out of) this reservoir, thus increasing (or decreasing) the length of the project.

The initial budgeted time {released by the ‘budgeted time' converter) is random, but
will be large {24 - 54 weeks), medium (6 - 24 weeks). or smal (1 - 6 weeks), for
given percentages of the total time in a simulation. The percentages are user-
specified in the converters *small job %' and “med job "o’, with defaults of 2% for
large, 18% for medium and 80%q for smail. Thus, the default setting would lead to
ahout 3 or 4 large contracts in a tive-year simulation. It would also fead to about 7

to 9 medinm sized contravts and anything from fifteen to twenty-five small projects

"la the budgeted wirk flow sector, the time budgeted tor a project is convertad into bifeted
worh (in mrnweeks) Fle sectar also heeps track of how tauch time s lelt tor the praject, according so
the original time budget [nformation i input inte desipn and processed at varying rates, within the
information processing sector These ralas are real work rates (not budgated work rates) which determine
time lusses and gains on the projest These sectors ase deseribed in greater detail in Appendix €
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During simulations, a *coatrol panel’ is used to determine values for the various
systemic factors so that one can explore different scenarios. The differences between

likelihood indices For each scenario are then mouitored on graph panels.

This model is specific to the studied firm. First because the theory (on which it is
based) was derived for that firm, but more particularly, because the secondary data

used in quantifying relationshivs is very specific to the studied firm.

In 5.1.2 the project time sector is presented as being representative of the design
cnvironment sectors, The other two design environment sectors are described in
Appendix D, Most of the details for the design error types are also given in
Appendix D, with only th sub-sector for type I (KB errors in conceptualising) being

described here 1n section 3.1.3.

51.2 The *Project time' sector

As deseribed in section 3.2.3, the building blocks (elements) for System Dynamics
models are (resource) flows, stocks (which are accumulating flows), and converters.
These are ropresented as circles with spigots, squares and ordinary circles
respectively. Double-line amrows are resource flows and single-line arrows are
relationships. In the modeiling, ! have applied the principle of parsimony i.e each
factor in the theory is deseribed n terms of the fowest possible elements that allows
me to veproduce its ‘usual’ behaviour. Hence, in modelling the design environment
sectors, it is only those aspects that greatly influence one or more ermor types that

hiave Leen included.

DPuring simulations, the project time sector determines the time requirements for

successive profects, It makes an initial budget for each project and then heeps track
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generate typical behaviour for the factors that affect design error (the causative

mechanistas and intervening actions of 4.3).

The relationships modelled in the three environment sectors are based on the
definitions given in Appendix C for the corceptual categories in the generic model.
These relationships are objectively well-known in terms of their qualitative
behaviour, and so it was easy to choose appropriate forms for mathematical
representations. Fience, the rate at which information is input into the design process
was modelled as an S-curve over time - a low rate of inflow initially: then much
information comes tater; then again it slows to a trickle towards the end of the
project, (The stope of the S-curve was made a function of the experience of the
project managers). The actual numbers used to calibrate the mathematical equations
in the design cuvironment sectors (abscissas. slopes ete.), were derived from the

secondary data of quantitative estimates made by the experts (see 3.1.1 and 3.1.2).

The objective in the fourth sector on design error was to enable the caleulation of
ant error likelihood index. This index is an arbitrary measure of the {ikelihood of each
error type under a given siluation. It enables a comparative assessment of error
likelihoods acrosy various alternative situations, The elements in the fourth sector
were chosen to reptoduce the theory proposed in section 4.3. The existence of the
theory allows one to say that such and such an error type is more likely if such and
such an event oceurs; and less likely i it does not. Hence. it allows a qualitutive
understanding of relationships between factors in the theory - in 8 way similar to
the ‘well-known® relationships defined by Appendix C. Hence, one could propose
mathematical relationships linking project phenomena (simulated in the other
sectors), to orror likelihood. The numbers for equations tn this sector were nrostly
atbitrary, However, each error likelilood index was normalized over the value
obtained when ali design envivonment factors are set to the middle of their range,
Thus, an index of one denotes an *average’ error likelihood. It was not felt that the
indices (for the difterent error types) would be sensitive to the numbers chosen, since

the emphasis is on comparison between situations.



Secondly, the explanations proffered in the theory from the experts’ expetienves.
must be plausible. The theory must make sense in the light of whatever else we
know about errors. Psychology provided an opportunity to define error categories
from well-described behaviour pattems, and thus come to conclusions about
mechanisms of design error causation. The mechanisms concluded have adequately
matched the experiences of the selected experts. In the ligln of present-day
psychological theores of cognition (Appendix A}, those mechanisms are also quite

plausible,

An important aspect of this theoretical development is the issue of context, The
generic model of figure 4.10 is general in its presentation and application. It is not
possible to state categorically thnt those clements will be so related in all
circumstances or that these are the only elemencs in every situation. Nevertheiess,
one may say with some confidence that those efements wilt be applicable in ¢ great
deal of the design situations bere in South Africe, and may be related in just this
manner for the greater many. That generic model (section 4.2.2) is also independent

of the error classification adopted in section 2.1.2,

When it comes to the details of the theory in section 4.3 however, that confident
statement can no longer be made, The detailed theory of 4.3 is specific tu ine context
from which those experts were drawn, which is why an entire section (1) is
devoted to deseribing that context. To the extent that another desipn practice can
identify with tue characteristics and background of the firm described in 4.1, the
theory of 4.3 will be applicable to them also. Secondly, the theory of 4.3 is tied to
the design error classification of 2.1.2 and the conceptual categorics deseribed in

Appendix C, since It is presented in thowe terms,

One consequence of regarding theory as a record of experictcees is that the use of
expert opinions, becomes perfectly logical (see also 0.3 ahead), There i however a
problemiatic aspect to this. The theory is only relevant sow. The experts have
descrited what they have seen, tot what is to come, The theory becomes suspect

as soon as significantly large system changes are made, totafly new mensures are
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could be the resuit of poor training on the part of the draughtsman. Concept
comnnutication breakdowns agre the most common reason for draughtsmen
misunderstanding concepts. Such breakdowns are iufluenced by physical distance
between draughtsmen and ofher members of the team: the use of contravt

draughtsmet; personality clashes and the level of specialisation of the draughtsman.

Type. VI errors (4.3.7) are also caused by insufficient attention, but now in the
rontine drawing tasks. External distractions and internal preoceupations are

contributory factors and motivational problems are considered important here.

The theory summarized above does not seck to establish some *new’ principles of
how design errors oceur. The design process has been refined over decades to what
it is now, and the same principles have certainly been at work all along, differing
only with the peculinrities of specific cirenmstances. What the theory dues do, is to
prescribe a coherent framework with which to fit togather the various principles anid
so understand their inter-relationships. Tt is a record of our experiences in conceptual
form. The intention is to foster greater insight into how errors oceur in design, so
that we can better see the implications of what we've been doing . md know why
our procedures are successful or unsuccessful,

In proposing such a theory, I have adopted the position of the scientific philosopher
Kard Popper, Theories are not p . they are ouly *not falsifled’, This is not the
theory - somie absolute staterent of ervor behaviour: rather, it is to be considered a
convenient framework which explaing our experlence in a plausible manner.
Validation of such a theory is then dependent on the two words underlined in the last
sentence, The thteory must explain our experiences, If we observe a phenomenon that
is totally inexplicable by this theory, then the theory is inadequate. Another way of
saying this is that the theory must be grounded in the data (section 3.2.2), This is
what [ have sought to do. Within the given context of the experienses of the selected
experts, the theory does match their experiences. [ have sought ta make my thought
processes in generating the theory as transparent as possible. Hence my use of

coghitive maps (3.2.2),
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In section 4.3, the theory is elaborated in terms of the six design error types that
wert first proposed in section 2.1.2. The explanations proffered for cach error type

in section 4.3, were made in terms of the concepts and ideas in the concepual

categorics of the peneric model. The six design error types are;
Type I - Knowledge-based mistakes in conceptualising,
Type 11 Rule-based mistakes in conceptualising.

Type Iil - Rule-based mistakhes in computation,
Type IV - Caleulation slips and lapsces,
Type V -  Role-based draughting mistakes &

Type VI~ Draughting slips,

It was found that type T errors (:1.3.2) result primacily from the inability of an
individual to comprehend the inportant aspects of a problem situation ~ because of
the beonded rationality phenomenon {Appendix A). This is influenced by time
pressures, wrong or missing information and the specification of clumsy concepts at

an earlier stage.

Type [T errors (-1.3.3) result from breahdowns in the process of recalling models in
the memory that are applicable to sone present prablem. This could be the cffect of
incorrect recogaition of the problem character or beenuse the model in the memory

is actually bad.

Type I orrors (4.3.4) are the result of mismatehes between tacit nssumptions in
chosen methods of analysis (formwilae and procedures). and assumptions in the
coneeptun] models. The incidence of this ervor type is influeneed by the use of

compwtation aids and individual ‘responses’ such as fatigue, pressure and morale,

Type IV errors (1.3.5) resuit from Insufficient attention {carelessness) during routine

number manipulation. Fatigue and time pressures ean influence these strongly,

Type V arrors (12,0 are mostly caused by insufficient understanding of the coneepts

to be depicted during droughting, by the draughtsman. Sometimes though, these
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CHAPTER SIX

DISCUSSION

In this chapter the results of the study sre discussed in two seetions - the theory
proposed in chapter four {which is the main result of the study): and the models
developed (in chapter five) to illustrate the use of the theory for prediction and
control purposes. Some aspects of the methodology used to obtain these results are

considered in the third and final section of the chapter.

6.l A DISCUSSION OF THE THEORY

The theory developed in chapter four is the main result of this study and it is
aocessary to consider exactly what this theory is, and what it is not. In figure 4,10
(scetion +.2.2), a generic model is presented for design errors in general. This generic
model relates error phenomena to two conceptual categoties (work~related abilities
and attitudes/states of mind) associated with the individuals in a design team. It also
relgtes error phenomena to three conceptual categories {(time availability, work
delays/revisions and information characteristics) associnted with the environntent of
desipn. The meanings uttributed to cach conceptual category are explained in

Apponilix (.
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individual members etc., to casure faithfulness to the overall concept. There is some
evidence that pariners and senior engineers discuss concepts amongst themselves, but
it Is not clear that all aspects of any one concept are presented at such discussions.
The supervising partner would probably discuss only those aspects he/she feels
uncertain about. However, one might assumne that totafly new structural types and/or
solutions would be discussed very extenstvely - if the extent of departure from the
ustal s recognized. In table 5.1, the ‘procedures used' given for the firm are based
on both the informal walks round the drawing office, and the discussions amongst

partuers.

The comiments in table 5.1 are not an indictment of the studied consulting firm. In
fact, the studied firm has a very good reputation in the industry for high error-free
stanctards, What those comments do point te is that (he systems in use for detecting
type T errors are wenk ~ first beecause they are informal and secondiy because they
are pot systematic, The discussion in section 4.4 would suggest that this is probably

similar to the situation in many other firms for type I ervors.

