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SUMMARY

A new automated systeraf called SOUSO for design optimisation of a 

mechanical assembly has been developed. SOUSC stands for System 

Optimisation Using Standard Components. Based on a given layout 

of the assembly's components, the assembly is able to organise the 

design process of the assembly, collate useful information for 

each component's design optimisation and general design data 

management. In this work, the SOUSC concept has been illustrated 

by means of a gearbox model.

To enable the system to recognise the needs and outputs of the 

individual component, a standardised procedure has been 

established for the modelling of the components and their design 

optimisation routine.

Standard component data, as found in manufacturers' catalogues has 

been organised and incorporated to form part of the design 

constraints. The need to achieve efficient management of both the 

standard component data and the data arising from the design of a 

mechanical assembly has resulted in the development of a database 

management system package, TEKDBMS. TEKDBMS offers certain 

facilities necessary in the design process of a mechanical 

assembly which are not found in commercially available database 

management systems.

The dynamic programming technique for optimisation has been 

employed. Coupled with the strategy of decomposition, the 

assembly is broken up into a series of interdependent stages and 

the principle of returns applied recursively. This fechnique has 

been found to be a useful and suitable method as it fitted in with 

the desired feature of flexibility in design optimisation of 

mechanical assemblies.
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for component c 

H power transmitted
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1. INTRODUCTION

1.1 Background

Mechanical assemblies are built up from components of the 

system. The components selected are required to perform certain 

functions either directly or indirectly,through an intermediate 

component, associated with the assembly's functional performance. 

In mechanical engineering, these components are commonly termed as 

machine elements. Study of machine elements, such as gears, 

shafts, bearings and others is age-old and as such their design 

processes are well established.

Traditionally, the design of mechanical assemblies has relied 

on the technique of fragmentation of the system into known machine 

elements. Individual machine elements, depending on the 

requirements of the assembly, will first be identified. This is 

usually the initial design stage. These machine elements will be 

selected based on their functional properties such as transmitting 

torque(gears), for supporting rotating elements(shafts), or 

preventing the loss of useful energy due to frictionfbearings) .

Once the initial design is established, the detail design can 

then take place. The machine elements,constituting the system, 

are designed and evaluated singularly or in sub-assemblies and as 

long as the system's specification are fulfilled, these machine 

elements or sub-assemblies will form part of the assembly.

As the svstem or assembly ronsists of inter-connecting
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elements, inevitably some machine elements' design will depend on 

others. In such rases, these mechanical components' 

specifications will not only be determined by the overall system's 

requirements but by their related components' design data as well. 

Design of these components are thus influenced by other components 

and may necessitate that they "fit in" with other already existing 

component s.

The popularity of the "fragmentation" technique as it is 

known can be traced to its straight forward approach in providing 

an adequate method for designing mechanical systems. The 

designing of the components in an assembly sequentially, referred 

to as the top-down approach has generally provided satisfactorily 

design solutions.

However, this method is not without its shortcomings. Over 

designing is a common phenomenon. By adopting this top-down 

approach, subjective decisions are made at each stage of the 

design process. This in turn influences the decisions on 

subsequent machine element design. When an overall optimisation 

of an assembly of components is required then setting individual 

requirements and seeking separate optimisations will not 

necessarily lead to an optimal solution of the total arrangement.

The design strategy requiring other components to "fit in" 

with the existing components also poses problems. This strategy 

implies that the component to be designed has to take into 

consideration other existing components. Should any corrective 

action be required, then it should solely be attributed to the
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component. This is a questionable approach as the problem could 

possibly be with either the system's specification or other 

components' design.

1.2 Existing Trends

Although the fragmentation approach for system design and 

optimisation is still popular( Refs. 1-6 ) , the trend towards 

designing complete systems rather than designing components in 

isolation is gathering wider recognition; Refs.7,8 ). Quoting 

Professors Muster and Mistree (Ref. 9 ): "Most of us have been

spectators to the decline of the Machine Age and the rise of the 

Systems Age". In the system optimisation and design context, the 

two approaches mentioned above can be summarised as follows:

(a) Modular design packages for various machine elements 

where the user is required to do the pre-processing and 

post-processing of design data and then use the relevant design 

packages for designing other components according to the 

configuration of the assembly.

(b) A design package specially tailored for a fixed 

mechanical assembly, allowing the designer only to investigate for 

the unique configuration.

Both methods are restrictive and in the former, particularly 

cumbersome. Approach (a) requires the designer to perform many 

manual tasks such as filtering and sorting the data. This method 

has the additional disadvantage that it does not readily lends
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Itself to system optimisation. Approach (b) is not easily 

adaptable for other applications since the conditions for the 

design and optimisation are derived and governed by the original

set up of the assembly.

1.3 Aim of Project

SOUSC( System Optimisation Using Standard Components) is 

intended to overcome these problems. The aim of project SOUSC is 

to develop a technique whereby system design and optimisation can 

be carried out for any desired system configuration. To achieve 

the flexibility and generality, several areas have been identified 

namely, data management, modular program strategy and dynamic 

programming.

Though less widely adopted than its business counterpart, 

data management in engineering is now gaining importance. The 

flexibility afforded by data management technique has made it

attractive to a host of applications(Refs. 10 >. In this

project, the database model adopted is the relational 

model(Chapter 4).

On bhe other hand, dynamic programming has been widely 

practiced in other fields of engineering such as chemical

engineering, plant and process design and others.(Refs. 11-13 )

Dynamic programming is able to solve a variety of problems which 

are not amenable to treatment by conventional optimisation 

techniques.
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Each of these areas have been examined and evaluated in the 

context of the definition of the project. The reasons and 

justifications are given in their respective chapters.

A suite of computer programs have been developed to perform 

all the necessary functions for the system design and 

optimisation. So far, the scope of the project has considered two 

machine elements, namely gears(spur and helical) and shafts. The 

description of the project and the example selected to illustrate 

the operation of SOUSC would thus concentrate on an assembly 

consisting of the two components, namely a gearbox model. However 

it has to be emphasised that as SOUSC is a stand-alone unit, any 

other suitable machine elements modules can be incorporated 

readily and so the programs are applicable to other types of 

assemblies.

1.3.1 Standard Components

Many of the machine elements are produced as standard units 

by the manufacturers. Therefore it should be possible to assemble 

a system using these standard elements. However, the use of 

standard components is less extensive than it should be because 

partly the standard units do not satisfy the requirements and 

other reason being that the task facing the designer in selecting 

from the vast range of suppliers' components is formidable. The 

task is most suitable for automation.

The project has therefore provided the facility for the user 

to build up databases encapsulating such information. The 

respective component design programs will then have access to such



information and be able to provide the designer with such a choice 

where possible. "If you can buy it, don't make it" is the advice 

given by Deutschmann and Michels. (Ref. 14 )

—  A —



2. THE SOUSC CONCEPT

2.1 Introduction

To understand any system,may it be an economic, social, 

engineering or scientific system, it is imperative that its 

composition is examined. Similarly, it is not meaningful to 

discuss the design of a mechanical system without looking into the 

components making up that system. How each component performs 

under the influence of the others and how such relationships are 

taken into account form vital parts of the study of the system. 

The harmonisation of the components to produce a favourable system 

is a necessary aim for high system performance.

Although a satisfactory solution for the design of an 

assembly may be acceptable, an optimum design would be desirable. 

This is indeed one of the aims. In chapter 1, two trends had been 

identified for optimising mechanical assemblies. They are

(a) fixed configuration approach

(b) the fragmentation ,otherwise known as the top-down 

approach

In both cases, the set of equations and constraints required for 

the optimisation is derived from the characteristics of the 

components of the assembly. However the formulation of the 

optimisation problem in each case is different.

In the fixed configuration approach, the arrangement of the 

components within the assembly govern the design and optimisation 

equations. Each component has been designated a sepcific role and
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position in the assembly. For example, the formulation of an 

optimisation problem for the weight minimisation of a speed 

reducer.(Ref.7) This optimisation has been dedicated to a single 

reduction speed reducer with each gear centrally mounted on a 

simply supported shaft. The system of equations for analysing the 

gears and the shafts are totally dependent on the prescribed 

arrangement. Such an optimisation procedure cannot be used for 

double or triple reduction spur gearboxes.

Or in the case of the optimisation of a gear unit with a two 

step reduction, designed to fit certain space requirements and 

optimum with regard to surface durability(Ref.8). Again, the 

formulated problem is dedicated to the named application and 

cannot readily be accessible to other uses.

On the other hand, in the fragmentation approach to assembly 

optimisation, the focus of attention is the component itself. In 

such an approach, the optimisation is developed for each type of 

component, irrespective of where and how the component is to be 

used. To obtain the desired assembly, the designer steps from one 

component optimisation to another, providing the specifications 

and limitations in each case. It is the designer who dictates 

which component is optimised and the conditions arxi constraints 

relating to it. Such examples can be found in references 3,4,5 

and 6. In each of the examples, the optimisation is specifically 

for a certain type of component only. Refs. 3 and 4 are for spur 

gear sets; ref. 5 for shafts and ref.6 for journal bearings and 

anti-friction bearings. The integration of each optimisation 

procedure to achieve the assembly is carried out by the designer.

- 8 -



2.1.1 Assessment

As far as the flexibility aspect is concerned, the top-down 

approach is favoured. This is because a system(assembly) model 

can be built up from the basic building block of each component. 

Design and optimisation procedures are developed for each basic 

component and is independent of where or how it is going to be 

used. As such, system configuration can be changed as and when 

necessary. On the contrary, in the fixed configuration approach, 

the design routine is developed for a chosen assembly and all 

design and optimisation considerations are dedicated to this 

assembly only. When a different assembly is sought using the same 

basic components, either the existing design has to be revamped to 

take into account the new components or an entirely new design and 

optimisation procedure is developed specially for the purpose.

It is therefore possible to conclude that to adopt the fixed 

configuration approach would be costly both in terms of time and 

resources. In such an approach, each differently configured 

assembly would require a design and optimisation procedure 

specifically tailored for its needs. This inflexibility means 

that it is very difficult to integrate other components to such an 

assembly because its use has been restricted by the original 

development. Thus, this approach shall be eliminated from the 

discussion henceforth since one of the aims is to develop a 

procedure to cope with general mechanical assemblies. The 

top-down approach has the desired degree of flexibility but 

certain restrictions, in the manner the design and optimisation 

has been conducted ,prevented it from realising the true system 

design and optimisation. Nevertheless, it is relevant to examine

- 9 -



this technique as it forms the starting point of the SOUSC 

concept. The method proposed in SOUSCf System Optimisation Using 

Standard Components) is intended for the design and optimisation 

of mechanical assemblies using standard components as far as 

possible.

2.1.2 Statement of Problem

To best understand the difference between the top-down 

approach and that proposed in SOUSC, a discussion of a typical 

mechanical problem would be appropriate. The detail examination 

of the example serves to highlight the main obstacles that would 

have to be overcome in order to implement design and optimisation, 

should the top-down approach be adopted. The proposed 

modifications to be carried out for the top-down approach and 

their implications on the structuring of the system are also 

studied. Such a modified top-down approach will form the basis of 

SOUSC.

Suppose it is required to design a mechanical assembly to 

transmit a certain power and the input to output speed attainig a 

required ratio. Such specifications are commonly nominated for 

power transmission systems and hence form the basic design 

requirements.Other additional requirements would perhaps include 

space constraints, period of operation, orientation of input and 

output shafts, type of mounting etc.

There are many possible types of mechanisms that may fulfill 

the fundamental power and speed ratio requirements. Such power 

transmitting mechanisms may include gearboxes, belt drives, chain

- 10 -



drives or other suitable forms of machines. The choices are vast 

and it is necessary to find one that not only serves the basic 

needs but any other additional specifications as well. This is 

usually known as either the creative design synthesis or the 

initial design. Strictly speaking,the decision as to which 

mechanism best suited for the application depends not only on the 

functional requirements but also on how it is to be fitted into 

the working environment. These factors are very difficult to 

quantify and changes with each environment. Temporarily, these 

factors are ignored.

Assuming that the designer has decided that the gearbox is 

the most suitable, the next step is to decide on the type of gears 

and the stages of reduction to achieve this speed ratio. Further 

evaluation and comparative study ,based on types of gearboxes.and 

their capabilities, is imperative. The initial design task is 

completed when the designer decides on say, a double reduction 

spur gearbox.

The design of a gearbox is itself a rather complex problem. 

Typically, a gearbox would consist of gears, supporting shafts, 

bearings, seals, lubrication unit and the housing. The discussion 

of the design process is concerned with two of the principal 

elements, namely the spur gear pairs and their supporting shafts.