In essence, sve have a situation in which this Firm has consistently avoided any major
errors of the KB conceptualisation sort, but the details of how their various
procedures ete. are contribuling to this suceess are not clear to them. The firtn cannot
tell il there are areas of unnecessary waste or duplication in their formal and
informal control schemes. More importaatly, when changes are forced on them by
clients, the economy or the climatology or even because of top-ievel personel
changes., the firm may find itself in the position of having to adjust human activity

systems without knowing the exact effeet or implications of each adjustment,

1 should be boerne in mind that opportunities for type T errors are relatively small
compared with other eeror types {section b, ICa frm never does work of such a
nature as to raquire extrapolation beyond their former boundaries, they might not

need to considur type 1 error detection.
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Table 5.1 -

studied consulting firm

Judging the adequacy of type I error detection procedures in the

THE ACTIVITY
(Required ‘what')

ACTIVITY
QUTPUT

PROCEDURES
USED
(Observed *how')

COMMENTS

(1)
Select aspects of the
problem, that are
familiar, grouping
them together,

Familiar patterns in
input information, in
commonly oceurring
groups.

Possibly done in
informal ‘brain-
storming' sessions
for overall concepts,

Weak. Informal
procedures depend
on the individual's
diseretion,

(2)
Search for suceess-
ful conceptualising
solutions in past, for
familiar aspects.

Identified concepts
{and poals), used on
past projects with
*similar' xteristics.

Searches of records
of designa, during
overall
conceptualising.

This is not done as
part ol a cheching
process. The
emphasis differs,

(3)
Do concepts in the
proposed solution,
mateh those in the
pravious solutions?

A judgement as to
wiiether present
solution is similar to
previous ones.

Mentally in self-
checks: no evident
procedure for some-
one ehse to do this,

(4)

Check if aspocts of
the present problem
invalidate the
previous selutions,

A judgement as to
whether conuepts in
past solution are still
applicable,

Again only in self
chocks.

Setfechecks are not
always done, The
same biases in
knowledge- based
repsoning {see
Appendix A), that
cause individuals Lo
commit type 1
errors, make thom
unable to detext
T

(5)
Check il the steps
in reaching each
concept were
carried out
systematically.

A judgement as to
the correctness of
intervening steps to
each goal.

Ditto.

Can't be done
independently as
conceptunlizing
steps not recorded,

(0)
Classify the
proposed concept as
erroneous, error-free

A knowledpe of
which concepts nust
be corrected, tested

See paragraph des-
eribing procedures
in the studied

consultancy, befow.

Inndequate given
the previous steps.

or unknown.

or aveepted.

A consequence of this systam is that the overall coneept for the entire structure does

not really got checked, Thes informal checking is being carried out for concepts on
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§2.3 Using an error conirnl model for system specifieation - eype | error

detection

The activities defined for a human activity using SSM are subjective, and so are the
viewpoints or world views modelled, What the theory does however, is to provide
a basis for picking relevant viewpoints and activities in an informed matmer, The
subjective judgements are no longer based on simple intuition since the factors and
mechanisms leading to error are now ‘objectively’ known in a qualitative fashion,
The benefit of this lies in the fact that a firm can use this means (SSM) to specity
the details of a human activity system say for error detection, and can be sure that
the error control techniques chosen are consistent with an ivformed understanding
of the issues, nnd are coherent, Additionally. a firm could use this means to study
their existing systems and identify areas of weakness. This is done for type I eiror

detection in the studied consulting firm, in this section.

In figure 5.6, the logical rclationships between the activities are shiown. These
activities now provide a menns for judging the adequacy of procedures in a structural
design consultancy - see table 5.1,

In the studied consulting finm, there are two types of checking besides self-checks.
Drawings are fovmally chiecked for types V and VI errors (see FIP's map), and
concepts and dimensions are checked informally. This informal checking consists of
the supervising partner {or design engmeer or senfor draughtsman), walking round
the drawing office looking at the emerging drawings - see CPs map. Hopefully, the
person walking round should spot any abnormalities. Tt is this latter provedure that
would be expected to catch any type I KB errors in conceptualising, (Conceptualising
during draughting is typically rale-based., and most errors in that pliase would be type

Il errors).
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The minimum_and sufficient activities;

. Solect those aspects of the problen that are familiar, and group them as they
usually appear together,

v Search (the memory or other records) for successful conceptualising solutions
in the past, corresponding to the groups of familiar aspects of the problem,

. Check if the (intermediate or final) goals in the proposed solution mateh the
goals in the previous successful solution,

. (For cases where there is a mateh), check if there are aspects of the present
problem that invalidate the previously successful solution scheme.

. (Where there are no invalidating aspects), check if the steps in reaching each

goal were carried out systematically.

J Classify proposed concepts as erroneous, error-fiee or unknown,
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dependent either on one of two things. Either the checker is able to tell the form of
a correct solution abead (the goals), or he/she detects that the problen-solving has
not been systematic (the means). (The second option is the only one nsed in self-
checks of knowledge-based conceptualising). For the clecker to know the right
solution nhead, the problem must fall into the realm of hiser experienc:. Hence, for

loose or general rule.

Oue could adopt the weltanschauung (or viewpoint) that the independent detection
of type I eirors requires a pre-recognition of the correct form of the (final or
intermediate) goals i.e, concepts proposed. This would obvio sly be relevant given
the proposed design error theory. Then, the corresponding transformation for a
system that fulfils this weltanschauung, will be as follows, "Correct concepts not
recognised =» correct concepts recognised”. The detnils of this system are given

below with the conceptual modei in figure 5.6.

Root definition; A system: owned by the partmers of the firm and operated by the
checkers of concepts, to cause the correct solution to a conceptualising problem to
be recognised, and so detect type I errors; subject to constraints imposed by time and

Cost,

The elements in the definition:

Customers - All persons whose tasks are rffected by type I ervors.

Actors - The caeckers of concepts.

Transformation - Correct concepts not recognised = correct - nepts
recoguised.

Weltanschauung -« Detection of type I errors requires pre-recognition of the
correct concept solution.
Ownership - Partners in the consulting firm,

Environment - Constraints of time and cost.
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activity). Such performance measures provide a basis for judging any selection of

some particular techniques,
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Figure 5.6 - An $3M conceptual model of a system for detecting type |
errors

5.2.2 A system for the detection of Type 1 errors

There are two aspects to conceptualising (or planning in generai): the specification
of goals and sub-goals, and the specification of the means to achieve the goals, In

section 4,3.2 and Appendix A, it is suggested that the detection of type I etrors is
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For the root definition avove, the minimum necessary activities that must be included
in this human activity system are as given below. Each of these emphasizes some

verb that describes an action that must be carried out in the system.

. Identify those features of the problem thet are structurally important.
. Define any cause-effect relationships (between aspects of the problem), that

have consequences for structural behaviour.

. Make simplifications to reduce complexity as necessary.

. Establish which other design tasks will be impacted by the solution chosen.
. Propose various solutions {concepts).

. Establish the impact of each tentative solution on other design tasks,

fabrication and erection,

. Choose a solution from alternatives,

. Eusure the solution caters for the structurally important features of the
problem,

. Confirm that the ‘structurally unimportant' features have no bearing on the
solution.

. Confirm that the solution is not sensitive to assumed simplifications and

asswmed cause-effect relationships.

These activities are obtained from considerations of the mechanism for type I errors
{section 4.3.2), and the general inechanisms for failure in knowledge-based reasoning
{Appendix A). Besides these ‘technical' activities, every “viable' system will include
the management activities required for proper system control. The conceptual model
for this system is shown in figure 5.5,

The three control activities of defining measures, monitoring and taking action, are
basic to all viable systems (for teleonomic behaviour - 3.2.4). Some suggested
measures of performance (for control purposes) are in the box in the right-hand
carner of figure 5.5, The model prescribes the activities to be carried out it the

human activity system (though it says nothing about the specific techniques for each

ios



52.1 A system for the prevention of type I errors

In developing the conceptual model of a system one must first determine a root
definition for the system. This is a statement of what the system is to be. For the
prevention of type I errots, a relevant viewpoint would be that ‘type I errors resuit
from poor comprehension of the problem, when conceptualising’. This of course is
drawn from the proposed theory in section 4.3.2. For this stated viewpoint, one could
adopt the following root definition of the type of system that would be required to

prevent type I ertors,

Root definition: "A human activity system controlled by the head of a design team
(supervising partner} and operated by the various concepiualisers in the team. to
cause conceptualisation problems to be adequately comprehended when they mu.

ba solved by knowledge-based reasoning, so that type I design errors do not oceur”,

Within this root definition it is possible to identify the following etements, which are

required for o *well-rounded’ definition (see 3.2.4).

C - Customers or (direct) beneficiaries of the system: Other phases in the design
process after the conceptunlisation, and tabricators/erectors. This is implied
by the phrase “so type I design errors do not occur',

A - Actors or gperators of the systemy: The various conceptualisers in the team,
T- A transformation which is the heart of the system: The transformation here
is ‘problem poorly comprehended = problem well comprehended'.

W - The Weltanschauung or world view (viewpointy Type I errors result from
poor problem comprebension when conceptualising,

O - Ownership of the system: Those with power to close it down such as the
supervising partner.

E - Environmental con<t :.ats: the *givens' in the situation: The limits of working
memory capacity for individuals, as implied in the reference fo knowledge-

based reasonitg.
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again inductive but there are sound management principles which must be adhered
to in these choices. These principles as well as my design error theory, guide the
process. SSM (3.2.4} is an inductive methodology with the same henefits mentioned
for System Dynamics and STELLA above. Choices are transparent and repeatable

ardd are made for a particulur context (or perspective in this case).

633 Resulis not as expected

Besides the early data collection problems discussed in chapter three {3.2,1). there
was 8 lator unexpected difficulty in the data collection process. I found that the
cognitive imdaps tended to become very complicated, and some of the experts had
difticulty understanding them. This may be because engineers are not familiar with
qualitative techniques. At any rate, I decided to play down the role of the maps. This
meant a reduction in benefits since the visual aid to nepotiation is an hmportant

aspect of cognitive maps (3.2.2).

Some experts were more informative than others - pechaps because of differences in
fluency or in commitment to the study. Since cach expert was chosen to represent
a certain perspective, it has resulted in some parts of the theory being less developed

than others,

In those relationships in the simulation tntodel that required the union of two
‘probabilities’. T invariably assunied independence, This simplified the relationship
to a straightforward sum. For cxample, the likelihood index for type Il errors
(Appewdix ID.3) was concetved as the union of the likelihoods of *wrong structure
recognition’ and ‘incorrevt model selection', In the model, this is simply representes

as a sun,
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inductive approach argues titat it would be more rational to include all the
information at our disposal instead of ignoring our experienees. However, the choice

of model Families and interpretation of results must be explicitly regarded as choices.