2.1.3 Top Down Approach

The optimisation problem in the top-down approach(refs. 1-6) 

in mathematical terms can be expressed as;

For component i,

- 11 -



Vi=Optimise (F1+F2+ +Fn)

subject to a,i'<=a,i<=a,i"

a^i ' <=a^i<=a,^i"

a*i'(=ami(=a*i" 

and g(Ai)>=0

For an assembly consisting of k elements, the objective 

value Vs of the assembly is

K.
Vs= %  Vi 

1=1

The above mathematical formulation shows how the components 

in an assmbly are optimised using the top-down approach. Each 

component has its own set of specifications, subjected to its own 

domain of constraints and limitations. The specifications can be 

externally given or derived from another related optimal 

component. The optimum assembly is made up of the optimum 

components from each component optimisation process. The workings 

of such an optimisation procedure can be Illustrated by referring 
to the actual gearbox example.

Note: The summation sign is used merely to indicate 

the combination of all the objective values. 

This can either mean the sum or product or any 

other operation of the values.

- 1?



2.1.3.1 The Double Stage Gearbox example

To simplify the task, the various components in the problem 

are numbered as in Fig. 1 and thereafter the numbers used in the 

discussion will refer to these components stipulated. In this 

example, seven separate components have been identified: four

gears and three shafts. The task before the designer is to decide 

on how the design process should proceed. This is usually 

determined by the available information. For example the 

specifications may be to find a double reduction gearbox which can 

transmit a power of 5Kw, with an input speed of 1500 rpm and a 

speed reduction ratio of 10.

With the basic specification known, the first step of design 

would involve either the gear(component 1) or the shaft(component 

5). In such a case, the sequence of analysis would depend on the 

input specifications. Whichever component that can carry out its 

design making the least number of predictions or assumptions would 

be the first in the sequence. In the gearbox model, the gear is 

the primary component and the shaft a supporting element only. 

Therefore, the analysis of the shaft is usually deferred until the 

design of the gears are completed.

The basic theory of spur gears(and also other types of gears) 

dictates that the design should consider both gears 

simultaneously, that is the pinion and the wheel. The first gear 

pair to be considered are components 1 and 2.

The fundamental aim of any design exercise is to fulfill the 

requirements of the specification. The design task has therefore

- 13 -



to revolve around these requirements to find a satisfactory 

solution. But when optimisation is a prerequisite, then it is 

necessary to see whether the design variables are bounded or

unbounded. Usually, certain parameters are confined to operate 

within certain limited ranges. For example, the minimum and

maximum number of gear teeth, the range of pitches available, the 

types of material to be used and so on. All these form the

constraints within which the problem has to work in order to 

achieve not only a satisfactory but the "best" solution with

respect to the set of objectives.

The design decisions of components 1 and 2 are solely 

determined by the input specification. This is because within the 

assembly, no other component's design has yet been analysed. The 

aim of system optimisation necessitates that each component's 

design should serve to optimise the overall system rather than the 

individual component. At this juncture, the designer cannot 

satisfactorily carry out optimisation of the system in the absence 

of the other components. The only option left is to design 

iteratively until the designer is satisfied the "best" solution 

for the component has been attained. This decision would probably 

be based on the system's optimising objectives.Once a satisfactory 

solution has been found for the first gear set, the problem is 

then turned to the remaining components. Since data of components 

1 and 2 are available, two possible components could be analysed: 

shaft 5 or gear 3. Shaft 5 will require in addition to the 

system's specification the data of component 1 while gear 3 

depends on gear 2. If the designer chooses to tackle the gearset 

(components 3 and 4), then its analysis will have to take into
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consideration components 1 and 2 as well. Power transmitted will 

remain consistent with the system's requirement but the speed of 

component 3 and the reduction ratio at this stage will now depend 

on the first stage gear's design. For example, the overall 

reduction ratio is 10 and so if the first stage ratio is 5, then 

the second ratio will need to be, nominally 2. Similarly, the 

speed of the pinion(component 3) matches that of component 2 as 

they are both mounted on the same supporting shaft.

While the designs of shafts 5 and 7 are dependent on pinion 1 

and wheel 4 respectively, the design of gears 2 and 3 affect the 

outcome of shaft 6.

2.1.4 Problem areas in the top down approach

This example shows how design and optimisation is carried out 

in problems adopting the top-down approach. Several points need 

to be noted. Firstly, the decision of the designer on the path of 

the design process. Because the assembly is made up of submodels 

of each component, the designer decides on the order of 

evaluation. Such decisions, taken manually, are based on

available information aided by the designer's own priority

preference. This priority is the hierarchy of the components. 

Certain components have a higher priority than others due to the 

role they play in the assembly. For example the gearset has a 

higher priority than the shaft in the above example. Secondly,the 

designer has to manually select the relevant data from the

available information for each component's design. In other words

the designer is performing many of the pre-processing and 

post-processing of design information. Thirdly, optimisation can

- 15 -



only be carried out for individual components since data of the 

components has yet to be determined. In most cases, this is not 

satisfactory as the relationships between the various components 

in the assembly are inseparable. The design decision of one 

component may have far reaching effects on other components. 

Therefore optimisation on a component by component basis may often 

lead to over-designed systems.

Evidently, the top-down approach in its present form has a 

few shortcomings that should be rectified. If the obstacles to 

full integration of the component designs can be removed, then the 

top-down approach can be seen as a viable method. From the 

example above, three major areas have been identified namely:

(1) design process organisation

(2) data transfer activity

(3) system optimisation

It is necessary to understand the implications of these problem 

areas on the system approach to design and optimisation. The aim 

of the following examination is to see how and what additional 

adjustments can be instituted for the top-down approach so that 

system design and optimisation can be realised. The explanation 

of each area are as follows.

The decision making in the organisation of the design process 

is based on two quantifiable aspects, namely the information 

available and the designer's priority preference. The priority 

preference is usually determined at the beginning of a design 

process and dependent on the type of assembly. Such priorities 

can be recorded in some medium and utilised throughout the design
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exercise. Obviously, the best way to store this information is a 

computer file.

A second task that is open to automation is the data 

transfer. Here the designer performs the task of sorting out the 

data for the various components' routine because only he knows the 

type of data required in the respective routines. But if such 

requirements are documented, data can automatically be channelled 

from one source to another. The designer then no longer needs to 

bother with the data mnanagement.

Real system optimisation is a process whereby the system is 

optimised rather than the individual components. Although in 

certain circumstances where individually optimised components may 

form an optimum system, in most cases this argument does not hold 

true. For example if the objective is to minimise the cost of an 

assembly making up of three components A,B,and C. If the cheapest 

component A is used, it may require one to use a more expensive 

component B and perhaps component C as well. The knock-on effect 

means that component A has been optimised at the expense of the 

overall system. Only if B behaves identically to A(that is a

cheaper component A necessarily requires a cheaper component B to 

be used) and C behaves the same as B can individual optimisation 

be contemplated.

Optimisation on a component by component basis is not a 

satisfactory method. The design in such a case is iterative and 

requires the repeated formulation and solution of an analysis 

model, followed by the formulation and solution of a redesign
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model. Needless to say this is time-consuming and furthermore the 

designer has no means of verifying whether the redesign model will 

contribute to the search for an optimum for the system.

2.2 Concept of SOUSC

The foundation of SOUSC lies in its modular approach to 

design and also the way the continuous, constrained optimisation 

has been transformed. These two important principles had reshaped 

and refined the top-down approach such that the qualities of 

flexibility and optimality need not be compromised. The main 

thrust of these principles is to overcome the problems of process 

organisation, data transfer and system optimisation, posed in the 

earlier section. The proposed methods for dismantling the 

obstacles are given below.

2.2.1 Design Process Organisation

Within any assembly, each component is treated as a separate 

item, regardless of whether its machine theory dictates it to be 

considered singularly or plurally. For example, a spur gear pair 

will be considered as two separate gear components.

Each component has a set of attributes associated with it: 

the input and output attributes. These attributes are, in fact, 

the required variables(input) and the final data(output) for the 

design of the component. All the attributes are defined according 

to the needs of the design module, except for the four universal 

attributes that must exist in each component's definition: the

component number(COMPNO), its option number(OPTNO), the link 

component number(LINKCOM) and the link option numbers(LINKOPT).
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The usefulness of these four attributes will become apparent as 

the discussion advances.

In order that its relationship with other members is taken 

into consideration, the component's links had to be established. 

Fig. 2 shows how the links of each component are established. 

The link or links of a component registers all the neighbouring

elements directly in contact with it, the essential criteria being

each component must at least have one other component associated 

with it. Secondary relationships via intermediate components,

such as component 2 is related to component 3 through 6 ,are

disregarded. It is vital that the links are established 

correctly. Otherwise the design of the whole system may fail.

2.2.2 Data transfer activity

In order for the design to be carried out in a systematic 

manner, a form of process control is needed. This system control 

is likened to the designer deciding how and where the design 

should proceed. Run by a system control routine(SYSTEM, see 

chapter 3 for further explanation)it carries out the tasks of 

process control by tracing the links and verifying against 

existing data in the system's databases. Data transfer is carried 

out by mapping attributes of one component against another. Where 

a common attribute appears, the respective data is transferred 

from source to receiver.

The importance of the system control routine is evident. It 

controls which component is to be designed and optimised, seeks 

out its links, performs the data transfer and activates the design
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routine. In the absence of the system control, the communication 

between the components in the system is crippled. The system 

control can thus be considered as the centre of communication.

2.2.3 System optimisation

The third aspect that needs to be examined is optimisation. 

Any optimisation exercise must be considered with respect to its 

objectives. It would not be possible for one to optimise without 

knowing the objective or objectives. Multiple objectives 

optimisation requires decision making and trade-off techniques. 

This is not the main concern of the project; therefore the work 

shall concentrate on one optimising objective only.

2.2.3.1 Optimising objectives ^

The choice of the optimising objectives is also very 

important. Optimisation can only be carried out effectively 

provided all the parameters of its components associated with the 

objective or objectives are established. For example, while the 

prices of the gears are known, the prices of the supporting shafts 

may include machining costs if stepped shafts are required. These 

costs cannot be estimated until the desired design is chosen. On 

the other hand the optimum design cannot be found until the 

optimisation process is completed. The only way to resolve such a 

contradiction is either to ignore the machining costs or to select 

one of the designs , in either case the probability of choosing 

the non-optimum is high. To avoid such a pitfall, the objective 

chosen for this discussion and this work is minimising the weight 

of the assembly, since this is only dependent on the material used 

and the geometry of each component. These parameters are
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determined with each design.

2.2.3.2 Discrete optimisation

In ideal situations, design problems can be considered as 

unconstrained optimisation problems. This is because within the 

scope of the design, no limitations are imposed on the design 

variables; nor are there any restrictions on the range of values 

accessible. Although easier and convenient to solve, in the real 

world, such unconstrained problems are virtually non-existent. 

Economic and production reasons imposed the limitations in which 

the optimisation can operate. Hence, most problems fall into the 

category of constrained optimisation.

In the illustration, the type of optimisation encountered can 

be termed as the continuous, constrained optimisation. The 

constraints come from two sources; the equality-type constraints 

from the input specification and the inequality-type constraints 

from the other design variables chosen by the designer. It is a 

"continuous" optimisation problem because within the limits of the 

constraints, any value for the design variable is acceptable. 

Therefore, there can be many possible "optimum" solutions 

depending on the degree of accuracy the designer is willing to 

accept. The problem is further compounded by the fact that such 

limits for the constraints may be arbitrarily chosen and thus each 

designer may have his own "optimum" for the problem.

Most optimisation problems involving continuous range 

constraints are usually transformed to other more manageable and 

realistic exercises. The reasons are easily understood. For all
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the design variables in the continuous problem, each has to 

operate within certain minimum and maximum limits. Any chosen 

value within such limits is acceptable. Even when an "optimum" is 

found, another can be found merely by improving the accuracy. An 

ideal continuous optimisation problem has many possible optimum 

solutions. In real situations, no problem is truly continuous: 

the degree of accuracy determines the extent of continuity.

It is impractical to apply continuous , constrained 

optimisation technique to systems using the top-down design 

approach. The prime reason is the system optimisation principle. 

System optimisation requires optimisation to be considered in the 

light of the other components. Therefore in the top-down 

approach, each component has to generate all its possible 

solutions fulfilling the specifications and within the operating 

constraints. Only when all the options of all the components 

within the assembly are known can some form of search be carried 

out. In such cases, a global combinatorial search would be most 

suitable. It is obvious the number of permutations would be 

enormous and as the system gets larger, the permutations will 

increase exponentially. Needless to say, it is very consuming, 

both in time and storage space . Such an option is not viable and 

often the designer either ignores optimisation altogether or opt 

for optimising component by component. This barrier is not 

insurmountable. In SOUSC, two techniques are applied to transform 

the continuous,constrained problem to one that is more manageable. 

The two techniques are:

(1) advocating the use of discrete values

(2) dynamic programming
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Often, a design optimisation problem whose variables are 

continuous is being transformed to one where the variables deal 

exclusively in discrete or integer values only. This is by no 

means a new or unusual technique. Some previous works have shown 

how such a technique has been applied to continuous, constrained 

problems(Ref.7).

The discrete problem can be represented as such:

For each component i, associated with each design variable 

is a set of discrete values:

Optimise W=ffa,i,a3 i,....a»^)

subject to a,i=(a,|,a,i,.... a,s)

aji=(a2 , ,a,i,.... a%t)

ami= (am, ,am%, amu)

and g(a;,a% ,...am)i>=0

The maximum number of possible solutions for W=(s*t*....u)

Some reasons cited in favour of such a conversion are 

manufacturing difficulties and cost limitations. Especially in 

mechanical engineering industry, this is all the more so because 

manufacturers find it uneconomical to stock an exhaustive range 

for their products. They have therefore resorted to standard 

sizes and limit their range of products but covering a wide 

spectrum of applications. This idea has been taken up in SOUSC so 

that standard components' data exists in databases of the
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software. In turn, the application routines can accessed these 

databases as and when needed.

An important advantage derived from storing such discrete 

variables in the databases is the ease with which they can be 

updated. Whenever new products are added or obsolete products are 

removed from the range, the constraints within the optimisation 

process is similarly renewed. Hence, the constraints acting on 

the optimisation routines are always up-to-date.

2.2.3.3 Dynamic Programming

Alone, the use of discrete values for the design variables 

would not greatly improve the computational problem. The number 

of possible solutions would be dependent upon the number of 

discrete values ascribed to each design variable. This is where 

the need for the dynamic programming principle arises. Briefly, 

the principle states that :" an optimal set of decisions has the 

property that whatever the first decision is, the remaining 

decisions must be optimal with respect to the outcome which 

results from the first decision."(Ref. 15) Dynamic programming is

a technique most suitable for a complex problem that can be 

decomposed into smaller but more manageable sub-problems. This is 

exactly the characteristic exhibited by the method proposed in 

SOUSC for assembly design and is usually known as a multistage 

problem( Fig.3). In the mechanical assembly design, a stage is 

equivalent to a component design.

In the analysis of multistage problems, each stage is 

characterised in terms of four factors. Fig.4:
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1. The input xn, which depends on decisions made at other 

stages(component3) and/or on fixed external conditions

2. Decisions, dn, which fix the design and/or operating 

conditions of the stage,

3. The output, yn, which may depend on xn and dn where 

yn=hn(xn,dn)

4. The stage returnfstage's objective value), Rn, which may 

depend on xn,dn and yn i.e.

Rn=gn(xn,dn,yn)

In the above xn,dn, and yn may all be vectors, i.e. the 

input and output may consists of several components or streams and 

there may be several design or operating conditions to be 

specified. The stage return Rn measures the net contribution of 

the stage to the process objective. In the gearbox example, each 

stage return is measured by its weight while the process objective 

is minimisation of weight.

The dynamic programming analysis of a simple multistage 

process. Fig. 4 is based on recursive applications of the 

relations;

Qn(xn,dn)=gn(xn,dn) + fn-% (xn-i )  (1)

with

x^^t =hn(xn,dn) and f*(x* )=0

and

fn(xn)=maxCQn(xn,dn)l   (2)
dn

for n=l,2, N over all feasible values of

the inputs,xn
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In equations 1 and 2, fn(xn) is the maximum return from the n 

stage process consisting of stages I through n; the symbolism 

fn(xn) reflects the obvious fact that the maximum return from a 

process depends on the input (xn) to the process. The quantity 

Qn(xn,dn) is the combined return from stages 1 through n, plus the 

maximum return fn (xn ),from stages 1 through n-1. This theory, 

together with an in depth study of its working is discussed in 

more detail in chapter 5.

The advantage of dynamic programming lies in the fact that 

the computational effort which it requires increases roughly 

linearly with the number of stages in the process, while the 

computational effort required for conventional methods increases 

roughly exponentially with the number of stages.

To summarise, the adoption of dynamic programming technique 

and the use of discrete values had greatly contributed towards 

achieving optimisation of the system. By transforming the 

optimisation problem from a continuous, constrained problem to a 

discrete, constrained problem, the number of design solutions is 

now finite. This is a considerable advantage as the management of 

the design and optimisation problem is much easier. Furthermore, 

the dynamic programming limits the number of options to be carried 

forward for subsequent component designs. In each component 

design, the operating conditions are governed by the number of 

options in the links. This ensures that each component's design 

is not detached and secluded from the others.

2.3 Operation of SOUSC
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Whenever a component is to be designed, it extricates all its 

links from the list. Using the component's attributes, each of 

the links will in turn be checked. Where a link has previously 

been designed, data associated with the link exists. Each link's 

data exist individually in the system's data files (known as 

system's databases) and can be identified by the attributes COMPNO 

and OPTNO. A mapping operation is then carried out with the aid 

of these universal attributes and the attributes of the component 

itself. The relevant attributes' data would then be transferred 

to working files, known as local databases.In turn, the links and 

their respective option numbers will now exist in this component's 

records as the link component(LINKCOM) and the link option 

numbers(LINKOPT). The number of design options to be analysed for 

the component would depend on the links. Where more than one link 

exist, the total number of possible design options is the product 

of the number of options in each link. In set theory terms, it 

can be summarised as such:

Suppose C is the component under consideration and 

Ll,L2.....Ln are the links associated with C. For each link, the 

respective feasible design options are Oj where j=Ll...Ln. 

Therefore,

Oc = 0L1*0L2*0L3* *OLn

tn
or Oc = TT Oi 1st,

Thereafter, the specific analysis routine is activated for 

the component. Each design program has been developed as a
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"plug-on" unit so that its presence or absence should not upset 

the other routines.

These modular programs have been developed to handle multiple 

options analysis. Each complete option, that is all links taken 

into consideration, constitutes a minor optimisation problem. 

Whereas the specification for the equality constraints may change 

with each option, the constraints remain constant. By 

simultaneously testing all the available options, the time 

required for the design and optimisation is minimised.

The component design routine uses the input specification 

which act as the equality type constraints and the other 

inequality constraints(discretised) retrieved from the databases

for its analysis and optimisation. For example in the gear design

analysis, the gear teeth number , the diametral pitches or

modules, the type of materials available are all part of the

databases. These are also the typical information found in 

manufacturers' catalogues. Optimisation is then based on these 

equality and inequality constraints.

To summarise, SOUSC's structure comprises not one discipline 

of study but spans many diverse areas. The primary areas of SOUSC 

are thus organised as follows:

(a) System Description and Control

(b) Databases and Design data management

(c) Design application programs

(d) Optimisation: system decomposition

(e) Subsystems integration
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A flowchart of the organisation is given in Fig. 5. The 

role of each fields in SOUSC will be examined in the following 

chapters.
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3. SYSTEM DESCRIPTION AND CONTROL

3.1 Introduction

One of the most important aspects to consider in engineering 

systems design is the representation of the description of the 

assembly. Especially where a system is assembled from a broad 

class of components, a unified method of describing an assembly 

would very much simplify the management of the overall design 

process.

In chapter 2, the areas where SOUSC needs to look into had 

been mapped out, one of them being system description and 

control.The modelling of the assembly is essential in ensuring 

that the design process is organised properly and the data 

transfer can be effectively carried out. This chapter will 

investigate all the salient points with regard to system modelling 

and also introduce the implementation of the system modelling.

A prior requirement to system modelling is the organisation 

and detailing of the mechanical components. Each component's 

details must be so organised such that

(1) they are stored in an efficient and independent fashion

(2) they can easily be retrieved and where necessary 

tailored for particular design purposes

(3) they can be assembled into systems configuration singularly 

nr plurally.
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3.2 Component Attributes

The modelling of each component requires that each component 

has a set of input and output attributes associated with it. The 

input attributes dictate the data necessary for the design to 

commence whilst the output attributes describe the component at 

the completion of the design. The intermediate transformation of 

the input data to output data is designated as the component's 

design process. Both set of attributes must adequately define the 

purpose they are intended for: the input attributes should enable

the design to be carried out while the output attributes should 

provide sufficient information about the component itself. Each 

set of attributes can be a vector or a scalar while the 

transformation stage usually consists of a set of design equations 

describing the component. An example of the input and output 

attribute sets are given in Figs.6 and 7. The modelling of the 

component and the development of its design routine is covered 

more extensively in chapter 5.

3.2.1 Model Description Language and Bond Graph Language

Tn many ways, the model description language in SOUSC is 

analogous to the bond graph language found in other engineering 

system designs(Refs.16,17). Both are methods to present model 

descriptions in a unified way. The contact points in the assembly 

design are synonymous to the ports in a bond graph diagram. In a 

bond graph, associated with each port are three direct and three 

integral quantities: effort, eft), flow, f(t) and power Pft)

where

power Pf t)=e(t).f(t)

They are assumed to be scalar functions of an independent variable
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t. The three integral quantities are; momentum pft), 

displacement, qft) and energy Eft). These three are related to 

effort, flow and power by integral functions respectively. The 

equivalence for a componentfrather than the contact points) in 

SOUSC is a set of attributes.

The bonding of two ports to facilitate energy/signal exchange 

is similar to a mapping exercise carried out between the 

attributes of two or more component models for transfer of data. 

However some dissimilarities do exist. The variables in a port 

usually deals with energy and flow quantities whereas the 

attributes in SOUSC can cover any type of data. While the common 

purpose of bond graphs is to investigate the various effects of 

energy or signal flow, the assembly model in SOUSC concentrates on 

the transfer of design data. Hence, whereas system simulation, 

aided by the formulation of the systems' state equations is the 

primary function in the bond graph method, SOUSC utilises the 

model description language in design and optimisation, thus the 

reason for not adopting the bond graph approach.

3.3 Priority of components

Occasionally, the design process may have two or more 

possible paths where it can traverse. In other words, the 

designer encounters the situation where he has to make a decision

as to which of the p o s s ib le  components he is to analyse. In such

circumstances, th e  design priority of the components is needed to 

resolve such a problem. Although this may not be apparent, each 

type of compnnent has a priority, dependent on its role in the

assembly. The for establishing the priority lies in the data
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dependency. If one item relies upon information from another, the 

former will be accorded a lower priority. The inter-dependency of 

components for data is influenced by the input attributes of each 

component. It is the input attributes of each component that 

determines the vital information necessary for its design and 

optimisation; the presence or absence of certain attributes may 

change its priority of design in the assembly. The attributes of 

each component must be taken into consideration when establishing 

the relative priorities. In SOUSC, the components' priority are 

stored in a database file( filename, ROUTSEQ) and is known as the 

machine element hierarchy. Fig. 8 shows the information 

contained in ROUTSEQ. The names of the design routines are also 

given under the heading ROUTNAME.

The priority rule is only a convenient tool to aid the 

designer in deciding the design path. Likewise, its usefulness in 

SOUSC stems from its ability to assist the system control in 

directing the process flow. The choice is flexible and the 

designer may at any time alter the relative priorities as deemed 

necessary. Once chosen, the respective priorities will apply 

throughout the whole design process for the assembly.

3.4 System Description and Description Language

Modelling of the whole system requires the designer to bond 

together the identified components in a compatible manner 

.focussing on the functional requirements of the assembly. A 

pre-requisite of system description is that the model of the 

chosen components must already be present.
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3.4.1 Description Language

Tn order for the system control within SOUSC to know what 

components are Involved, the composition of the assembly must be 

translated into a form recognisable by the computer program. The 

language of translation is known as the description language. 

Strictly speaking, it is not an orthodox form of language. In 

SOUSC, the description language exists as a form of data 

transaction conducted via the database management system. The 

description of the system is hence entered as data records to 

register the presence of each component.

Before describing the system, the designer must do some 

preparatory work. This entails the designer identifying the 

composition of the system and represent the assembly in a 

schematic form. Numbers have to be allocated to each component 

and normally the numbering starts from the component whose input 

requirements are defined. Only when this ground work is 

completed, can the designer carry out the system description. 

This is the only form of ground work needed.

Information required for the system description include the 

type of component(COMPDESC) such as spur or helical gears, shaft 

or bearings, their chosen component numbers(COMPNO) and their 

links(LINK) Each component must possess at least one complete set 

of such information.

The coding of the component type uses a six character data 

entry. The first four characters are used to name the component 

and abbreviated descriptions comply with those found in the
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component priority list(Fig. 8). The remaining two digits are 

reserved for distinguishing similar component types should more 

than one similar type of component be used in the system.

3.4.2 System Description

Each set of information is entered as a record into the job's 

description file. This database file is automatically created 

whenever a new job (system design problem) is to be carried out. 

An example is found in Fig. 9. Where a component has several 

links, each link is associated with a record. As such, a 

component may have several records, though none of them should be 

identical. Except for the first component which should be 

determined by the input specification coupled with the priority 

listing, other components may be arranged in any manner provided 

the priority rule is not violated. A component linked to a 

component with a higher priority should not be analysed before its 

predecessor.