The question may be asked, "how do my intuitive choices differ from the subjective
choices in the traditional probabilistlc models of chapter two?" The answer is in the
handling of subjectivity. First of ail, the choice of the significant relationships is not
arbitrarily mine alone, but the result of plural judgements by experts i that situation.
I do not claitn a domnin of applicability for those judgements beyound situations
stimilar to those deseribed For my experts. The traditional models do not spell out the
context of their expertise {(which determined thelr choices), and so tmply that their

choices are relevant in al! cases.

Secondly, in modelling each relationship, it Is true that 1 chose both the mathematienl
model and its parameters myself.  However, by explicitly acknowledping these
aspects a5 choices, inductive approaches could be used (System Dynamics &
STI5 1A - 3,2.3), that are developed for just such situations, The choice process has
therefore been made transparent and repeatable - essential qualities for model
‘validation', The traditionn] models do not explicitly achnowledge that they made
‘choices, and are formulated as though they seck to deplet a ‘reality' of evror
likeliihood. But probabilities are really only a convenient mathematical abstraction -
they lack external reatity, It is therefore justifiable to define o *probabilistic’ measure
for each of the error categories (in this case a likelihood index), as long as this is
done in an intemally consistent fashion. The cholee process adopted ix consistent
across the vrriables, and the ealculated error likelihoods may be seon ps relative
vafues consistent with those choices. The inductive error prediction modef then, is
simply a useful way of representing a situntion to compare the error potentisl of

varlous systems.

Finally, the $SM error control models are logic-based in the choice of system
cymponents and their relationships. It is not the formal theorems of mathematical

logic being employwd here, but the logic of good business practice. The process is



probabilities, and also tend to remember recent events better, or events that made a
striking impression at the time. The use of biased expert opincons {as distinet from
expert 'recollectior, e.g. Stewart, 1993), may be justified on the following grounds.
Frot the perspective of making engineering decisions, it is more important that data
is internally consistent than that it accurately reflects external reality. It is also easier
for most persons to accurately describe their opinions of how error occurs, than to
numerically estimate probabilities of various events - unless they have received
training in doing so (De Finetti, 1972 - Ch 3). I therefore gatherad data on expert
opinions of how errors oceur, supplemented with expert recollections on well-known

phenomena (not errors), such as how often the firm has large projects.

6.3.2 Subjeetive choices in the illustrative models

The error prediction model is based on inductive choices rather than deductive
estimates. Deductive models start with a defined (probability) model, whose
parameters are established from empirical data, The parameters are then manipulrted
using established axioms to obtain a probability of failure (or error). The result is
taken to be a mathematical estimate of reality. Venezairo (1976) discussed this
process in relation to stractural safety and pointed out that deductive probabilistic
models are based ov unstated and arbitrary assumptions by the modelier, in hisfher
choice of & fanily of models (eg. Normal, Poisson, Binomial distributions).
Moreover, the parnmeters for a given distributlon are statistically variable when there

is littte empirical date available.

On the other hand, there is often a whole body of "intuitive" information (actually
the sum of our past observations), which is ignored by the deductive modeller
because it is subjective. This is not a problein in say electrical circuit theory, where
the governing laws are well known and tightly defined. In stracturnl safety and

particulatly human error, there ure fow laws - moreover empirical data is searce, The
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The chief argument against the use of expert opinions is that they are subjective. In
response to this, the answer may be given that so is most of the structural design
process, Subjective judgements and the use of engineering judgement have always
played an important role in structural engineering (see Blockley, 1980 & Armitage,
1981). Despite the introduction of sophisticated reliability techniques in code-
drafting, design codes are adjusted so that they produce design soluttons that are
intuitively satisfying, and in harmony with established practice.  When this is not
done, the drafteis meet with resistance from experienced engineers. Besices all these,
structural design and reliability dea) with unique objects. In such circumstances the
frequentist interpretation of probability is meaningless, and probabilities can only be
understood as the exercise of a subjective judgement. Hence, subjective opinions are
a feasible foundation for an error theory that seeks to etthance error prediction and

control.

Thete are drawbacks to subjectivity and expert opinions. The opinion of a given
expert may be considered as the summary of an unknown number of observations
over a period of time. There are questions on bias in observation that can be raised.
One of these is that no one person's experience can be expected to cover every
possible cane, A related issue is the fact that expert testimony will usually inciude
"unspecified assumptions, background meanings and tacit knowledge” (Pidgeon et
al, 1991), Hence the adoption of the soft parndigm (2.5.1), where we approach
qualitative data with the explicit understonding that exportise {s linked to its context,
and an analyst must "negotiate” and interprot meanings with the expert(s), This is
why the experts were taken from the same firm to ebsure that their backgrounds are
similar. In this way. the testimony of Tour experts from different stages in the design
process, are atl based on the same contextual sciting, The results derived from their

testimony will he directly applicable to firms with similar characteristics.

Ii" an expert ix asked to assess error probabilities from experience, or to count the
nwwoer of times he/she has withessed a given error plicuomenon (as in Stewart, 1993
for sxample - reviewed in 2.2.2), there would still be biases present. it is well

known that respondents tend to he conservative in their estimates ol luture
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First of all, the involvement of practising professionals with varicus facets of the
human error probles. is 3 actically an everyday occurrence. As such, professionals
who have spent a considerable leugth of time in design situations will have observed
many errors. If in addition to length of service, a professional acquires such status
and reputation in hisher career as to be uzcounted an expert, then he/she is
obviously doing something right. At some lovel - be it intaitive, subconscious or
deliberate « the professional is managing the risk of error in an adequate manger.
Such an individun! hns some knowfedge of the human error problem, even if it is not

conscionaly-held knowledge.

Second. 1, as explained in 2,21 objective accouuts of errors tend to be rather few.
People are loath to admit to specific errors on specific projects for fear of litigation.
Morgover, difficulties are experienced with summarizing error datn into clear distinet
eategories in databanks, Added to this is the complication of establishing the details
of human Interaction on specific projects, in cases when the projects are completed
and the details are forgotten, Project documents are better than twhnical reports in
their conveyance of non-technical issues but these are rarely available to researchers
without restrictions, What all this boils down to. is that expert opinions represent a
rich repository of information on human error, which it would be difficult (if not
impossible) to gat clsewhere. Pragmatism alone dictates that this wealth of
information be tapned. It can be seen in 2,2.2 that error prediction models hove been

moving in this divection,

Besides the reasons given above, the use of expert opinions meant that this study
was not limited to failed projects, Errors that are seen to cause fuilures are only the
‘tip of the iecberg' (¢.g. Nowak & Carr, 19835). To focus on such would inunediately
limit us to a very small population, with an In-built bias towards more *obviouy'
strors in *spectacular’ Milures. When an investigation of errors on a falled project is
hased on expert testimony (or recollestion), the datn is more likely to be tainted as

cach person will seeh o justify hisher role.



manifestations of the activity. For these reasons the comparison process was

demonstrated wilh the error detection model.

In my detection modet for type 1 errors, there is the implied assumption that
conceptualisers will only go out of their experience in small extrapolations at a time,
(It would be difficult to pre-recognise the goals in situations involving widespread
departures from experience). While this assumption is not necessarily always true,
it is at least in accordance with practice in most firms.

The comparison in section 5.2.3 shows that the detection procedures for type 1 errors
in the studied consultancy, are largely informal. The emphnsis seems to be on hiring
experienced persons who can ‘carry responsibility', and depend .o each person
to avoid or self~detect, possible mistakes. This may be & respouse to the climatology
of the last decade in which a decline in the economy has prompted firms to tighten
up on expenditure, hidependent error detection is perceived as expensive and
unnecessary (except for drawings), in this firm. However, for projects that are
complex, an informal approach to detecting type I errors is probably not the best
choice,

6.3 A DISCUSSION OF CRUCIAL ASPECTS OF TIHIE METHODOLOGY
6.3.1 The use of expert opinions in deviving theory

The primary source of data in developing the design error theory was expert opinious
= the opinions of persons who could be reasonably considersd exports in some aspect
or the other of the steuctural design process, This choive was dictated by the

following considerations.



of all, does it express a relevant viewpoint? If one happens to think a particular
weltanschawung is cogent, then the model Us useful. The second point is whether or
not the listed activities are necessary and sufficient, and whether or not they are

accurately related to one another. That is, are the activities logical?

In this study, the viewpoints relate directly to the topic of the dissertation, and so are
relevant from my perspective (i.e. ‘design arror is worth investipating'). The
viewpoints used in the two models derive directly from the theory of chapter four.
If it is granted that the relationships described in that theory are plausible. then these
viewpoints are relevant in a wide variety of cases, and are clearly relevant to the
studied firm.

The other criterion is the logic - of the choice and arangement of activities, The
logic used for the activities in the models of 5.2 was based on the theory of chapter
four and Reason's theory of copnitive processes in Appendix A, Reason's theory is

representative of current thinking in Psychology on this issue.

In using the SSM models for crror control, comparisons with existing systenis are
an important aspect. If some of the activitics in the model lack counterparts in the
real world (as in table 5.1} that would inply one of two things. Fither the owners
of the system do not perceive the viewpoint expressed in the SSM model as relevant,
or they have not thought through the implications of the viewpoint. The latter is
likelier to be the case when one is carcful to model truly relevant viewpoints, This
is particutarly so. as there has been no systematic means of specifying required

systems (before now) in error control situations.

I Qid not carry out a comparison for the error prevention model. In the studied firm,
it appears error prevention has not been conscious consideration as such, Of course
it is an undetlying consideratiou in the existing procedures, but has probably never
been explicitly considered in this manner, Type { ervor prevention in particular seems

to have no defined procedures. I the activities in niy model are carried out in the

thought processes of individuals, in many instances there are ne visible
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theory of section 4.3.2. The activities deemed to be logical for such a system were

also suggested by 4.3.2 and Appendix A.

Similarly, the perspective modelled in the type I error detection model (5.2,2), was
that ‘the independent detection of a type I error requires a pre-recognition of the
correct concept solution’. Again, this came from the theory cf section 4.3.2, In
section 5.2.3, it was illustrated how such models can be vsed to judge the
performance of existing systems, by comparing the type I <ivor detection model
specified in 5.2.2 with existing systems in the studied consulting firm. It was
coneluded that the existing systems in the studied firm are weak due to their informal
and unsystematic nature, Such weaknesses could manifest as larger error probabilities
(type 1} when forced changes occur in the firm. They could also manifest as
inefficiencies and money lost. It should be noted however that opportunities for type

{ errors are much smaller than for other etror types (see +.4).