Storing the system description in a database file has many 

advantages. Firstly, it facilitates easy access to the 

information. Other than retrieving such information via the 

design program SOUSC, the user has now another recourse to it. 

Through transactions in the database management system, the user 

can readily inspect and obtain any information about the design 

outside the design mode. This leads to the second advantage. 

Unlike conventional design methods, where every new design problem 

requires a new job operation, the database approach allows the 

designer to tap existing knowledge for other uses. For example, 

an assembly where part of its composition is identical to some
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section of another job. Instead of repeating this part of the 

design, through the database management system, the user can copy 

that section of the data for its own consumption, thereby avoiding 

repeating the design altogether. The ability to manipulate and 

alter any previously designed assembly to suit the current 

requirements has made the system more versatile. Alternatively, 

where the existing assembly is to be expanded and more components 

added, this can be carried out efficiently and rather 

effortlessly. Thereafter, the design process proceeds from this 

point through to completion if desired. Such operations are 

catered for in SOUSC under the job types of EXTEND or CASCADE. In 

this way, unnecessary waste of design time can be cut down and the 

knowledge gained from each design may be readily made available 

for future applications.

3.5 System Control

Even when the description of the system is known, a driver is 

still required to conduct the assembly design. The functions of 

the driver are threefold. First and foremost is the way the

design is organised. The designs have to be conducted

sequentially. Parallel design is not possible because it involves 

making assumptions and speculative judgements which in turn lead 

to iterative type design methods. This is not desirable. So the 

driver has to organise assembly design in the best way according 

to its knowledge, subjecting each component to rigorous checks in 

order to plan the design process. Secondly, for each component, 

the driver would have to select the data from existing 

informationfif any) for the design. This is the task of

information transfer. Finally, the appropriate design program
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needs to be activated by the driver. Tn manual methods, such 

tasks are performed by the designer. In SOUSC, the driver is the 

system control routine known as SYSTEM.

SYSTEM is reliant on the description of the assembly provided 

by the designer. Only when the information concerning the 

assembly is obtained fully can it proceed with its task.

Several types of design options are available:RECALL, EXTEND, 

CASCADE or NEWJOB. In each case, the control by SYSTEM of the 

design process is different. RECALL is used to recall a design 

that is partially complete. In such an operation, the main 

purpose is to continue with the design from where it was last left 

off. When more components are added to an existing assembly 

design, EXTEND is used. EXTEND can be used at any instance 

provided the job that is to be expanded exists. EXTEND should not 

be used to add components that results in repudiating the data 

existing in the databases. In other words, the operation should 

not conflict with the existing data. CASCADE is usually used to 

join two jobs or assemblies into one bigger one. It is usually 

carried out when both participant designs have already been 

completed.

3.5.1 Option NEWJOB

Where an assembly has not existed previously, the selection 

is NEWJOB. Each assembly design problem is called a job, the 

jobname given at the discretion of the designer. The designer is 

also required to specify whether the design will be carried out in 

imperial or system international (S.I.)units. Consistency in
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units should be strictly maintained thereafter because the data 

generated from the design exercise will bear the chosen unit. 

Otherwise the datafile may consists of hybrid unit data and it 

would be a difficult task to sort through them.

Once SYSTEM has verified that none of the information given 

duplicates or contradicts other jobs, a database file(bearing the 

jobname and extension ".CMP" ) is created to allow the user to 

enter the assembly's composition. The entry of the job 

description, whose primary purpose is to present the sequence the 

components are to be analysed, is done interactively. Except for 

the first component, which serves as the datum and hence acts as 

the trigger to the whole design process, the order of the other 

components can be arranged in any sequence. As stated earlier, 

the choice of the trigger component should be based on external 

input specification. Each record should carry a component with 

one linking component number only. Where a component is in 

contact with multiple components, they will exist in separate 

records. (See Fig.9 for example) Once the interactive activity is 

accomplished, SYSTEM again assumes control and directs the flow of 

the design process.

3.5.1.1 System Databases

Associated with each job are two system databases: the

system input and output databases; filenames derived from the 

jobname with extensions ".INP" and ".OUT" respectively). These 

databases are required for storing the input and output data for 

the whole design problem. The structure of the database files 

(that is the fieldnames nf the files) are derived from the
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composition of the assembly. Each ty p e  of component has certain 

attributes necessary for its design and so the system's attributes 

are gathered from them. In that respect, the system database 

files are unique to each job.

The system's input database contains three of the four 

universal attributes namely COMPNO(component number), LINKCOMdink 

component number) and LINKOPTdink option number). These three 

attributes will need to be in-built in all components' input 

attribute file. The absence of the attribute OPTNO(option number) 

should be evident. The number of options for the component is a 

function of the number of options found in each link. Some 

options may be found unsuitable in the design and eliminated. All 

these can only come about after the design is completed. Hence 

OPTNO is not amongst the list of input attributes. The output 

attribute list ,however, contains all the four universal 

attributes.

As the system's databases contain global information about 

the job, design information concerning any component belonging to 

the assembly can be obtained from them. The data includes the 

input specifications used and the various feasible options 

resulting. Both the system databases are constantly updated so as 

to keep abreast of the latest information. This is achieved 

through the concurrent update that occurs each time a component is 

analysed.

For SYSTEM to recognise which component to Initiate, it 

accesses the system's output database. Within it, up to  date
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information is recorded. Amongst the data, the component number 

(CHMPNO) of the preceding design is stored. SYSTEM can, with the 

aid of the system description file, make use of this information 

and prepare the next component for design. If no data is found in 

the system's output database, the design process is initiated by 

the "triggering" component, that is the first component in the 

system decription list.

3.5.1.2 Local Databases

Before each component's design is carried out, SYSTEM 

performs the following operations. Firstly, the current component 

number and type of component is registered. Working buffer files, 

known as local input and output databases!filenames LDBl and LDB2 

respectively) are created for the component based on its own 

attributes. Unlike the system's databases which exist to acquire 

data of the whole assembly, only data belonging to this specific 

component is stored in the local databases. Secondly, SYSTEM 

checks the system's input and output databases to see whether any 

of the links has already been designed. This is to ensure that 

any relevant information does not escape the attention of the 

component and is taken into consideration in its design. If the 

check proved affirmative, the local input input database (LDBl) is 

updated by mapping direction. The component numbers(COMPNO) of 

t-he links and all its option numbers (OPTNO) transferred will now 

appear in LDBl under LINKCOM and LINKOPT. COMPNO will house the 

actual number of the component in design. The check and data 

transfer are terminated when all the links have been exhaustively 

examined.
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After all the necessary information has been gathered, SYSTEM 

then linked up with the appropriate design routine. From this

stage onwards, the user leaves system control and enter into the

design and optimisation exercise proper. To maintain 

compatibility, it is strictly forbidden to alter the data

retrieved from the system's databases. For the remaining

undeclared input attributes, the designer is to provide the

additional information. As each component's routine is developed 

on a stand-alone basis, the designer can investigate the component 

thoroughly based on the input specifications. The results are 

correspondingly stored in LDB2, the local output database.

The completion of the design and optimisation exercise 

signals the return to system control. The program returns to 

SYSTEM to update the system's databases with newly acquired data 

from the local databases. Consequently, the system's databases 

are constantly growing as the design of the assembly advances.

The designer can elect to discontinue the job at any

convenient point or follow the design through to its logical 

ending. In either case, no loss of data is suffered. If the

designer chooses the former course, he can return to the design of 

this assembly at a later date and all the data will still remain 

there. By choosing the option RECALL , the job will continue from 

where it was last left off. In the meantime, the information in 

the system's databases can be freely accessed via the data

management transactions.

3.6 Data Transfer
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In Section 3.3, the transfer of data from the system's 

databases to the local databases is described as mapping. This 

mapping operation is actually carried out by the database 

management routine, RUPDATE (see Appendix ).

For each component, a set of input and output attributes are 

associated with its design. These attributes(see Fig.6 and 7) are 

found in their respective component files. For example, the input 

specification of spur gear design are given in SPUR.INP while its 

output data are found in SPUR.OUT . All the attributes of the 

component exist as data records in these two files. In turn they 

are being employed in creating the system databases(when the 

component is part of the assembly) and the local databases, LDBl 

and LDB2.

"RUPDATE" uses recognition of fieldnames for mapping data. 

When file B is updated from file A, then only data with common 

fieldnames are transferred from A to B. For example, if the 

fieldnames "LOADX", "LOADY" and "LOADZ" (referring to the loading 

conditions in the X,Y and Z directions respectively) are common to 

both files, then only these data are transferred. The updating 

can also be effected by using keys, that is certain fields are 

designated as the keys. In such operations, the transfer takes 

place for common fields subjected to the checks on the keys. So 

if one chooses say, COMPNO (component number) as the key, an 

additional check has to be carried out based on this key in both 

files.

This mapping operation illustrates the importance of
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standardisation of data names. This is by no means a restrictive 

measure and in fact a constructive practise.

3.7 EXTEND/CASCADE

When a designer wishes to "build" upon the current assembly,

he can do so with the aid of the facility EXTEND. This facility

is intended to allow the designer to widen the scope of the design 

problem to include other components. For example, the designer 

may wish to extend the design of a double stage reduction gearbox

to become a triple reduction one. Provided the designer is secure

in the knowledge that existing data in the system's databases(for 

those components already examined) still hold true, the expansion 

can be carried out without further consideration. (Even if part 

of the data is obsolete or in need of further processing, this can 

be easily done via the database management operations prior to the 

EXTEND operation.)

In expanding the job, more information concerning the new 

assembly is sought from the designer. The job description needs 

to be updated. Each of the new components added need to be 

meticulously recorded. For each new component that is connected 

to an existing component, the links must not only be clearly 

established in the record of the former but the latter as well,so 

as to avoid conflict of information. Failure to register all the 

relevant relationships may lead to an erroneous design or absence 

of vital information from some components' designs.

Further modifications are automatically carried out by 

SYSTEM. The svstem's database s t r u c t u r e s  have to be checked to
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see if all the new components' attributes are catered for and if 

necessary the structures expanded. Although the system's database 

structures may undergo reorganisation, the data that previously 

existed in them is not affected in any way. Once the 

re-structuring is completed, SYSTEM proceeds in the similar manner 

as the RECALL or NEWJOB options.

3.7.1 Option CASCADE

In the case of CASCADE, the assembly designed can be treated 

as part of a supersystem. Several systems can be amalgamated to 

form a supersystem, with each system joined to another by a 

connecting component. For such an application, all the 

systems(jobs) making up the supersystem must already have 

completed their analyses. The task here would be to study the 

appropriate connecting components between the systems.SOUSC has 

been developed to cascade two systems at any one time. Therefore, 

one system must be chosen as the main and the rest attached onto 

it. In the CASCADE operation, the main system is known as the 

primary system and the others as the secondary systems.

The modifications carried out in CASCADE are quite similar to 

those of EXTEND. The designer is required to specify the two 

systems to be joint. SYSTEM will firstly expand the structure of 

the primary systemdf necessary) to accommodate the data types of 

the secondary system. The databases of the revised primary system 

are then updated with information from both secondary databases. 

To show that both systems are joined, the connecting element's 

description is then added to the new system's description file, 

nominating one component from the original primary system and one
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from the secondary system as its links. Analysis is then carried 

nut for the latter with data derived from the other two sources. 

To form super-system consisting of three or more systems, the same 

process is repeated (N-1) times, where N is the number of systems 

required to build up the larger system.

The provisions for such facilities such as EXTEND or CASCADE 

is to make the design process more versatile and thus easier to 

handle. Popular assemblies can now reside in the databases and 

this information can easily be tapped for multiple applications. 

This serves to enhance the flexibility of SOUSC

A flowchart of the functions of SYSTEM is shown in Fig. 10.
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4. DATABASES AND DESIGN DATA MANAGEMENT

4.1 Introduction

Proper management of data is very important in SOUSC. The

whole concept of SOUSC hinges on the fact that data can be easily

and freely accessible, no matter which design is being carried

out. In the system control routine of Chapter 3, it has already 

been emphasised that there is a need for a data storage and

retrieval system. Many different ways of storing and retrieving 

data exists and theoretically any can be used for this purpose. 

However, this chapter will serve to compare the superiority and 

sophistication a database management system has over a 

conventional file handling system. The relevance 6f the database 

management system and its implementation in SOUSC will also be 

dealt with.

4.1.1 Database Management in CAD

In recent years, the usefulness of databases in 

computer-aided design has been widely endorsed. Buchmann in the 

article "Current trends in CAD databases " (Ref. 10) professes 

that "databases have been recognised by the CAD community as an 

ideal medium to integrate a variety of CAD packages around a 

common pool of data, thereby increasing the consistency of this 

data, speeding up communication among the different design 

packages and avoiding tedious and error-prone data conversion." 

Early applications include the shipbuilding industry, the 

aerosparp Industry and also in process plant design. The 

feasibility of using database management systems in any design
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practice should be investigated.