There is no such thing as ghe model for a given human activity situation, just as
there is tto one viewpoint that is the viewpoint in the situation, (It is sometimes
necessary to cater for more than one viewpoint with multiple models, in order to
better appreciate the interaction of activities.) For examiple, 1 modelled a system to
prevent type 1 errors from the perspective of preventing poor problem
comprehension. An altermative would have been to perceive type I errors as a
problem of co-ordinating and maunaging information input, or as a case for avoiding
knowledge-based reasoning altogether, The former would not be pragmatic since the
consulting firm only influences information arrival indirectly, The latter would be
unreasonable for some firmis; say where there is a policy to go for innovative
structures. Nevertheless, both viewpoints could he relevant under different

gircumstances,

It follows from the above that S§M conceptual models are not validated in the usual
seuse. The model simply expresses the logivn] implications of a certain perspective
of the situation, It is therefore neither right nor wrong, in the usual sense of these

words. There are two points to consider in assessing an SSM vonceptual model, First
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linear function of time left and work left. Even though titme pressure is abstract, this

is clearly a good representation of its behaviour.

The actual equations relating the design environment to the design errors follow From
the theory. The theory gives sufficient guidance as to the form of the equation, and
the parameters are chosen arbitrarily to be plausible. This is allowable if it is borme
in mind that the values obtained are only an ‘index' of ervor likelihvod. and not
‘absolute' measures of likelihood. For example, [ modetled type T ertors as the direct
result of “lack of problem comprehension'. Once I obtained a likelihood for lack of

problem comprehension, 1 had a likelihood index for type I errors.

In this model, | have emphasised the occurrence of ervors throughout. Error detection
is not included at all since the intention here was simply to illusirate the process.
Error detection would obviously modify the behaviour of some variables since it can

offect occurrence mechanisms. Perhaps that could be included in another study.

6.2.2 The SSM models

As described before (3.2.4), SSM is used to investigate the logical requirements of
systems to fulfil some relevant viewpoint, The outcome is a model that specifies the
activities that are required in a problem situation, to fulfil the mentioned viewpoint.
Unlike the predictive model which tries to represent causative mechanisnis

recurately, the SSM models ignore causation and focus on control,

SSM was applied in 5.2 to the specification of human activity systems for the
prevention and detection of type 1 errors. The prevention model specified {5.2.1) was
a model of the following perspective - that “type 1 errors result from poor

comprehension’ of & conceptualising problem. This perspective was suggested by the



The validity of this error prediction model is to be considered in two parts. Firstly,
how valid are the causal interactions defined by the model? This is answered by the
question, *how valid is the theory', since ihe model derives directly from the theory.
That is a very significant difference between this predictive model, and the ones
reviewed in the literature (2.2). The relationships are not arbitrarily from one
person’s experience s alone, but from experts at different levels of design. Moreover,

the context within which the theory is credible is clearly defined.

The second part of the validity issue may be phrased as follows. How valid are the
mathematical relationships used to describe the causal interactions? I chose the
relationships; how can those choices be justified over other alternatives? In all
modelling the aim is to use simplified representations of reality, The simplifications
are chosen so the model is amenable to the required manipulations, while retaining
the ability to adequately reproduce the behaviour of some desired facet of the
situation. I likewise chose my equations to reproduce a ‘reference behaviour pattern'
{3.2.3),

For the design environment sectors, I had to reproduce patterns of behaviow .ot
project time, information input, work rates ete, However, this was much easier than
if I'had tried to stipulate behaviour patterns for design errors directly, That is because
the behaviours of these externally observable factors ewe common knowledge,
whereas error likelihood ar probability only an abstract concept and is not externally
observable, (Since there is no statistical data it cannot be inferred by normal
statistical means)’®. So for example, 1 modelled the planned progress of work
(budgeted work - Appendix D.2) as a stock that *dissipates' at exactly the same rate
as simulation time i.e., for every week of simulntion the project (as planned)

advances by » week, Again it was straightlorward to conceive time pressure as a

" the error prediction madls of section 2.1.2, modelors like Lind, Nowak and Melchors were
trying to stipulate equations direetly to reproduce 'the reality’ of how error likeliboods voewr. Yet, thers
are faw moamirements (statistics) of error likelihoods. [n this study, [ have stipulated uquations of low
information arrives, time passes ote. (These aro better known phonomenn and tho oxperts could easily
quantify most of these, e mumber of larme projects n year; extent of information that is typically
availabls), The ways in which these factors lead to design errors are racognized in the proposud theory
(4. 3. The gecurcence of the factars coubd therefore be sinwlated and vrror likelthoors ealeulated.
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provided estimates of conditions in their own firm that were used to calibrate those

sectors.

The fourth sector consisted of six sub-sectors corresponding to the six design error
types. The theory of section 4.3 provided the details of elements in these sub-sectors
and aliowed the prescription of matheniatical forms to describe the important
relationships. The equations were calibrated to provide erro: likelihoods of one at

average conditions (see 5,1,3).

When the error prediction model is used in a simulation, the design environment
sectors simulate the normal inter-relationships of factors surrounding the design team,
in the project and in the design firm. As these factors change. the design etror sub-
sectors will calculate the likelihood of each error type. and mounitor changes in that

likelihood for th.  ire simulation period (5.1.3).

The figures being obtained in the design etror sub-sectors during simulations are to
be interpreted as indices of error likelihood changing in response to systemic
changes. The probabilistic Interpretation suggested by the word likelihood results
from the fact that some of the modelled relationships are of the ‘intetvening' sort.
These are not directly causatory though they influettce causation. The outcome of

such an influence is not always definite, It is rather a *probability’ effect.

The values caleulated for the likelihoods are not absolute probabilities. Hence, they
are merely indices which can be interpreted relative to another likelthood obtained
in a similar manner. The usefulness of such a model is in situations where
comparisons are to be made between aktermative systems, The medel then provides
an indicntion of which system is more likely to produce errors of a certain type, and
by how much this is so. The use of such indices is common in situations where
absolute probabilities are difficult to estimate. Tn structural reliability for example,

the reliability index B is used to represent failure probabilities,



tried or g different engineering climatology evolves, When large changes occur, the
theory is bound to prove inadequate in some respect sooner or later. It then becomes

necessary to modify it to cater for those new experiences.

This last limitation does not imply that the theory is tied to the present state of
knowledge in structural engineering, The underlying theme in this study has been
that design errors result from systemic causes (rather than technical ones). For
example, if it is discovered that the design methods for fatigue are inadequate, it
would not affect the theory proposed in 4.3 significantly, This is true inasmuch as
errors (as defined in 1.5), occur only within the boundartes of the ‘state of the art'.

6.2  DISCUSSION OF MODELS DEVELOPED TO ILLUSTRATE USE OF
THE PROPOSED THEQRY

62,1 The error prediction model

An error prediction model was developed in 5.1 for the design environment and the
six error types, to illustrate the use of the theory. The model was developed as 2
System Dynamics simulation model using the STELLA software (see 3.2.3).

Thers are four sectors in the model developed. Three of these (the project time,
Information processing and budgeted work sectors) correspond roughly to the design
environment of the generic error mode! in 4.2.2, The various ideas modelled in these
three sectors are therefore described in Appendix C. These are well-known
phenonteta; even though they are only known it & qualitative mamner. Nevertheless,
it was possible to prescribe mathematical forms for the relationships within those

sectors from the well-known characteristics and Appendix € {5,1.2). The experts
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(B}  If no please explain the involvement you have had with the structural

design process.

Please describe the stages in your career up to the present, including dutes
and the following information for cach stage.

(A) The firm (B} The work they do (C )} Number of employces
(D) Your job {E} Your involvement with structural design

(F)  The tvpes of projects, structures amd materials you worked on

personally (see attached list of structural types).

Please tell me the name of the last xchool you attended the qualification

received,

Please explain any involvement you have with professional organisations and

societies.

When was the tast time you attended a training conrse! What was it called

and who organised the course?

Please mention other courses you have attended - particulacl, those related

to structural engineering.

SECTION NI

This scetion seeks to establish the particular areas in which you have had intimate

experience of the design process. This will allow s to concentrate on the areas you

are most comfortable with and avoid less important topics.,

The Hgure 2 {attached) is a list of activities that are directly related to the production

and implementation of structural designs. These activities are referred to here as

design tasks, and the questions in thiv seetion will be based on this list.



APPENDIN B
FORMAL QUESTIONNAIRE USED IN 15t SET OF INTERVIEWS

SECTION 1

‘The aim of this section is to establish general information about yourself and yow
career background. These ba: ' sround details are often factors in understanding and
analysing your answers.

If you have not been in your present jobiposition for up to six months, you should

refer to the previous position in answering the questions related to your job.

Questions

L. Choose an answer from  the following options that describes the

organisation/firm you are working with presently.

(A) Client firm (B} Structural design consultants
{C Ylontractors (1) Research institute
(1¥) Project managers {1} Other (explain).

2, Dees your firm produce structural designs?

{A)  If yes then answer the following questions.
(D) Are you directly tnvolved with structural design?
(ii)  Please deseribe any ather type of work your firm is involved
with outside structural desipn.
(il)})  Estimate the number of employees in this firm and the number
invalved in structural design.
{iv)  DPlease describe the organisation of this firm ¢z the types of

sections, departmients, branches ete.



The opportunities for stips (and lapses) are grenter than for anty other error type. but
the error/opponinity ratio tends to be low. At the other extrame there are fower
opportunities for knowledge-based mistakes than other error types, but the
error/opporiunity ratio is higher than any other. Rule-based mistakes are in between
these two. Again, slips and Iapses tend to be easily quantifiable, while mistakes are

often very difficult to quantify.

Slips may be detected when an attentional check is made later, but there have to be
cues to alert one to the earlier stip, In knowledge-based reasoning, mistakes are often
detected by the results. Mistakes at the stratepic level (the goal selected), are more
difficult to deteet than those at the tactical level ({the means selected). Frror

. 2

detection is therefore easier where the correct solution is recognisable in advance.

Slips and lapses are detected far more easily than mistakes of both types. Slips are
usually detected as the persen sees r stnmlarity to previous crrors (direet eiror
hypothesis « DEH). Rule-based mistakes are detscted partly by DEH ¢pisodes and
partly by error sugpicion (ES) - *something looks funny’. Knowledge-based mistakes

ore only picked up by standard checks - systematic checks of procedure.
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{previously informative signs are preferred to varer countersigns), amd strong rules

{Ffrequently encountered rules are preforred).

Kanowledge-based mistakes result from the bouaded rationality phenomenon and they
can take three forms: problems with judgement, problems with vausality and
problems with complexity. Judgemental problems arise fromn setective processing ol
task information when attention is paid to the wrong fentures, Psychologicatly salient
problem aspects differ from the logically important, and may distenct a person from
cousidering the logical. Hence, persons will give undue importance w considerations
such as loss of face in taking decisions. Causality problems arise from the tendency

to oversimplify cuuse and offect,

There are several known biases that affect the individual in hnowledge-based
Judgement. One of these is a tendency to overlook the significanve of data that is not
immediately present. Out of sight, ot of mind. Others are the confirmation bins (the
tendeney to pick an interpretation swiftly and stick with ‘.. even in the face of
opposing evidence} and overconfidence, There can also be biased reviewing (the
some mistakes are made during checking) and the halo effect (multiple orderings of
an item are treated as though a single ordering). Causality is inlluenced by
representativeness (perceptions of simitarity between ‘cause’ aud *effect’). Contplexity
effects are made worse by delays in Feedback, exponentiatly growing variables and

events linked as nets rather than series.

Skill based slips and lapses aceur during routine activity, usually as a result of
insufficient nttention to the tash at hand. The attention has been "eaptured” by
something else, Slips can also oceur as the result of ton much atention. Some
coghitive tendencies associated with slips are habit intrusions (the actions continue
along & familiar but incorreet routine because of inatrentlon) and omissions after
interruptions. *Overattention” problems usuafly result from mistimed checks during
& lavgely automatic sequence. The person comes alert with a start and says "now
where was I"7 Hefshe then coneludes wrongly that the sequence is at o partivular

point.
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If in the midst of kiowledge-based reasoning a familiar pattem should emerge, the

person will imuiediately fall bavk to rule-based reasoning,

Onee a plan is made, it is stored in the memory as a routine. It is this routine that
is executed when the time comes for action. The recall of stored routines is largely
autonratic but requires attentional checks at intervals, the frequency of which depends

on how well established the routine is for the individual,

Errors in the planuing phose are referred to as mistakes. Mistakes are [ilures in the
inferential processes in the selection of poals and the specification of means.
Mistakes can then be subdivided into rule-based mistakes and knowledge-hased
mistakes. Errors in the shill-based phase (storage and execution) are known as slips
or Inpses. Slips are more easily observable as external unintended actions, but lapses
tend to be covert omitted actions, sometimes evident only to the person why

committed them. These error categories are illustrated In figure 2.1 (section 2.1.2).

Rule-brsed tiistakes could result from a misapplication ol good rules or the use of
bad rules. The first is more common and refers to a rule which is fine in itself, but
is being applied to the wrong situation. This happens when the per :on misinterprets
hisher observations and other informarion. In real problems. the person solving is
inundated with information much of which is irrelovant to the siwation. 1le/she must
sereen out the ‘noise’ and search for cues (sighs) as to which rule(s) to use, and cues
{countersipas) as to which rulels) to ignore, In any given situation, there will be cues

for two or more contrndictory rules "competing” for selection.

There are severnl Featuees of cognition that affect the judgement of an individual in
me selection, One of these is conservatism « the tendency to seleet previously
stveessfl rules cven in changed circumstances (particufarly i he/she is coming
actoss an exception to a provious rle for the first time). Others are informationa)

overlond (too much infornaiion), partially matched rules, deployment  hias
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APPENDIX A
THE EFFECT OF COGNITIVE PROCESSES ON ERROR

The theory of J.T. Renson (1990) linking human error lo copr ive processes,
represents the present state of the art in the field of psychology. Cognitive (thought}
processes are divided into three types - planning of activities, storage of the plan in
imentory, and execution of the activity. The plannitig is further divided into two parts,
The first is rule-based reasoning for familiar problems (a mule of the sort "il'
situation™, then <possible solution™" is called into play). Alteratively, knowledge-
based reasoning is required for planning on unfamilixr preblems,

Flonning type I - Rule-based reasoning
Rules and plan routines are thought to be stored in schema or seripts which are
hierarchical networks of "objects”. Lach schema may be "activated" once a mateh
is made between some aspect of the problem situation, and the stored schema. The
activation of a schema will also activate all the linked schema a* lower levels in the

hierarchy i.e other “aspect.” that the person "associates” with the original rule.

Rule-matehing requires conscious attention throupghout. It is an extremely fast and
efficient process - as the person scans hisher memory for any familiar aspect of the
situation. People will always prefer this type of planning, and will only resort to the
other type when no mateh is made with existing rules.

Planning type IT - Knowledge based_reasoning

For completely new problems the person must resort to knowledge-based reasoning,
using the computational area of his/her consciousness ealled the working memory.
The computational processes are powerful, but working memory is limited in its
ability to hold Information. Tlence people can only deal with small portions of a
problem space at ance in knowledge<based reasoning. This ofien leads Lo sub-optimal
solutions - a phenomenon known as bounded rationality. Knowledge-based reasoning

requires conscious attention and the expenditure ol latge quantities of mental energy.
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observable project and firm characteristivs. In this way. an index of error likelihood
may be calculated for an error type. The index will be arbitrary, but it will provide

a measure of the reintive likelihood of error under different circumstances.

The difficulty experienced in error control has been that error contro! schemes lack
a means for coordinating the choice of control techniques, and there are conflicting
viewpoints to conslder. SSM provides a means for coordinaiing the choice of
techaiques (system specification) in a holistic manner, by focusing on one viewpoint
at n time, To use S8M however, there must be sufficient understanding of the issues

involved, This is provided here by the proposed design ervor theory.

7.3  RECOMMENDATIONS FOR FURTHER WORK

The theory and models developed here are .pecific to firms with similar
characteristics to the one studied, though certain aspects have general applicability.
There is a need to apply these methods further to firtng with other characteristics.
Other studies conld also consider systetis at different resotution levels (e.g. the entire

project team) or in other phases of the construction provess besides design.



because of the bounded rationality phenomenon (Appendix A). This is influcnced by
time pressures, wrong or missing information and the specification of clumsy

concepts at an earlier stage.

Type I errors (4.3.3) result from breakdowns in the process of recalling models in
the memory that are applicable to some present problem, This could be the effect of
incorrect recognition of the problem character or because tue modat in the memory

is actually bad.

Type I errors (4.3.4) are the result of mismatches between tacit assumptions in
chosen methods of analysis (formufac and procedures), and assumptions in the
conceptual models. The incidence of this error type is influenced by the use of

computation aids and individual ‘responses® such as fatigue, pressure and morale,

Type Lv errors (4.3.5) result from insuffictent attention {carelessuess) during routing

number manipulation. Fatigue and time pressures can influence these strongly,

Type V errors (4.3.6) are mostly caused by insufficient understanding of the concepts
to be depicted during draughting, by the draughtsman. Sometimes though, these
could be the result of poor training on the part of the draughtsman. Concept
communication breakdowns are the most common reason for draughtsmen
misunderstanding concepts, Such breakdowns are influenced by physical distance
between draughtsmen and otber members of the tenm; the use of contract

draughtsmen; personality clashes and the levet of specialisation of the drsughtsiman,

Type VI ervors (4.3.7) are nlso caused by insufficient attention, but now in the
routine drawing tasks, Extermal distractions and internal preoccupations are

contributory factors and motivationni problems are considered important here,

This theory summarized above provides a qualitative understanding of factors related
to error oceurrence. Thus, one can use o qualitative simulation package such as

STELLA to represent the error inter-relationships, relating them to the externally
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error detection system in the studied firm, These weaknesses are the resuit of the

lack of a theory of error causation,

72 THE MAIN RESULTS FROM THE STUDY

Iluman error was defined in this study (1.5) as “the departurc of an individual (or
group of individuals), both from his {or their) prior intention and from acceptable
practice ns judged by competent professionals”™. Design sivor was then taken to be
“all human crrors in the design process - from the briefing of the structural team to

the handover of all drawings and schedules: including clarifications and changes™.

Design errors were categorized (2.1.2) into six types as follows:
Type I - Knowledge-based mistakes in conceptualisation,
Type Il - Rule-based mistakes in conceptualisation,

Type I - Rule-based mistakes in computation,

Type IV - Caleulation slips and lapses,

Type V » Draughting mistakes and

Type VI-  Draughting slips and lapses.

All design errors result from an interplay of wenknesses in the work-related abilities
of the individual, and weaknesses in his/her attitude or state of mind (section 4.2.2),
The impact of these weaknesses is intluenced by factors relnted to the environment
of design « time availability, the offect of work delays/revisions and the

characteristics of design information.

It was found that type 1 errors specifically (4.3.2) result primaily (rom the inability

of an individual to comprehend the important aspects of a problem situation -
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When the theory had been developed, it became necessary to show that such a theory
will significantly enhance the processes of error prediction and control. This was
done by developing models for error prediction and control for the studied consulting
firm, in an illustrative manner (chapter five). The model proposed for error prediction
was developed using STELLA, a System Dynamics simulation software (3.2.3). The
model was based on the generic model of section 4.2.2 and included separate sectors
for design errors and the environment of design (5.1.1). The relationships in the
design environment sectors are qualitatively well-known phenomena (e.g. relationship
between nmount of work left and time pressure). Hence, these could be modelied
easily as mathematical expressions which were calibrated to match usual experiences
in the studied consulting firm (5.1.2), Two of the experts provided the additional
quantitative information for calibrating the equations in additional interviews.
Relationships in the design error sub-sectors were based on the theory of error

causation (proposed in section 4.3),

The error prediction model aliows the simulation of the occurrence of projects within
the firm over a period of time. As projects are simulated in the design environment
sectors, the design error sector ealculates an error likelihood index for each design
etror tvpe., This index is arbitrarily defined but is nevertheless a measure of the

relative likelihood of error in 1 comparison betwesn two or more possible situations.

The medels developed to illustrate the use of the design error theory in error control
were Soft Systems Methodology (SSM « section 3.2.4) conceptual models. S5M is
a systematic means of expressing the logical implications of some relevant
viewpolit, in a problem situation, By this means, one can specify the logic of
activity occurrence and inter-relations in a human activity system that exists for a
prescribed purpose or goal. To illustrate the method two models were developed -
one for the prevention of type I desigh errors; and the other for the detection of type
T design errors {5.2.1 and 5.2.2). The model for error detection was then used as a
standard (via comparison) for judging type ! error detection in the studied consulting

firm (5.2.3). The compnrison led to the identification of weaknesses in the present
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It was necessary first of ail to adopt a tight definition for human error in general and
design errors in particular (section 1.5). Desigh errors were then categorized into six
distinet types based on a consideration of cognitive processes (section 2.1.2). There
were fundamental difficulties associated with the frequentist probability paradigm of
classical statistics and the forms of data collection implied by that paradigm {section
3.2.1). Hence, the soft paradigm of the systems app:roach (section 2.© 1) was adopted
as & more feasible means of dealing with the issues involved in human error. For ong
thing, the systems approach promotes a lolistic way of dealing with complexly
related variables which has been lacking with current approaches to error
prediction/control, More importantly, the soft paradigm introduces the idea of human
activity systems, in which human perceptions and feibles are catered for and

subjectivity is normal. Error of course, is intensely human in nawre,

To sctunlly develop the theory, the datn used were the opinions of four persons who
could reasonably be considered experts i various facets of the design process. These
four persons vonstitute the core of the design team handling steel structures within
8 renutable consulting firm in Johannesburg. The experts described the factors
causing design errors (and their inter-refationships) at the tevels of the project and
design firm, based on their experiences. This information was obtained during a
series of unstructured faterviews with cach expert (section 3.2.1), and the information

was recorded as cognitive maps (sections 3.2.2 and 4.2.1),

The elements of the cognitive maps v - later broadened out into conceptual
categories using the coding wehniques - Grounded Theory method (section
3.2.2). These conceptual categories were related to one another to form a genaiic
model of causation for design errors (section 4.2.2). The details of those conceptual
categories are given in Appendix C. At o later stage of the theory development the
specific cansative mechanisms for each design error type were isolated. These are
deseribed for each error type in section 4.3, That section is the core of the design

crror causation theory developed,

132



CHAPTER SEVEN

CONCLUSION

71 A SUMMARY OF THE STUDY

Traditional models for the prediction of errors are based on probabilistic estimates
of error behaviour. Since there is little objective data available for these estimates,
such models tend to be exercises in conjecture. The trend has been to replace direct
observations with expert assessments. But expert assessments of ercor behaviour are
bound to be weak. since error is not a phenomenon with well-known laws of

behaviour (see 2,2}

Models for crror control on the other hand are traditionally of the procedurat
(managerinl} sort. They are typically derived from such philosophies as QA and
TQM, und from institutional models such as 1SQ 9001 (see 2.3), However, none of
these address the issues of how such models can be specified in a coherent and

etficient manuer.