4.2 File Handling vs Database Management

Although database management has evolved from the basic file 

handling concept, there are major differences in the way data is 

organised and perceived. The advantages of the database 

management system can only be understood when contrasted with the 

file handling system. As such a comparative study between both 

systems is essential.

A data file is basically a collection of all occurrences of a 

given type of data. This is the most fundamental understanding of 

a data file. It(datafile) contains purely numeric or alphanumeric 

information that is relevant only to a particular application and 

hence understood only in the context of that application. No 

other medium of interpretation exists to inform the viewer the 

significance of the data.

Prior to the emergence of the database concept, the data 

processing would only concentrate on files of data and data sets. 

But when the concept of database was introduced in the late 1960s, 

it was adopted rather quickly. Many users promoted their files by 

changing their titles to data base without changing their nature 

to include the principal characteristics of a database. 

Fortunately, as the employment of better data management software 

spread, these characteristics spread with it.

A database may be defined as "a collection of inter-rplated 

data stored together without harmful or unnecessary redundancy fn
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serve multiple applications; the data is stored so that it is 

independent of programs which use the data; a common and 

controlled approach is used in adding new data and in modifying 

and retrieving existing data within the database. The database is 

structured so as to provide a foundation for future application 

programmes". (Ref. 21) This means that a database must possess 

the basic characteristics of data independence, controlled 

redundancy and interconnectedness. Of course there are many other 

features that are relevant but these three had been singled out 

because they are the most important.

Even though conventional file handling techniques had been 

widely practised for a long period, many users are turning to 

database management techniques, attracted by its ease of use and 

the high degree of flexibility attained. Fundamentally, both 

perform the same tasks of data storage, update or retrieval. But 

the way data is organised in each marked the difference.

4.2.1 File Handling Technique

A file handling technique is usually configured as in Fig.11. 

Program 1 processes the data file 1, program 2 processes data file 

2 and so on. Each application has its own isolated data file. 

Access to such data can only be done via each application program. 

Hence the interpreter of data is embedded within the application 

program and no other forms of documentation within the storage 

system exists to inform the operator on the nature of the data. 

Where a same piece of data is required for several applications, 

it has to be repeated in each program.
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In such form, the data storage and retrieval system has many 

disadvantages. Redundancy is a key feature. The need for each 

application program to have its own set of data causes this 

problem to arise. Storage space is unnecessarily wasted. 

Updating is a particularly tiresome task. Each data file has to 

be scanned exhaustively to determine the presence of that piece of 

information. Furthermore, to gain insight into the type of data, 

the operator has to refer back to the application programs. Not 

surprisingly, this usually leads to incompatibility of data. 

Finally, as each data file is so application oriented, it is an 

arduous task to obtain information from different data files for a 

new application.

The major advantage of using such a system is the speed with 

which data can be obtained for the specific application. Because 

each data file is program oriented, no intermediate form of 

translation is needed. Direct access to data makes retrieval much 

faster.

File handling systems are only useful in applications where 

the data is more or less static, that is infrequent changes to the 

data file. Or in applications where no sharing of data is 

necessary. Only in such applications can the file handling 

technique be justifiably adopted.

4.2.2 Database Management Systems

In contrast, a database management system integrates the data 

and makes it unnecessary to specially tailor data files to suit 

specific uses. When a single set of data items serves a variety
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of applications, different application programs perceive different 

relationships between data items. To a large extent, database 

organisation is concerned with the representation of associations 

between data items and records. A database used for many 

applications can have multiple interconnections between the data. 

The configuration of a database management system is given in 

Fig.12.

Instead of each data file catering to a specific application, 

all data is conglomerated to form what is called the database. In 

database management systems, the application programs are isolated 

from the data files. Each application program will then have 

access to the required data via the database management system. 

No data is the sole property of one application and inaccessible 

to another. All of the applications have access to all the data. 

In turn, the data is monitored and manipulated by the database 

management system. The primary functions of storage, update and 

retrieval are carried out by the management system's own 

manipulation language.

4.2.2.1 Organisation of a database system

The architecture of a database system can be divided into 

three levels: internal, conceptual and external. These three

types of organisation are often entirely different.

External organisation is concerned with the view of the data 

as seen by the applicaion programers or end users. The programmer 

may view the files as a master record with subordinate detail 

records.
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The conceptual organisation is the interface between the 

external users and the actual physical storage of the data. With 

this organisation, multiple applications can be derived. It is a 

logical view of the data, entirely independent of the physical 

storage conditions and can be described by the data description 

language of the management system.

The internal organisation is concerned with how the data are 

physically recorded in the storage medium such as disks, tapes and 

so on. This is dependent on the hardware and software of the 

computer system.

The development of a database management system will 

concentrate on the conceptual organisation aspects, although both 

the internal and external organisations have to be taken into 

account.

4.2.2.2 Advantages and Disadvantages

The advantages of a database management system are many. For 

a start, redundancy of data is minimised. Centralising the data 

has removed the need for each application to keep a set of its own 

data. Burden of data maintenace is also greatly eased. Instead 

of searching all the files for each update, the database with its 

own internal documentation can inform the operator which files 

contain that particular data type. Hence updating is greatly 

simplified. It is also easier to add new records and extend the 

database to accommodate other types of data as the application 

programs are immune to such changes. Occurrence of incompatible 

data is virtually non-existent.
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Database management systems are not without their demerits. 

Flexibility means that a high degree of sophistication is needed 

to manipulate the data. In such management systems, a special and 

high level data description language is required. Time is another 

factor. Unlike the file handling system where each data file is 

already tailored to suit the needs of the application, in a 

database type system, the required data has to be selected from 

the database with the aid of the management language. The time 

taken varies accordingly to the logical organisation of the data.

Nevertheless, such disadvantages are more than compensated by 

the high degree of flexibility and the reliability of data in 

using a database managemnt system.

To summarise, the objectives of a database organisation are:

(a) Data can have multiple uses. Different users who perceive the 

same data differently can employ them in different ways.

(b) Clarity. Users can easily know and understand what data are 

available to them.

(c) Ease of use. Users can gain access to data in a simple 

fashion. Complexity is hidden from the users by the data 

management system.

(d) Flexible usage. The data can be used or searched in flexible 

ways with different access paths.

(e) Unanticipated requests for data can be handled quickly. 

Spontaneous requests for data can be handled, without 

application programs having to be written, by means of 

high level query language.

(f) Change is easy. The data can grow and change without
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interfering with established ways of using the data.

(g) Low cost. Low cost of storing and using data and 

minimisation of the high cost of making amendments.

(h) Accuracy and consistency. Redundancy and inconsistencies 

will be minimised since all the information are controlled 

by the database managment system.

4.3 Models of Database Management Systems

Database management systems have evolved from simple filing 

and retrieval systems and have become rather sophisticated. 

Unlike the file handling technique, where no special data 

manipulation techniques need to be employ, different data handling 

techniques are used in different database management systems. It 

is widely accepted that database management systems can be 

categorise into three models: the relational model, the

hierarchical model and the network model. Many books on database 

management (Refs.18,19,21) cover in detail the structure of each 

model. It is therefore of no value to reproduce comprehensively 

such material here. Nonetheless, a brief discussion of each model 

would be needed in understanding how and where each model can be 

applied. Above all, it will provide an understanding into the 

model adopted in SOUSC.

The difference between the three models lies in the way data 

is perceived, that is how the relationships between the data are 

expressed. This is known as the logical or conceptual 

organisation of the data. The ease and speed of data retrieval is 

affected by this data organisation. The more flexible the system, 

the greater the complexity. Thus the slower the speed of
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retrieval.

4.3.1 The Relational Model

Often the most natural way to represent data to a non 

programming user is with a two dimensional table. The user is 

familiar with and can understand, remember and visualise two 

dimensional tables. This is how data is organised and seen in the 

relational model. An example of a two dimensional table is shown 

in Fig.13.

A two dimensional table is defined by its rows and columns.

In database language, a row is known as a tuple( or n-tuple where

n refers to the number of columns) while the column is referred to 

as attribute or field. Each table is actually a special case of

the construct known in mathematics as a relation - a term that has

a much more precise definition than the more traditional data 

processing terra "file" or "table" for that matter.

The relational approach is based on the mathematical theory 

of relations and the vocabulary used is taken from this branch of 

mathematics. The results of relational mathematics can be applied 

directly to relational databases and hence operations on data can 

be described with precision.

The relation, or table, is a set of tuples. If they are 

n-tuples(i.e. if the table has n columns), the relation is said 

to be of degree n. Relations of degree 2 are called binary, 

degree 3 are called ternary and degree n are n-ary. A set of 

values of one data-item type( that is one column in a relation) is
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referred to as a domain. The 1th column is referred to as the jth 

domain of the relation.

The relational model is characterised by its two principal 

data manipulation operations namely JOIN and PROJECT. The PROJECT 

operation splits relations, selecting certain columns, while the 

JOIN operation puts together columns from different relations. 

When the relations share a common data-item type, they might be 

joined. Different users of the same data will perceive different 

sets of data items and different relationships between them. It 

is therefore necessary to extract subsets of the table columns for 

some usersfPROJECT operation), creating table of smaller degree 

and to join tables together for other users(JOIN operation), 

creating tables of larger degree. These cutting and pasting 

operations give a degree of flexibility that is not possible with 

other structures.

4.3.1.1 Example of a Relational Model

Referring to Fig.13, an example of how gear information can 

be represented in a relational model is shown. The three 

relations are PITCH, TEETH and GEAR. Suppose we are interested in 

finding out what gear (that is the full set of information 

including P*,T*,DP,FACE,TEETHNO,MATL,PRICE) costs less than 

4.00(units say ), then we can use the relation GEAR to find this 

initial condition. This in effect extracts subsets of information 

from the table GEAR. Three records are found: (P1,T1,3.50),

(P1,T2,3.90) and (P2,T1,3.70). In order to get the complete 

information, the relations PITCH and GEAR are joined using the key 

P to obtain the DP and FACE information. Following that the

- 55 -



relation TEETH is joined to the GEAR-PITCH(from the earlier 

operation) relation to complete the picture. The full data 

arranged in an ordered set (P*,DP,FACE,T#,TEETHNO,MATL, PRICE) are 

as follows:

(PI,6,1.25,Tl,18,CAST IRON,3.50)

(PI,6,1.25,T2,19,CAST IRON,3.90)

(P2,8,1.00,T1,18,CAST IRON,3.70)

In this example, it so happens that only gears made of cast iron 

are selected. Had this fact been known, then the search could be 

conducted by this path too.

In relational database, there are two levels of data 

manipulation language:

(1) relational algebra

(2) relational calculus

Both are used for retrieving or storing information but the 

difference lies in the level of "navigation" through the database 

required of the user. A relational algebra operation is one which 

takes one or more relations as its operand(s) and manipulates them

to form a new relation. To obtain a particular result, a user may

specify a sequence of relational algebra operations. With a 

relational calculus, the user defines the result he wants and 

leaves the system to decide what operations are necessary to 

extract that result from the database. For example in the

relational algebra language, the user would probably have to 

express the retrieval process for the earlier problem as follows:

(a) Select from GEAR where PRICE< 4.00 giving relation R1

(b) Join R1 and PITCH at key=P# to form R2

(c) Join R2 and TEETH at key=T# to give required results
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RI and R2 are new relations containing either subset or 

amalgamation of data from the source relations. In the relational 

calculus , the equivalent executing statement would be:

R(GEAR.PRICE,PITCH.P#,PITCH.DP,PITCH.FACE,TEETH.T#,

TEETH.TEETHNO,TEETH.MATL): 3- GEAR(GEAR.PRICE<4.00 

"GEAR.P#=PITCH.P#"GEAR.T#=TEETH.T#)

Relational calculus has several advantages over the 

relational algebra. Firstly, the user does not predetermine for

Symbol Explanation

x.y The set of values of the data items

in domain y of relation x 

Z(xl.yl,x2.y2...) A relation called Z consisting of 

domains containing the sets of

values xl.yl,x2.y2,....

: "Such that". The expression on the

left of the colon indicates what is 

to be retrieved and the expression 

on the right of the colon is a 

qualifier.

■3 - "There exists"

"And". The conditions on the left 

and right of the symbol both apply.

=,< Equal to, less than

The list of symbols shown above applies to the example 

and are by no means complete. More symbols are 

available for the description of the relational

calculus language statements. (Ref.21)
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the management system the path through which it travels to obtain 

the desired result. Hence the system is free to optimise this 

process. Secondly, if security measures are to be introduced, it 

would permit more discriminatory security procedures rather than 

putting security checks at every level. The retrieval of the data 

,based on the properties of the data rather than by a stated 

procedure, allows such a measure to be taken.