It has secmed to mie that the problems encountered in error prediction and control
stem from the fact that ervor is a poorly understood concept, whose properties and
behaviour are not cleatly known, In this study therefore, I have set out to develop

o theory of how crrors oceur (causation), for the specific case of design errors,

131



Correct_into availability = If (Project Time - 6} then (¥ 4 - £ $*Project Time) else
(3/5 * PM _experience + 2) Fan 103
For small projects information is released relatively fast, as more of the details are
often known before the contract is awarded (see C.5). The part of equation D.5 for

small projects will be
C -84 - 04P Fyne 1o

This is a linear relationship between correct wfo availabllity (C ) and the lenpth of
the project (project timie P). Otherwise, the rate at which information is available
depends lincarly on how experienced the project managers are. The correct
information available index is calibrated so that

very experienced managers will release 80% of the neaded information within the
first fifth of the budgeted design time, while very inexperiunced managers will
relense 66% of the needed information in only holf the design time. Very small
projcots (less than 3 weeks) have the same characteristics as for very experienced

nmanagers,

The percentage ol work that must be redone (because of information changes). is
determined by the ‘re-doing work® flow. 'The REWORK() function of STELLA
simply causes a percentage of the original flow to ve returned downstream. The

pervertage is equal to the arpument,

Redoing worh ~ If (0 - Project Time < 6 ) then {(REWORK (5 *
Chonge index)) else (Iff ( o + Projeet Time < 24) then (REWORK({ 7.5 *
Change index + 5)) else (REWORK (15* Change index ¢ 10))) feegn 1207
In equation 1.7 the rework percentages depend on the size of the project rthus
mirroring the relationship between project size amd revisions - C.A4), and on n ciange
index. This change index caters for the effect of structure complexity and proje
manager expericnce (or inexperience), which are also hnovn to aftect revision rates
(see C.4) The change index is piven as

Change index ¢ 1 - (PM experience/ 10)) + (Structure complexity/10) Fygo 12§
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Some of the already processed work will be retumed to the stock ‘hnown
inforination' (via the flow ‘re-doing work'), to be re-processed. This caters Lor
revisions and corrections, In this way, the rate at which information is processed is
dependent on how much information is known (infu input), the production rate of the
team (real work rate} and the number of revisions (re-doing work) - see ¢4 in
Appendis C. The difference equations for the stoeks are given os equations D.1 and
D2,

Received Info{t) - Reeeived Info(t - dt) + (Info input + Redoing work -
Real work rate) * dt Eyn D1
Processed_info{t) = Processed info(t - dt) + (Real work rate - Redoing work -

Info_output) ¥ &t Lgn 0.2

The rate of information input is determined by how much (correvt) information is
available, In turn the amount of available information is decided by the expetience
of the project managers {see C.5), The equation for info input is:

Info_input - (Project Time/ 10Y'( {If'{Received Info + Project Time ) then 0] else
{(Correct_info_availability * EXP{ «Correct info availability * Time counter /
Project Time))) bgn D3
When the amount of information {work units) received becomes equal to the work
reguired for o project of that length (project time - work units), no more information
is input. This is the expression in the first set of syuare brackets. In standard

notation, the second part of cquation .3 would be written as:

8 .
Py Lign DA

Ifo input rate -i%((‘.‘e

where I is the tota] project time; € stands Cor the correct information available indes
and T is the elapsed time (time counter) on the project. Hlence, equation 1.3 models
information inflow as the slope of a negative exponential curve that Tattens out to
zero when the elapsed tithe on a project equals the total project time, The shape of

the curve is determined by the avaifability o’ correct information indes.



APPENDIX D
FURTHER DETAILS OF THE ILLUSTRATIVE ERROR PREDICTION
MODEL

D.1  The ‘Information processing’ sector

The information processing sector is shown in figure D1. The main feature is a chain
of resource flows including the two stocks ‘received information' and *processed
information’, Inforniation is input into the design process via the ‘info input’ How
and exits via the *inished work® flow, Information is provessed ax work units flow

from the first stock (received info). to the second (provessed info).

)] Infarmation Procussing 2O 8

Morala Index

Time eounter \

Focessad info

5L

Time ¢ ar
! oynt Reasived nfo

€3

Project Time

Real work rate

Info output
"a
Radaing wnr.‘<\"\—----""’—C
Praject Time
PM erparlencs
Time counter e O
) PM expindex  Chonge Index Biructure complexity

o

Index rasot

Figure D1 - Model eloments in the *Information processing' sector




manager is on important factor in such situations (FP & CJ), particularly on wmedium

to large projects.

Client liai-  is enhanced by good relationships between persons in the design
consultancy and the client firm, It is common to establish *low-level' contacts in the
project team, say betwoen a struetural draughitsman and an architectural draughtsman.,
However, this is sometimes problematic ns informal exchanges are occasionally

Invorrect and are disputable.

Internal information flow within the desipn team can be hindered by physical
distance between sections of the team, by personality clashes, or by breaks in the
design process. This last influence refers to persons leaving the team dwing a
contract, When contract personuel sre used, differences in terminology will enhance

the likelikood of misunderstandings.



C.4  Work delays and revisions

Dalays (see FP), may arise because of pending information from other consultants,
project managers or manufacturers. This is particularly problematic on larger projects
involving multi-disciplinary design. The second source of delay is the need to re-to
work due to corrections and revisions. Information delays are more common at the
drawing stage than in design. (Once there is sufficient information to fix concepts,
design caleulations ean usually proceed without additional information, [f necessary,
the design engineers can assume conservative figures and cheek these when more
information is available).

Finaily, a third source of delay lies in poor administration/supervision of the design
team. I example, low drawing production rates ean result because of “interference’
between uraughtsmen (work pootly apportiened), or because they are ‘goofing off'.

Both of these are sotnettmes associated with using contract draughtsmen,

Work delays ave closely related to time losses {(and 50 to time availability). A secoud

¢ffact is sometimes to influence the morate of the design team members,

The uso of provistonal details which can be corrected on site is often n feasible way
of dealing with informntion delays. The use of standard cquipment with known

specifications, will also help in this respect.

C.5  Information characteristics

Information is required from the client and other consuliants, to guide amd focus the
design effort, Sometimes, information is also required from other members of the
structurnl design team or from the contractor, Problems arfse when someone gives
wrong information or the information required is not available Scmetimes thix is
becnuse a client does not yet know lus/her requiremants, or beeause final decisions

on say machinery have not beea made. The level of experience of the project
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physical exertion, financial constraints, getting on with athers, personal problems ete.
Up to n certaln point, pressure stimulales greater concentration and more efficient
performance, However, very high pressure can lead to loss of care. Design appears
to be generally a high pressure activity, and many design persoune! cope by using

socially accepted drugs such ns aleohol or cigarettes.

Individuals difTer in their level of care ~ the time spent attending to details, and the
extent of concentration For that time. The knowledge that they will be checked

motivates some individuals to greater care, and others to less care.

C. The availability of time

Design time estimotes are often fixed by extrapolating from similar jobs in the past.
These are then adjusted for differences in complexity and the degree of repetitiveness
of details. Sometimes though, there are no similar inbs to extrapolate from and

cstitates must be ‘synthesized' from seraich,

Very often clients liave their own deadlines and this can be the overriding constraint.
The project manager may develop histher program without consulting the design firm
and may estimate the required time wrongly. This is often linked to the experience
of the project managers with that type of structure, Other common constraints are the

availability of qualified personvel, the number of jobs in hand ete,

Tinte constraints for desi: » .1y be relieved by the use of contract drayghtsmen and
freelance desizners, or by farming out drawing wotk to other jobbing firms. Some
individuals will take *short cuts' such as leaving details to be developed by the

fabricators,

14



C.2  Attitude and stntz of mind
Thers are again four concepts in this category - again interrelated and overlapping.
These are motivation or morale, fatigue, the feeling of pressure and the level of care.

The definitions here are mostly derived from FP.

Motivation or morale has a long term component - overall job satisfaction. (*1 like
the job I'm doing and the roles it imposes upon me'). This is linked to a feeling of
5e!"esteem and taking s pride in one's contribution. The latter attribute develops best,
when the individual perceives the importance of his‘her role and is made to feel like
a valued member of the team (team spirit), When there are individuals in the team
who are malcontents their grumbling tends to affect the others, and discontent
spreads. Some individuals become unhappy because they believe they are not being

treated fairly.

Morale also has a short term component - the interest of an individual in particular
work tasks. Some engineers tend to take interest in the creative aspects of thelr jobs
and neglect the administrative parts. Numerous revisions and work delays can lead
to low morale on a particular project, especially if the revisions are on the same
aspect, Projects that are running at a loss will also have the same effect on the team,
The rate at which drawings nre produced can be highly affected by the morale of the

taai,

Fatigue in this context, is an inability to concentrate mentally because of tiredness,
This usually builds wp over several weeks and months of long working hours
{pressure), without breaks. Fatigue may lead to less care. Individuals with good track
records or who specialise In an area, tend to be in demiand, When there is much

work, such individuals are fatigued faster.

The fecling of pressure is the result of being Maced with challenging situations i.e.,
circumstances that call for performance beyond comfortable [imits, yet not so
difficult as to be obviously unattainable, (People are not challenged by totally

unattainable goals, they just give up). Challenges arise fiom time constraints,
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the workforce. The workforce is shrinking as older engineers reiire or emigrate
because of the social changes. A related issue is that employers are picking and
choosing since there is unemployment. It is easy to get information on the ability of

an individual in the relatively smiall engineering community.

Competence is the general knowledge of principles governing the performance of a
design task. It allows one to understand his/her limits and to know where to seek
assistance, This seems to result from broad exposure to related structural types, and
formal or informal education. Any firm will develop an area of work in which their
personnel are competent. When they go out of those boundaries, they may lack both
competence and material understanding. Yet, cconomic squeezes lead some firms to

diversify structural typos/materials as n means of ensuring work.