The main disadvantage of the relational calculus is its 

complexity. Since the interpretation of the access path is left 

to the management system, certain rules and procedures must be 

followed. Usually they are based on the Boolean operators such as 

AND, OR, NOT and the arithmetic operators of ((less than), 

Xgreater than),= (equal) and the enclosing within parenthesis of 

executing statements. The precedence of execution will be 

incorporated within the manipulation language. The more high 

level the data manipulation language, the more difficult it is to 

implement the system.

The choice of the database sublanguages, as these 

manipulation operations are commonly termed, would have to be 

based on the type of hardware available, the host language(such as 

COBOL,BASIC ,FORTRAN and others) used in developing the database 

management system and the type of data that goes into the 

databases. This again is dependent on how extensive the database 

is to cover and varies from one company's policy to another. But 

on the whole, the relational model is a powerful yet easy to use 

management system that is readily adaptable to the needs of the 

user.
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4.3,2 The Hierarchical Model

Hierarchies are essentially trees. (See fig.14) The basic 

notions of a tree are:

(1) a hierarchy of elements, called nodes

(2) the uppermost level of the hierarchy has one node, the root

(3) with the exception of the root, every node has one node 

related to it at a higher level, called its parent.

(4) each node can have one or more nodes related to it at a 

lower level, called its children

These terminologies are widely accepted and used when 

discussing hierarchical models. The hierarchical model is 

characterised by this parent-child relationship. The logical 

represntation of the data in the hierarchical model is shown in 

Fig. 14 (compare with the relational model). The record type at 

the top of the tree, the pitch data, is usually known as the root. 

The example given in Fig.15 is the simplest possible hierarchical 

structure with a root and a single dependent record type. In 

general, the root may have any number of dependents, each of these 

may have any number of lower level dependents and so on , to any 

number of levels.

The file structure in the hierarchical model is much more 

complex than the tables encountered in the relational model. 

While in the relational model, the data is represented by three 

separate files, in the hierarchical model, the data is contained 

within a single file. That means the file is host to several 

types of record, not just one; in this example, there are two, one 

for the pitch and the other for the gear. It is therefore 

necessary to have links connecting occurrences of these records;
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in the example, there are links between the pitch and the gears, 

representing the full gear configuration.

The loss of symmetry (contrast the relational model where the 

original symmetry is preserved) is a major drawback of the 

hierarchical approach, because it leads to unnecessary 

complications for the user. The heterogenity of the data in a 

hierarchical model means that the user is forced to devote time 

and effort to solving problems that are not introduce by the model 

and are not intrinsic to the questions being asked. Matters will 

rapidly become worse as more types of record are introduced into 

the structure and the hierarchy becomes more complex. This is not 

a trivial matter. It means that programs are more complicated 

than they need be, with the consequence that program writing, 

debugging and maintenance will all require more programming time 

than they should.

Where storage operations are concerned, the hierarchical 

model possesses certain undesirable properties. Anomalies arise 

in connection with each of the basic storage operations such as 

insert, delete, update. It is very difficult to keep track of the 

link lists and pointers for the various relationships.

4.3.3 The Network Approach

A network is a more general structure than a hierarchy 

because a given record may have any number of immediate superiors( 

as well as any number of immediate dependents ). Unlike the 

hierarchical model, where each record can only be associated with 

one superior, there is no such limitations in this model.
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Any item in a network structure (sometimes used to imply a 

CODASYL database structure) can be linked to any other item. As 

with the hierarchical model, a network model can also be described 

in terms of children and parents and drawn in such a way that the 

children are lower than the parent. The difference in a network 

structure is that a child can have more than one parent.

Referring to Fig. 16, a connector record ,PR( data items 

T4(f and PRICE) has been introduced to represent the associations 

between the pitch and the gear teeth. The connector describes the 

price of the gear. Each occurrence of the set PR represents a 

connection between one pitch (DP) and one gear teeth

number(TEETH). Two sets may be considered here: DP-PR(owner DP,

member PR) and TEETH-PR(owner TEETH, member PR). Each PR record 

occurrence explicitly includes the appropriate PiJit and T<b values. 

This redundancy has been introduced deliberately, to allow us to 

order the occurrences on P* with each DP-PR occurrence and on T 

within each TEETH-PR occurrence. It should be noted that the

relationships are no longer a one-to-one relationship but

resembling a many-to-many relationship.

Again, here the model is described by records and links like 

the hierarchical model. Similar problems are faced for the 

storage operations. However, the anomalies encountered in the

hierarchical model do not arise in the network model.

Nonetheless, the network approach is rather complex and unwieldy.

4.4 Commercial Database Management Systems

Most so called commercial database management systems for
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microcomputers(ref.20) can be classified into two kinds:

(1) Menu driven systems

(2) Non-menu driven systems

Many of these systems have been developed with business 

applications in mind and it is not surprising that these systems 

have found their way into the mainstream of business activities 

such as mailing, filing, book-keeping and so on.

Menu driven packages are systems whereby the data transaction 

are carried out with the help of a menu. All the functions are 

listed in a screen menu and the operator is expected to navigate 

his way through the database to perform the desired functions. 

Examples of such type of software are the PROFILE package for the 

TRS-80 microcomputer and the SELECTOR III for CP/M based computer 

systems. Written in BASIC, PROFILE is intended strictly for

creating a data file, entering data ,editing it if necessary and 

printing or displaying it. As such it is a fairly simple storage 

and retrieval system. SELECTOR III, running on CP/M machines with

the C-BASIC compiler, is more sophisticatd. Not only does it has

the basic functions for creating, storing or editing a file, it 

allows the operator to select subsets of file records based on 

criteria and by means of Boolean algebra functions.

Although the producers make no claim as to which model the 

database management systems follow, SELECTOR III could probably be 

classified into the relational model, even though it does not

possess the full characteristics of one. As for PROFILE, it is 

but a sophisticated file handling system.

Non-menu driven software is best examplified by the highly

- 62 -



popular DBASE II. Produced for CP/M and MS/DOS based systems and 

developed in assembly language, the package is modelled along the 

relational algebra approach and has all the powerful functions of 

JOIN and PROJECT(although the latter is not explicitly known as 

that). The transactions are carried out by high level commands 

resembling statements expressed in the English language. DBASE II 

is a much more powerful package than PROFILE or SELECTOR III: its

language offers many data manipulation operations ,such as 

indexing of files or the global replacement of data in fields, not 

found in the other two. For other external applications , the 

user has to write the program in the DBASE II language into a CP/M 

command file (.COM).

4.5 Database Management System in SOUSC 

4.5.1. Justifications

Although conventional data storage and retrieval systems are 

suitable for most engineering applications, the requirement of 

SOUSC means that a more flexible system for storing and retrieval 

data is needed. Firstly, the modular approach in SOUSC requires 

it to cope with different kinds of mechanical components and 

different assemblies. For each assembly(job), a central store is 

needed to register all data generated by each component. This is 

to provide subsequent components with up to date knowledge so that 

each component design will take into consideration the others. 

This is the main thrust of the system approach. Different 

components will require different sets of data from this central 

store. Therefore there must be a way by which each can interpret 

its needs to the central store to retrieve the required data. 

File handling methods are incapable of retrieving the data since
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no central store exists. Nor is there any mechanism to interpret 

such diverse needs between one data file and another. In 

conventional design methods, such interpretation are undertaken by 

the designer manually. In SOUSC, the diversity of such needs 

makes it certain that the database management approach is only 

feasible.

Secondly, the use of standard components' data. Such data 

are already found in manufacturers' catalogues and it would be

prudent for the company to transfer these information to the 

computer files. Again here the needs within the company may vary. 

The designer may require certain sets of data(as constraints in 

the optimisation)while the production team may require some other 

set, some data being common to both. Under the conventional file 

handling system, each will have their own set of information. 

Scarce storage space is wasted on redundant data. Errors are 

likely to arise if the communication on changes are not passed on 

quickly. The result is frequent occurrence of incompatible and

inconsistent data. With the database approach, any changes will

immediately be passed on to other users.

The first reason had amply justified the need for a database 

approach to automated assembly design involving a broad class of

components. Reason two has illustrated how a database management 

system can be used to full potential in design and optimisation. 

The use of standard components lends a realistic feature to the 

whole design procès.

Besides fh^ obvious advantages of easy processing and clarity
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of data, the main reason for adopting the relational model in

SOUSC can be traced to the type of data encountered in the

assembly design. The data type can broadly be classified into two 

categories:

1. Design data. Such data is generated with each component 

and consists of the input and output information fed 

into and received from the design process. Each set of

data are identified by the component number and its

option number.

The design databases can be further qualified in two 

states:

(a) the transient state

(b) the non-transient state

The transient state refers to the local databases 

namely LDBl and LDB2. Both these databases are created 

each time a component is designed. These databases are 

employed to store information pertaining to that 

component only. Once the information within them are 

updated to the main databases, they are destroyed.

Hence they are very volatile in nature and the turnover 

of such files is proportional to the number of 

components.

The non-transient type files refer to the two system 

databases(with extension ".INP" and ".OUT"). Both 

database files contain the global information of the 

assembly and is being constantly updated with data 

from the local databases. Non-transient files are 

only removed with each "housekeeping" exercise.

2. Component database: this is the standard component
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information for the various types of component in 

the assembly. The information may include the 

available sizes of the component, the acceptable 

materials, the part number coding adopted by the 

manufacturer and perhaps the prices of the products.

The component database acts as constraints in the 

optimisation exercise and also provides all the 

essential information to enable the selection from 

the range a suitable component satisfying the 

requirements.

Both classes of data are often expressed in tabular form, 

whereupon the relations between the data types can easily be 

realised. The choice for a database model is clear: the

relational approach is the most suitable model. No major 

reorganisation of the data need to be undertaken in any way as 

might be the case in both the hierarchical or network models; nor 

is it necessary to establish subrelationships for the various data 

groups using links or pointers. Programming is made much easier 

for the user especially in building up the component databases. 

Above all it is easier to understand and view the relations of the 

existing data.

4.5.2 The TEKDBMS Package

Although acquiring a database management package off the 

shelf would be logical, the tested menu-driven and non menu driven 

systems have proved to be inadequate. Menu driven systems are not 

suitable in the application of SOUSC because they are interactive 

oriented. Each operation is controlled and stepped through by the
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software. This is unsuitable since automatic data retrieval is of 

prime importance in the system control and data transfer.

On the other hand, the non menu driven system DBASE II would 

have been a possible choice had it not been for its limitations. 

As the original purpose of DBASE II was for business applications, 

scientific and engineering functions( such as sine, cosine, 

tangent etc) are notably absent. Its memory buffer is also 

severely restricted. DBASE II reserves an area of memory for 

storing up to 64 variables, each with a maximum length of 254 

characters but with a maximum total of 1536 characters for all the 

variables. For business applications, this may be sufficient; for 

the purpose of engineering design this is grossly inadequate. 

Thirdly, the space taken up by the DBASE II package itself is

quite substantial. DBASE II is made up of a series of command

files for the various data operations. In other words, they exist 

as subroutines but in a compiled state. As DBASE II only allows 

the user to operate on a single disk drive, the disk space left is 

inadequate for any real engineering purposes.

A package known as TEKDBMS has thus been developed in-house (

See Appendix 1). It is modelled along the relational algebra and 

has been wriiten in the BASIC language. Data transactions are 

carried out in non menu form via executing statements. The 

workings and its language are all given in Appendix 1 .
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5. MODULAR PROGRAM STRUCTURE

5.1 Introduction

It is important to recognise that rarely are mechanisms or 

devices so designed to be produced as a single item. In general, 

a machine will consist of a combination of several different 

mechanical elements properly designed and arranged to work 

together as a whole. In other words, the "design procedure" of a 

mechanical assembly is made up of individual component's analysis.

The flexibility of the component analysis procedure depends 

on the way it has been developed. If the procedure is developed 

such that it is closely interlinked with another component, then 

its use is restricted. Flexibility of the component means that 

its use should be unrestricted, in terms of both area of use and 

frequency of use.

So far, the simplified double stage gearbox problem had 

concentrated on two components only, namely the spur gears and the 

shafts. Clearly, these are not the only components that form the 

gearbox assembly and other components are needed for various 

functions. Other components are selected for the assembly so that 

they contribute towards making the assembly safer and perform 

better. For example, to ensure that the shafts are in smooth,

continuous motion, bearings are needed to support the shafts. The

meshing of the gears generates a sizeable amount of heat in each 

gear and unless some form of coolant is used to dissipate the

heat, failure may occur. To overcome the problem of heating and
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consequentially to improve the efficiency of the gears, a 

lubrication unit is employed. Prevention of lubricant leakage

means that seals have to be utilised. In fact, the complete

gearbox would include not only the gears and shafts but the

bearings, the lubrication unit, the seals, the gearbox itself and

other necessary peripheral items. The inclusion of such 

components into the analysis of the gearbox model would widen the 

scope and the end result is a better system. This means that 

procedures for analysing and selecting such components must be 

incorporated.

To achieve the flexibility required of SOUSC, both the areas 

highlighted should be looked into. The solution lies in the 

modular program strategy.

5.1.1 Desirability for Modular Program

Modular program structure can be looked upon as individual 

design packages. Each element will have its own design procedure 

for predicting a safe duty life under imposed loads. The 

principles of design are basically universal. The same theory or 

equations may be applied to a very small part, as in an 

instrument, or to a larger but similar part used in a piece of 

heavy machinery. This inherent independent nature of design 

allows the modular program approach to be readily adopted.

In SOUSC, the modular program approach is a natural and 

necessary choice. Different assemblies, encountered in SOUSC, 

means that different types of components are used in each case. 

The modular nature implies that the designer can pick and choose
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the desired components to form the required assembly. The number 

of components chosen is also unrestricted. Each component can be 

chosen as many times as is necessary to achieve the best assembly 

structure. The modular program approach also ensures that 

expansion is not prevented. New machine elements' modules can be 

easily added to the library of routines. This,in turn, allows the 

designer a wider scope to work in so that the designs are not 

merely confined to a specific type of mechanism. Currently, only 

the design programs of spur and helical gears has been developed 

and housed in the library of routines. This is not the only form 

of gears that exist in machine study. Other types of gears such 

as bevel gears, worm gears, hypoid gears and so on can be 

included. As and when their design programs are available, the 

programs can be incorporated into the routine library.

The modular nature also ensures that alterations to design 

programs can be easily carried out. When new information are 

gathered for a particular machine element, its existing procedure 

can be consolidated with the newly acquired knowledge, without the 

need to interfere with other unrelated routines. This is very 

common especially where the design procedure has been laid down in 

a form of design standard. From time to time , the issuing 

authority may revise the design standard to take into account of 

experience gained. Similar modifications have to take place in 

the design modules. This method makes the change easier and less 

troublesome.

Such advantages reinforced the benefits derived from the 

modular program approach. For these reasons, the design program
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of each machine element has been developed in a modular manner. 

The primary purpose of this chapter is not to deal with the 

broader aspects of the design of complete machines but to explain 

the fundamental principles required for the design of the separate 

elements which compose an assembly. The study of the machine 

elements clearly underline the desirability for modular program 

structure.

5.1.2 Component Modelling

Linking all these modular programs together , it is necessary 

to have an activator and controller of the routines. In SOUSC, 

this controller is the system control routine known as SYSTEM( 

System Control of chapter 3 )The role of SYSTEM is to inform and 

instruct each module of its precedence and also to provide all the 

relevant data to the component module from its links. As such, 

the interface requirements between each routine and SYSTEM must be 

part of the program development. In order for SYSTEM to interact 

with each component routine , three areas of information must be 

present for every component:

(1) the input attribute list

(2) the output attribute list

(3) the component number,priority and the program 

name recorded in file,ROUTSEQ(routine library)

5.2 Attributes of a component

Before the attribute files can be formed, it is essential to 

understand what constitutes an attribute. An attribute of a 

component can be considered as a characteristic that defines the 

component. Component attributes can either be functional
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characteristics or geometrical dimensions. For example, two 

attributes of a spur gear are its power rating and its diametral 

pitch. The former provides a functional characteristic while the 

latter is a geometrical dimension.

Most components are defined by more than one attribute. In 

fact, most of them need numerous attributes in order to narrow 

down its scope of consideration to a realistic field. In this 

work, the attributes are classified into two groups:

(1) the input attributes

(2) the output attributes

5.2.1 Input attributes

Input attributes are the equivalent of design specification. 

Although such parameters do not describe the component, 

nonetheless they influenced the geometry and properties of it. 

The input attributes are specified by the design process of the 

component. For the same component, different design procedures 

may exist, albeit that the fundamental principle remains 

unchanged. For example, the design of spur and helical gears can 

either follow the British Standard(B.S. 436), the American 

Standard(AGMA), the German Standard (DIN) or the International 

Standard (ISO). The basic gear theory is not altered; only the 

refinement and accuracy in each case makes the difference. This 

means that the basic design input attributes as dictated by the 

gear theory are similar but each may have additional requirements 

not found in the others.

5.2.2 Output attributes
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The output attributes must comprise of three parts: the

geometric definition and material of the component , the loading 

conditions and its conditions of motion. The geometric parameters 

of the component should at least enable the designer to clearly 

visualise its shape in the three dimensional plane; its loading 

conditions in the three dimensional plane should indicate how the 

component is stressed and its movement in the three dimensional 

plane should be represented in the aspects of motion. All vector 

quantities must be resolved as components of the three cartesian 

co-ordinates X,Y and Z. These basic attributes will define the 

component in its operational state. Other parameters may be 

included if required. Each design output should provide data for 

these attributes. If any of the attributes do not play a part in 

the definition of the component, then usually a default value(O) 

is placed in the record.

5.3 Key and Optimisation Objective Attributes

Certain database management operations such as JOIN ,PROJECT 

or UPDATE in the relational model are carried out with the help of 

keys. For each database file, a field must be used to distinguish 

one record from another. Such a field is known as a key. In many 

cases, a field is not enough to distinctly separate one record 

from another and so more than one field must be designated as the 

keys. In the input attribute list, the COMPNO(component number), 

LINKCOMdink component number) and LINKOPTdink option number) act 

as keys to differentiate one data record from another. The need 

for triple keys is inherent in the type of data. In an assembly 

design, a particular component may have several linking components 

and each linking component having more than one option. Using
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only one of the three attributes or a dual combination of them 

cannot adequately identify the required record. If a JOIN, 

PROJECT or SELECT database operation is carried out based on such 

keys, more than one record will satisfy the condition. Error in 

data may arise if the database transactions are based on these 

keys. Only using all three fields as keys can each record be 

separated from another. Similarly, in the output attribute list, 

COMPNO, OPTNO(option numbers), LINKCOM and LINKOPT are included. 

The additional presence of OPTNO is again to distinguish different 

options found.

Another attribute that needs to be present in all input and 

output lists is the optimisation objective attribute. This 

attribute is in accordance to the choice of the optimisation 

objective. In chapter 2, it has been stated that the objective in 

the work should be the minimisation of weight. The attribute 

selected for this purpose is ACCWT(meaning accumulated weight). 

Because of the optimisation technique adopted( dynamic 

programming) ACCWT has to be built within the input and output 

lists.

5.4 Input and Output Attribute Files

In section 5.1 the requirements for a component routine to 

communicate with SYSTEM has already been laid down. When a 

component is part of an assembly, SYSTEM uses the former's input 

and output attribute files in three ways:

(1) combining with other components' input and output 

attribute files to form the global input and 

output attribute lists for the assembly
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(2) used in creating the local databases, LDBl and 

LDB2 for a component when its design is due

(3) to effect automatic data handling from (1) to (2) 

and vice versa

Each machine component has a four character name associated 

with it. For example, spur gears are called SPUR, helical gears

,HELI and shafts as SHFT. This identification is also used in the

system description. As mentioned earlier, two

databases(extensions .INP and .OUT ) are generated for each

element. These databases are usually created via the database

management operations, prior to any assembly design. The

structure of both database files are similar and should contain

the following information:
-

FILE STRUCTURE

RECORD FIELDNAME TYPE SIZE

1 Fieldname C 10

2 Type C 4

3 Size N 5

4 Rem C 20

5 SI C 10

6 IMP C 10

These are fields required to format the record structures of the

input and output attribute databases. The first three sets of 

information has been standardised according to the specification 

of the database management system.
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5.4.1 Fieldname

The first record of information (Fieldname,C,10) is to note 

the names selected for the component's own attibutes,such as 

DP(diametral pitch),TEETH(gear teeth number) etc. These 

attributes should be so chosen such that they do not conflict with 

other component's data definition. The user should be aware of 

designations used in other components' input and ouput data

structures. If any of the data of the latter play a part in the 

design, their fieldnames will be similarly adopted. Otherwise, 

the user may nominate any name for that data.

5.4.2 Type

Record number 2 containing (TYPE,C,4) is to indicate the type 

of data that occurs for that field. Two types of data are

commonly encountered in the machine design: numeric(N) or

alphanumeric(C). For that reason, the user has to decide for each 

fieldname entered such as DP, TEETH , the data associated with

them should be numeric or alphanumeric. Of course, this has to

tie in with the design itself. If alphanumeric data is used (in 

the input) or generated(after the design) as part of the output, 

then that fieldname must hold a C type data. On the other hand, 

if the data is purely numeric, then it has a N type designation. 

If a fieldname is found both in both the input and output 

databases, the data type should be normalised to fall into either 

category. As far as possible, all design data are designated N 

type for reasons that will become clear in the later part of the 

discussion.

5.4.3 Size
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The space allocated to each type of data is recorded under 

(SIZE,N,5). Again here the designer chooses the maximum space the 

data will occupy. This space should be chosen such that it can 

accommodate the largest numeric or alphanumeric 

informâtion(depending on the declaration in Type) encountered in 

the design. The size of each field is also subjected to the 

specifications of the record and field sizes of the database 

management system.

5.4.4 REM

REM is used to provide notes on the terminology of each data.

Usually the fieldnames are given in an abbreviated form which may

not be immediately clear to the user. Therefore with the 

additional notes in REM, the user can have a clearer picture what 

each data signifies and how each data type should be treated. 

This is also very useful in providing indicators for input data

and also when such data are accessed outside the design scope.

5.4.5 SI and IMP

Finally, SI and IMP are used to categorise the units used in

the design. If the design is in System International units, then

all inputs should follow the units given under SI and all outputs 

will likewise be generated for this system of unit. The same 

applies to IMP, the imperial unit system. Where blanks occur, no

prescribed form of unit is associated with the data.

5.5 Module Specification

So far, the discussion has concentrated on the set up of the 

attributes for each component. These can be considered as the
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external requirements imposed on the component module. In other 

words, such attributes are the only means through which the

component module communicates its requirements and its results to 

the outside world(more specifically, SYSTEM).

Attention should now turn towards what happens within a 

component modular program. It has been established that for each

component design, two databases are assigned based on the

component's attribute definitions. The two databases. Known as 

local databases, LDBl and LDB2 are specifically to store data 

relating to the component only. Provision of LDBl and LDB2 is 

undertaken by SYSTEM prior to the component design and

optimisation. All input information( from its links) are 

consigned to LDBl while the output data to LDB2.

Though each routine differs from another in its internal 

design process, the structuring of their computer programs are 

similar. This standardisation is to ease the task of debugging 

and enable any person to readily comprehend how the component 

routine is organised. For these reasons, all component modules 

will follow a format and modelled along a set of requirements 

known as module specifications. The module specifications had 

been carefully chosen based on the requirements of LDBl and LDB2 

and the conditions stipulated by the optimisation process(dynamic 

programming). Basically, the specifications of the module are to 

provide a framework in which every component routine can be 

structured(see Fig.17). The module specifications are:

(1  ̂ Inputs to LDBl
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(2) Working data matrices

(3) Multiple options processing

(4) Component design procedure

(5) Installation of dynamic programming

(6) Output to LDB2

5.5.1 Inputs to LDBl

Unless the component to be designed is the triggering 

component, that is the first component in which case all its 

inputs are solely determined by the external specifications, every 

component's inputs potentially come from two sources: other

components' data and its own specifications. In each component 

design, SYSTEM retrieves all the relevant data from the 

component's links and housed them in LDBl. The data found

reflects the relationship between the component and other 

components. So these data provides information on the relative 

motion of the component ,of the loading conditions on it , with 

respect to the others. Such data are important in ensuring that

the component design do not deflect from and totally ignore the

existing conditions presented by other elements within the system. 

This is a crucial step in the overall system design and

optimisation.

Nonetheless, it is not infrequent that some inputs required 

by the design are not found in the transmitted data. Such

circumstances merit and call for the user to exercise his design

knowledge. In these instances, the user has to provide the

additional inputs to complete the picture. One important point to 

note is that no alterations should be made to the "tranferred"
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data. The current design is not the only owner of these data; 

they are also the property of other components. Hence, if changes 

are made to the data, inconsistencies will arise. To eliminate 

such unwanted problems, these data are left untouched.

Each set of data is identified by the component 

number(COMPNO), the linking component(LINKCOM) and the link 

option(LINKOPT). In entering the inputs, the user has to consider 

the significance of the data with respect to the linking 

components but not necessarily their options. For example, two 

gears mounted on the same shaft. Each gear may have several 

options but as far as the shaft design is concerned, once a 

certain position on the shaft is designated to a specific gear, 

all its(gear's) options will assume that position. Likewise for

the other gear.

The number of records in LDBl is purely determined by the

linking components. If there are 2 linking components each with 4 

options, then LDBl has 8 records. All inputs must be completely 

defined before the design can proceed. The value zero is usually 

designated as the default figure for inputs that are not

applicable but it will depend on the significance of the input in

the design. The additional data inputs are carried out using the 

REDIT( for editing data) or RADD( for adding new data) database 

management operations. Both possess simulated full screen editing 

facilities. Information regarding the inputs should also be 

displayed so as to assist in the data entry operation. Placing 

the data in a database file such as LDBl greatly simplifies the 

updating of the global databases(known as the system databases).
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By simple database management operations, the data can be 

manipulated and moved from one file to another with ease.