Material understanding or a ‘feel' for the maters.], is an insight into how material-
specific characteristivs can influence structural response and performance. So for
example, being able to visualize the stability of steel structures, Rising through the
ranks and previous experience in fabrication or erection, may be contributory to this
ability, NC mentions the trend in which more engineers are graduates with little
practical exposure and implies that this prevents them from developing materinl
understanding. The need for graduates has itself arisen from the fact that engineering

analysis has become more complax and mathematical,

Innovation is the abillty to extrapolate beyond normal boundaries imnginatively yet
reasenably. It requires o touch of creativity, The trend in innovation has been
towards cheaper, more efficient designs. Firms that acquire a reputation for this tend
to build up a steady clientele,

The terms ‘expertence’ and *conmpetence' as “lefined n. e result from the usage by CJ

(and correspond to NC's *knowledge'). The other two terms are largely patterned after
NC.
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APPENDIX C
CONCEPYS IN GENERIC MODEL OF DESH:N ERROR

In section 4.2.2, the data from the experts was divided into seven conceptual
categories to form & generic mode!l of causation tor design errors (figure 110}, In
this appeudix, the other conceptual cetegories in the model (besides the errors
*hemselves), are explained. The purpose is to provide better understanding of what
is meaunt ar . implied by the varous ternv used to explain design error cansation, in

the theory of section 4.3. The categories are:

Those related to the individual.

. Work-related abilities,

. Attitude and state of mind,
Those r~'ated to the desipn envivonment.
. Availability of time,

. Work delays zud revistons

. Information characteristics,

.1 Work-related abilitics

There are four overlapping ideas within this category - experience, competence,
material understanding and innovative ability. The meanings I negotiated for encl of
these are as follows.

Experfence s the level of frmiliarity of an individual with & pacticutar task on a
given structural problem or configuration. It cerresponds roughiy to the length of
tinte the individual has been involved with a particular structural type. FPP and ()
both feel that fewer firms are training engineers and draughtsimen beeause the design
consultnney ntarket has become more competitive (more jobs o a desian and buikl

basis). This in tuen iy affecting the number of experienced and competent persons in

1486



(8)

(B)

(C)

(D)
(E)

About how many of each error type would you expect from a young
engineer who had been working on this design task for a year?

For 3 young engineer who has worked for a year, about how many of
such errors would you expect him/her to discover himsellfherself?
About how many are likely to be discovered later in the design
process? About how many would be discovered outside the design
process e.g. by contractors ?

What are the possible causes for each of these error types?

In your opinion, what are the circumstances or methods that make it
ensier to discover each particular type of error? Please refer to
possible situptions in the design office and to the character of the

project itself.

What types of errors can take place in information, and from which sources

arc these likely? What are the likely consequences of errors fn information?

Thank you for your time and your kind co-operation.
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For this interview we wili cover each of the following design tasks identified in

section I, in i,

(n (2) (3 {-H)

(%) {6}

Questions

(1)  When was the longest condnuous period you were ever involved with this
design task? Where were you working at the time?

{2)  Describe the types of structures you worked on at the time,

(3)  Which of the following categories would best describe the total project cost
far most of the projects you worked on at the time?
(A} Less than R100 000 (B) Between R2 million and R100 000
(C ) Over R2 million.

(4)  Mention the steps you would normally go through in carrying out this design
task. Explain what happens at cach step.

(5)  Wiat type of information would you normally require at eachi step in carrying
out this design task? What would be the most likely source in each case?

(6}  Describe the types of errors that could take place at each step in the desipgn
task, What are the likely consequences of these errors?

(7)  For each of these ervor types inontioned above, please answer the following

questions « refating the answers to the types of projects you worked on
yourself, Put your nswers in the provided tahle.
(A)  About low many of each error type would you expect a young

engineer to make on hisher first projeet?
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Questions

(4

Study the list of design tasks and indicuce where anty essential ones have beent

omitted. Mention these by name and describe each one briefly.

Look through the list of design tasks again and indicate those tasks you have
had personal experier . @ with, either because:

(A)  you have done the :ask yourself,

(B)  you have supervised others doing this task, or

(C ) any other reason (explvin).

State whether it is A, B or C that applics in each case,

For each design task, how well can you give au opinion of the errors people

make on that task? Choose vour answers {rom the following options:

(A)  Very well (B} Waell
(C} Average (I} Weakly
(EY  Very weakly (F) Do not kuow.

For each design task, mention the stages in your carcer when this task was
a normal part of your dutles, or you regularly supervised others in the task,
or you were involved in some other way (explain). Please include your

present job tasks.

SECTION M1

This section examines the design tasks you ure most familiar with (from section 1),
in detall. 'The questions seek to obtain your assexsments of the causes of error in
each design task, and the types of errors that resell.

Please bear in mind the definition of human error on the introdueetion sheet.
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D.7 ‘The *Type VI design errors' sub-scetor

‘Type VI errors result from insufficient concentration by the draughtsmen, (drawing
concentration), and low morale. The concentration of draughtsmen is susceptibly to

environitental distractions, internal preovcupations and fatigue {4.3.7),

To model morale, T have focused on the shortsterm aspect of morale {seotion .2},
which would change for each project. This short-term morale ix assumed random
with a normal distribution » mean = 5; standard deviation = 1.67. Morale is
represented as 8 stock, which is adjusted at the start of each project, using the morale

reset flow (figure DS).

Internal preoveupation ix raumdomiy chosen to be absent 90% of the time, When it s
present, it is assumad to be unifonnly distiibuted botween 0 and 10, Environmental
distraction is user<specificd with a default of 5, Drawing concentration is reduced by
the greater of intemal preoccupations and external distractions, and then modified
fusther for fatigue as done Por type IV errors. Type VI error fikelihood is then a

smoothed version of [2¢ minus the sum of morale and coneentration].

Maorale index

@‘ ér :'l'} €
Marala redat J

Fatigue Insfex

[T

C

Time sountar
ype VI ercors

Q_A

Internal prenceupations wy coneentration

C

| Environment distragtions

Figure DY « Model clements in the *Type V1 dasign errors' sub-sector
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iMmen : Designer rvelations I ((Distance elfect 1) and
{Mutgide’ d'men effect 1)) then  (Concent communication/) else (il
{(Mistance effect 0)and (*Outside” d'men effect  03) then Concept communication

else (Coneept communication*0.75)) Ly 30

Distance effeet - H (*Outside’ d'men effect 13 then MONTECARLO{I) else ©

Lign 1237
{DOCUMENT: This variable will retwum a value of 1. (indicating that there is
distance between the desipners and the drawing office). for 30% of the time that

outside draughtsmen are used).

hwe shills  BF {"Outside' d'men effect 1) then (Iwz specinlisation®0.8) else

Dwg specialisation Fon DAX
Dwg specialisation - 5 (default). Fyn 1239
Type V_errors Smth1(({{10  ~I’men ; Designer relations) + (10 -
Dwg skilis})y20).50) Fyn D10

*Outside’. d'men_effect - 11 (Prajeet Time - 24) then MONTECARLO(73) else
MONTECARLO(10) Fgn 141
[DOCUMENT  This variable measures the likelihood that ‘outside’ draughtsmen
{e.g. o jobbing firaw, the client's draughtsmen or contract draughtsmen ), will be used
Tor the buik of e drawing].
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i) Type V - Draughting mistakes AN ;|

O

Dwyg speclalisation

:

projact Time ‘Qutside’ ¢'iman effact

Owy skills

Type V errors

O'men : Dasigner relatons

)

-

Distance effest Concept communication

Figure D7 - Model clements in the Type V design errors' sub-sector

It is assumed that draushtsmen from outside the firm will typically be used on Targe
projects. Heaee, it is modelled to randomly ovcur 75% of the time on large projects,
{over 24 weeks long). aind only 10% of the time otherwise. Thus, the distance effect
variable returns a value of one, for 30% of the times when outside draughtsmen are

used,

Drawing specialisation is user=defined, with a defaubt of five. Drawing shill is simply
equal to the specialisation, save that when outside draughtsmen are used the shill §s
reduced by a multiplier'” of 0.8. Similarly, the variable “draughtsmen: designer
relations’, is essentially cqual to the concept communication. However, it outside
draughtsmen are used and there is no physical distanve, the eitectiveness ol
communication is reduced by a quarter. IF there is also physical distance, it is
reduced by half. Type V error likelihood is simply 20 minus the sum of drawing
shills amd dravghtsmen: designer relatious, (both “sKills' and “relations’, range from

zarg to ten). The vesult is then normalized over 20, and smaothad.

| I . - .

The variaus multiphees ore arbsteaey, but they murar the ofects that ate qrahtatnely haown

to b s, and the values are plawible Sinee the ceror Dhebdomd wdas buing valiulatad i only 2 meawans
of rebative dalberenves, this 15 not entical ta the use of the madet
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The function is chosen to be almost normai. This models the fact that people’s
minds tend to wander when there is uo pressure, and they are at their best at medium
pressure levels, Howover, when the pressure gets too high, their performance is again

impaired. (See C.2 in Appendix €).

Ini the equation for type IV errors, the Datigue index is normalized over 1.5 (it has
a maximum of about 1,3}, and subtracted from one. This is then multiptied with
concentration so that concentration is reduced by fatigue, The effect of ealeulation

aids is wen weighted by 0.3, and subtracted from the reduced concentration.

Calen aid index - 5 Egn D.34

Caleulation slips = Smth3(({((Miu(Fatipue index, 1)3*Concentration/14) + (3%(10 -
Calen pid index)/100)).50) FEgn N.35

Concentration = GRAPH(Time_pressure), See figure D6.

D6 The ‘Type V design errors’ sub-sector

As shown in figure I¥7 type V errors are modelled as the result of .wo phenomena.
The first is the relationship between the draughtsmen and designers, in which the
most important effect is that of concept communication Concept communication is
however affected by physical distavze between designers and draughtsmen, and by
the use of draughtsmen from outside the fitm (section 4.3.6). The other phenomenon
is the level of drawing shills. This is again affected by the use of outside
draughtsmen, who may need more supervision or may be unnceustomed to group

worh. The degree to which draughtsmen are specialists, is however the main elfecr.
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DS The “Type IV design errory' sub-sector

The model el :ments for type IV design errors are shown in figure D5, Type IV
errors result from lach of sufficient attention or concentration (-4.3.5). Poor
concentration is aggravated by fatigue - even at low fevels, and may be triggered by
time pressures, The use of sophisticated caleuiation aids will reduce the opportunities

for type TV errors.

=) Type IV - Caleulation slip ; & lapses 28
Tlme pressure Congentration Type W errors

O O

Fatigue index Calen ald indax

Figure D5 - Model elements in the “Type 1V design crrors' sub-sector

The ¢enleulation aid index is a user-defined vaciable that measures the sophistication
of caleulation sids. A very sophistivated computer program requiring little input fom

the wser (e.g some expert

systems), would rate as 10 - .

Conversely a shide rule could Eg g |2 .' ; | ! .- ' '

rae as I. A simple PCerun ‘c ry S .

structural  analysis  program ;g 5 " _ ‘ -

would be say 5. The default 2}; E: ' Lo N - OI

valug i 5. ‘}I P Y.
o qa T S L

Conventration is conceived as a i 0 2 ['ﬂﬁ?ﬁ"ﬁéék%f& 8 10

graphical  function of tme o |

pressure, depicted in figure Do, Figure D6 Concentration’  as a  graphical
: function of *Iime pressure’

162



Accumulated_fatigue{t) - Accumulated fatigue{t - dt} + (Busy periods -

Rest periods) * dt Egn D.2§
Busy periods = If {Time pressure - §) then 1 else 0 Fn [1.20
Rest_periods = If (Time pressure - - 0) then 4 else 0 Lgn .27
Communicatn_systent_intdex = NORMATL(5.1.67) {default) Egn .28
Cowncept_communication = {Communicatn_system index ¢+ 10 - ({10
*DELAY(Type I _errors, 2,0))))2 Eqn 11,29
Fatigue_index + Smth3(Accumulated fatigue, S)Y! 1.6 Fon D30

[{DOCUMENT: This index has been calibroted (aBer soveral simulations) su that
‘high fatigue' values (- 1) are typically obtained about three times in 10 years. An
index range of 0.4 - 1 will represent medium fatigue which may typieally oceur once

a year].
Incorrect_computation_procedures < | - (Tralning_quality/10) Egn D.31

Type Iil_errors = Smth3({{Max(I'atigue_index, 1)) * (Wreng model gssumptions ¢
Incorrect_computation_procedures)}.S0) faqn .32
[ DOCUMENT: Fatigue 15 assumed to hove an effoct on computntion mistakes only
at ligh levels { - 1), Otherwise computation mistakes are governed by the

probabilities of unrealised model assnmptions & unsuitable procedures/formulac.

Wrong model assumptions = 1 - ((Max{Experience breadth,
L]

Concept communication))/ 10) fagn .33
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The effectivencss of concept commumication to the design engineer, will depend on
two things. Firstly, if’ the conceptunlising was faulty, it might Iead to clumsy
coneepts (4.3.2). These would not be completely unworkabde (type I or I errors), but
unnecessarily complicated. Clumsy concepts would hinder effective conununivation.
Secondly, the systems adopted for communicating concepts would also influence the
effectiveness of commun’ cation. The user scores the communication systens index
on a range of zero fo ten (very bad to very good). The default is a nonvcdln
distributed variable with a mesn of five and staadard deviation ot 1.67. The
likelihood of clumsy concepts 1> assumed to be highly correlated with the likelihood
of type I errors, and so is represented by the type 1errors of two weeks ngo {using
a delay function). Effectiveness of concept communication is then the sum of the

communication system index, and 1 - type 1 error likelihood.

Wrong recognition of model assumptions is conceived as depending on the 0
effective communication and experience breadth. IHenee it is simply | - [the

maximum of effective communication or experience breadth].

Incorreet computation procedures are a linear function of training quality.

Iatigue is modelled as a stock that acoumulates when the team underpoes busy
periods for long stretehes, and depletes when things are refatively slow (see C.2 of
Appendix ), Busy periods and rest periods are detecied by monitoring the time
pressure on the team, ‘The rate at which Fatigue is dissipated by reste is foster than
the rate at which it aceumulates under pressure (C.2), The mnount of accumulated
fatigue is measured by a fatigue index, which “smooths' out rapid fluctuations, and
normalizes the value over the high fatigue threshold. This threshold is arkitrarily
chiosen to oceur about once every three years, t ‘normal' conditions in the studied

cotsulting firm.

Type HI ervors are then caleulated as the sum of wrone mod! wesumptions  and
incerrect procedures. Towever, when there is high fatipue that sum s maltiplied by

the fatigue index.
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D4 The *Type Il design errors' sub-sector

As described in section 4.3.4, type 11 errors result from wrong recognition of muocdel
assumptions, or incorrect setection of computation procedures, Recognition of model
asswnptions is assumed to depend on breadth of experience, (Familiarity with many
models), and effectiveness with which the concepts were communicated, (4.3.4).
Incorrect selection of computation procedures depends on the training of an
individual, The effects of both the type I error causes are made worse by high

fatigue levels. Figure 4 shows the various factors modelled to represent these

refationships.
(o)} Type lll - RS computation mistakes 2 8
Communlcatn systam Index Cancept communication Type | errars

Experionce breadth

O

Training quality

Incorreat computation procedures oe Il arrors

Fatigue index
Busy periods Rest parieds

- O ]
Accumuiated fatigue

Tima pressura

Figure D4 - Model elements in the *Type 1T design errors sub-sector
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and abscissa depending on the initial experience (at the start of a simulation). The
initial experience is user-defined (range zero to ten), with a default of five ~ equation
D.18, If the initial experience is at its default value, the experience breadth equation
has an abscissa of 5 and a slope of 3/1000. Training quality is a user-defined

constant with a default s <ue of 5.

Correct model selection is conceived as the multiple of the breadth of experience amd
training quality (over 100), hence incorreet selection is one minus that multiple. This
has a range of zero to one, Completely wrong structire recognition takes place when
the correct information availalie is tess than some threshold value. Otherwise, it is
n lincar function of time pressure with a sfope of 0.1 and an abscissa of zero. The
likelihood of type II errors is then the sum of likelihoods for incorrect model
selection and wrong structure recoguition, normallzed for ‘nonmal’ conditions in the

studied consultancy. The equations Follow below.
Experience_brendth = ((Initial_experience*0.0%(1 + (TIME/LO0V0))) + 2} Fgn [).18

Incorrect_model_selection = 1 - (Experience brendth®*Training quality/ 108y .49

Initial experience = § (default), Egn .20
Innate_ability = (Expetience_breadth + Training quality)/2 Fagn 12,21

Training_quality = 5 (default). Eegn .22
Wrong_struciure_recognition - IF {Correet_info_availability ~>+  6) then
(0. 1"*Time_prossure) else 0 Foagn .23
Type 11 _errors -~ {Incorrect _mode] selection ¢+
Wrong struclure_recognition /0,752 S 1124
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Estd_work_rate = If Time_counter = 0 then 1000 else [ Eqn D17
This outfiow simply red es the budget=d work at a constaat rate of 2 weeks work
for every week of simulation. At the start of a new project, all outstanding work

units are cleared.

D3 The ‘Type H design errors' sub-sector

LIE) @ Type || - RS errors in conceptualising PANEY ;|

Initial edperience

Innate abllity Experience treadth Incerrect modal selection Type |l errers

O

B

Tralning quali
raining quallty ong structure recognitic

Carract info avaliabllity TIme prassure

Figure D3 « Model clements in the *Type 1) design errors’ sub-sector

The incidence of type 11 desipn errors {in figure D3) is dictated by the likelihoods
of recognising the structure correctly and selecting the right model (section 3.3 and
figure «.12b). ‘e firse likelitood is itself dependent on the availability of correct
information (viodifted by time pressures), while the second depends on both breadth
of experivace and quality of trmuining. The breadth of experience {5 a siowly

incrensing linear™ function of (simulation) time measurad in weeks, with the slope

YoExperience is hnawn to grow as an Securve aver time. For the relatively shurt sinsdation
period, this ity be approximaed by a straight lins.
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D2 The ‘Budgeted work flow' sector

(&) Budgeted Woeork Flows AN a
Budgeted work
ark bl std work rate
Project Tima
Time counter

Figure D2 « Model elements in the *Budgeted work flow' sector

The nain element in the sector ‘budgeted work flow' (figure [12), i3 the ‘budgeted
work! stock, At the start of every project (indicated by the converter ‘time countet'),
the flow "work budget' releases work units to the stock. The work released is the
number of working days correspomding to the budgeted project time (hence the
presence of the ‘projeet time' stoek). Thereafter, the outflow “estd work rate' will
reduce the stock at a steady rate for each day in a simulation. In this manner, the
stoch *budgeted work' keeps an avcount of the progress of the project as planned,
The difference equation is:

Budgeted work(t) = Budgeted_ work(t « dt) + (Work budget - Estd work rate) ¥
dt Egn .15

The work budget inflow simply mornitors the beginning of a new project (via time
counter - elapsed time), and then releases work units corresponding to the (initial)
project time, Tn equation 12,16 project time is multiplied by § because the flow takes
plae in a single di (0.2 waeks). The factor of oue is added becavse the internal
clock evaluates this a dt late and loses time.

Work budget == if (1 > Time counter - 0} and (Budgsted work = 0)) then

{Project Tine * 3 + ) else 0 Lyn D10



It is the average of project mannger inexperience (10 - experience), and structure
complexity. It ranges from 0 to 2, being 2 for the combination of very inexperieteed

managers and a very comex structure.

Real_work rate = If Time counter =~ 0 then (00000 else (0.75
(Morale_index/20)) Egn DY

The real work rate is a function of the morale of the team members (C.2). The large
value corresponding to the beginning of each project (time counter = 0), is to aliow
all left over information units from the previous project to be cleared from the

model. The morale index is set in the design error sector,

PM_experience = Min(PM_ exp _index, 10) gn D10}
PM_exp_index(t) = PM exp index(t - dt) + (Index reset) * dt fgn .14
Index_reset = If {Time_counter - 0} then (S*{((NORMAL(7.2.33)) « PM_exp index))
else 0 Fyn i 12

The experience of project managers may be prescribed by the user, Otherwise, it is
determ®ied vin an index that is reset after each project. The default vatues generated
by the index are normally distributed. Equations .10 to .12 show how this is
done, Project manager experience is timited to 10 by the min function in equation
D.10.

Info_output = If Time_counter - 0 then 100000 eise 0 Lgn 13,13
This flow is actually 2 dummy used to reset the model at the start of each project,

Henee, it flows out all information units at the start of each project,

Structure_complexity © NORMAL(3,1.607) Fan 114
Structures are assumed to vary in complexity on a scale of 0 to 10, so that a
complexity of 5 den stes the average for a firm. It may be user-defined; otherwise it

ix a normaily distributed random number.
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Morale_index(t) = Morale_index(t - dt) + (Morale_reset) * dt. Egn D42

Morale_reset = If(Time_counter = 0} then { S*((NORMAL(5.1.67}) - Morale_index))
elsz 0 Eqn DA3

Dwg_concentration = (Max{Euvironment distractions, Intermal_preoccupaiions)) *
(Min{Fatigue_index, 1)) Eqn D44

Dwg_slips = Smth [({((Morale_index + Dwg_concentration)/20),50) Eqn D45
Environment_distractions = 3 (default). Egn .46
intermal_preoccupations = SWITCH(0. 1 {RANDOM(D, 1))} * RANDOM{0,10}

Eqn D47

[DOCUMENT: Internal preoccupation will be zero for 90%: of the time. When it is

present, it is assumed random with a uniform distribution between 0 & 10].
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