5.5.2 Working Matrices

Information within the database file must be converted into a 

form suitable for the design process. The data must be committed 

either to the computer's random access memory or any other form of 

working store. Mostly, working matrices are reserved for the 

data. The appropriate management operation, where data from a 

file is placed into the computer's memory ,is RSTORE. RSTORE can 

either consign one single data, a selected group of data or the 

whole data file into the memory. In the last two cases, if there 

are more than one record and alphanumeric data are involved, then 

only one record per operation can be committed to memory. This is 

due to the restrictions of the computer. If all the data are 

numeric, then the file to memory conversion can be accomplished in 

a single operation. To minimise processing time, all alphanumeric 

design data are assigned numeric values.

Depending on the request, RSTORE automatically prepares a 

buffer m by n matrix( Z6(m,n) ) to accept the data. Only two 

dimensional matrices are legitimate. The user can access the data 

in the buffer matrix in two ways. If the user knows exactly the 

location of the required data, he can obtain it directly. 

Alternatively, the user can create a working matrix and down load 

the data from the buffer matrix to this working matrix.

5.5.3 Multiple Options Processing

The nature of the optimisation presents the modular program
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with multiple options processing. Each module should be 

structured such that it can recognise the number of linking 

components( through the information in LINKCOM) and the number of 

options associated with each linking component( from LINKOPT). 

Theoretically, the number of options may range from one to as many 

as infinity. But in practice, this is not the case as will be 

seen in Chapter 6. The number of options is restricted by the 

range of standard components and by the specifications of the 

assembly.

The options define the scope within which both the design and 

optimisation consideration takes place. Multiple options 

processing means that a batch type operation is more suitable as 

opposed to an interactive type where the operator would need to 

indicate which option of which component is to be analysed. The 

roles played by each linking component can also be traced via the 

option numbers.

5.5.4 Component Design Procedure

Before any component can be approved as suitable, the 

fundamental analysis must show that the component is capable of 

withstanding the loads that will be imposed on it and is not 

expected to fail prematurely. The series of checks can summarily 

be called the design procedure. Emerging from the study of the 

component and its behaviour under different loading conditions are 

stipulated conditions that the component must satisfy. These 

conditions are intended to cover as many likely areas of failure 

as possible so that unforseen breakdowns can be minimised.
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The design procedure should also anticipate all the various 

uses the component may be subjected to. For example, the spur 

gear design program has made provisions for it to be used in the 

conventional spur gears design and also when the gear is treated 

as an idler. The extended use means that input attribute list 

should also encompassed the attributes associated with such an 

application. In each application, default values, such as zero, 

are attached to the non-relevant inputs and outputs. Similarly, 

the design program has been developed to recognise ,frora the 

inputs, the context in which the design is taking place and thus 

apply the appropriate procedure.

For every component, the design procedure should be in two 

forms: one for the international system of units(SI) and the

other in imperial units. The design equations are universal and 

will remain the same, irrespective of which unit, as they are 

based on the machine theory of the component. Only the design 

constants within the equations may change as such factors are unit 

dependent. Similarly, the databases housing the standard 

catalogue information should make provision for both units. Names 

of the file must be documented within the design procedure.

The design analysis procedure performs the checks to ensure 

that the conditions and specifications are not violated. The 

dynamic programming technique is then applied to the options found 

to fulfill the requirement of optimisation.

5.5.5 Installation of Dynamic Programming

To install the dynamic programming technique within each
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component analysis process, the four constituents of the method 

must be examined. They are

(1) inputs

(2) decisions

(3) returns

(4) outputs

The inputs have already been examined in the earlier part. Into 

each component analysis process, the preceding stages(that is 

other linking components) will provide one or more options as 

inputs.

In order that the optimisation may be carried out, the 

"decisions" of the component must be identified. In each 

component analysis and selection, the ultimate aim is to identify 

which component is the most suitable. Basically, the designer 

would like to know which gear, shaft etc to use. For each type of 

component, spur gear, helical gear or shaft, several options are 

available based on their given inputs. To distinguish one option 

clearly from another within the same group of component, a set of 

criteria must be chosen. For example, the criteria chosen to 

distinguish spur gears are the pitch(diametral pitch or module),

the teeth number and its material. A spur gear with a module of

3, teeth number 25 and made of cast iron will be considered as a

separate option from one that has the identical module and teeth

number but made of steel. Similarly two shafts with the same 

geometrical contours but made of different materials will be 

considered as two options. Such criteria forms the base on which 

the decisions are made. For the spur gear program, the criteria 

chosen is as above while the helical gear includes the helix
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angle. The criteria are chosen in accordance to information found 

in components' catalogues. In the case of shafts, no 

comprehensive lists of standard shafts exist. Usually the 

manufacturers only provide information on the ground stock to 

which machining processes will reduce it to the required shapes. 

Hence in the shaft program, only the material form the decision 

while the shape of the shaft(whether stepped or unstepped) is 

determined by the designer and inputs.

Computing the returns for the component will depend on the 

chosen optimisation objective. Weight minimisation has been 

chosen as the objective and as such the returns for the component 

will be the contribution to the overall assembly's weight made by 

the component. Fig. 18 shows the optimisation process of a 

single gear mounted on a shaft. For a given set of input 

specifications, three options have been found, SPUR 1,2 and 3. At 

this stage, the decision as to which of the gears will contribute 

to an optimum system cannot be made and so all three are 

temporarily chosen. At the next stage, the shaft design, the 

gears' data will form the inputs. Four options of the shaft are 

available.

Each shaft has a certain weight associated with it, such as 

S1,S2,S3 or S4. To decide which gear would be suitable for SHFT 

1, 2 ,3, and 4, the combine weights are examined. For SHFTl, the 

combine weight of SPUR2 and SHFTl is the smallest; for SHFT2, 

SPURl is suitable; for SHFT3,SPUR2 and for SHFT4,SPUR3. The 

principle behind this technique is that the optimisation should 

take into consideration previous states' contribution to the
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objective value. If there are more components to be analysed,

then for each choice of the shaft, a corresponding spur gear will

be associated with it. In all only 4 sets of data are recorded as

opposed to 12. These form the output of the subproblem. If the 

shaft design is the last subproblem, then the optimum system will 

consist of the combination of the gear and shaft that has the 

lowest weight.

5.5.6 Output to LDB2

The results of the design and analysis are recorded in LDB2,

the output database. The data should be in line with the

stipulations of the output attributes. Data storage can be

accomplished using the management routine RADD, which simply 

stores all the data is a sequential manner. To return to SYSTEM, 

the following program line should be incorporated as part of the 

design program:

Call "MLINK","SYSTEM",6000 

The execution of this statement will link up with SYSTEM.

Appendices 2 and 3 provide examples on the development of the

spur and helical gear and the shaft routines respectively.
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6. OPTIMISATION AND DYNAMIC PROGARMMING

6.1 Introduction

For most design problems, there exists many feasible 

solutions. Each of them is an acceptable option to attain the 

requirements of the problem. But to single out one particular 

solution as the best will depend on a clear definition of the 

interaction of all the pertinent variables affecting the problem, 

an explicit statement of the design objective and an effective 

procedure for locating the optimum solution in accordance with the 

stated objective.

Design and optimisation are closely connected. The urge to 

seek better designs fuels the optimisation process. When a 

designer tries to improve the solution by repeatedly redesigning,

optimisation is implicitly Introduced, Even though no express 
statement is made about the objective, the designer can 

intuitively decide whether an improved solution is found, governed 
by his own set of objectives and even prejudices. The only 

consequence of optimisation by iterative designing is that the 

designer has no means of knowing whether the real "optimum" 

solution has been located.

Work on optimisation has been widely published in various 

sources (refs. 3,4,5,6,7,8,22,23). Most have contemplated 

optimisation of certain machine elements for selected objectives. 

The main consideration is to achieve an optimum machine element 

for certain conditions and within the given constraints. With the 

increasingly wide availability of computers, different types of
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techniques and algorithms such as linear programming, geometric 

programming, gradient methods, direct search and so on have been 

developed. In ref. 22, a good review of optimisation techniques 

employed in the optimisation of machine elements is given.

The main focus in all these works is the machine element in 

its isolated state. For this purpose, optimising only for the 

component's objectives is a sound and logical method. However if 

the machine element is but a part of an assembly, then such an 

approach needs to be more closely investigated. In such 

situations, the optimisation of the overall assembly's objective 

is of paramount importance. The emphasis is on the determination 

of a combination of components( not necessarily optimum in 

themselves ) that would provide the best result for system's 

objective. Such optimisation problems are commonly solved by two 

methods:

(1) developing a fully integrated set of constraints and 

conditions for the whole asembly

(2) breaking up the composite assembly into its distinct 

parts

The first approach has the advantage that the optimisation 

problem for the selected assembly can be clearly mapped out. The 

set of design constraints remains more or less unchanged. For a 

different set of constraint values, another optimum may be found. 

Conventional optimisation techniques can be used for such 

problems.

However, the main disadvantage is its lack of flexibility, as
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had been explained in chapter 2. To iterate, the set of 

constraints and conditions are prescribed for that selected 

assembly only. When changes are made to the composition of the 

assembly, however minor it may be, the constraints and conditions 

governing the whole assembly have to re-examined. This is both 

time consuming and laborious.

6.1.1 Decomposition

In the design of a mechanical assembly comprising a multitude 

of different components, the impact of each component on the whole 

assembly is significant. The search for a suitable technique for 

optimising the assembly has still to return to the components. 

Even in method(1) the set of constraints and conditions are 

derived from the individual component's functional characteristic. 

In other words, a complex assembly has to be fragmented into

smaller manageable parts. This is known as decomposition.

Decomposition is a powerful and useful technique. Instead of 

formulating an optimisation problem for the large and complex 

system, decomposition allows the designer to examine each

component in turn and to follow the influence of each component on 

the problem. More importantly, it affords the flexibility in

configuring the assembly not found in the former method.

6.2 Decomposition and Optimisation Techniques

Three optimisation methods had been identified with the 

decomposition concept:

(1) component optimisation

(2) combinatorial direct search

(3) dynamic programming

- 89 -



These methods had their advantages and disadvantages as far as 

optimisation is concerned. The brief examination of the first two 

methods will form the prelude and main discussion of method (3). 

Dynamic programming is also the method singled out as the most 

appropriate for the work.

6.2.1 Component Optimisation

Of the three methods, component optimisation closely 

resembles the techniques proposed in the earlier references. In 

this approach, the main aim is to find an optimum for each 

component. This is done sequentially. Within the assembly, each 

component is given a priority. The priority reflects the role and 

importance of the component. High priority components will be 

optimised first. The optimisation objective of the component will 

be similar to that selected for the assembly. For example, if 

weight minimisation is the system's objective, then similarly the 

minimisation of weight would be the component's objective. Each 

component has its own set of constraints and conditions, adhering 

closely to its functional and geometrical characteristics. The 

optimum solution would be the component that attains the highest( 

or lowest) value for the objective.

In order to acknowledge that the components are not distinct, 

the relationships between the components are highlighted through 

information exchange. The results from the higher priority 

components will be imposed and used by the lower priority 

components. Each component will transmit its optimum 

characteristic and so on, until the lowest level. At each level 

of the hierarchy, the basic principle applies; the optimisation of
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the component based on its constraints and conditions imposed on 

it. The "optimum" assembly is then made up of the combination of 

individual optimum components.

The main advantage of this method is the ease with which 

optimisation can take place. Storage requirements are also 

minimal since only one solution per component is retained. Such a 

method is acceptable if an optimum component will necessarily lead 

to other sublevel optimum components. For a small group of 

applications, this may prove to be true. But in most cases, such 

a method is not tenable. An example is the problem involving the 

gears and shaft optimisation. With a pair of gears, power is 

transmitted by the force that the tooth of one gear exerts on the 

tooth of another. Suppose, the problem is confined to one gear 

mounted on a shaft.

Then if the gears are transmitting power at a constant rate 

and are turning at a constant angular velocity, the force along 

the pressure line must also be a constant. In other words, 

the power transmitted,H=K,*Ft*d*w .........(i)

For a chosen material and facewidth of the gear, the weight 

of the gear is

IJg = Ki*d"2  (ii)

To minimise the weight, d must have the smallest possible value. 

Referring to equation (i), for a given power H and speed w, the 

only variable left is Ft.

Rearranging, Ft= H/(K^*d*w) ....fiii)
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= H*Kt"0.5/(Ki*w*üg"0.5)

Ft is now inversely proportional to Ug.

Depending on the orientation of the gear, the forces on the shaft 

are components of Ft. For a straight shaft.

Us = K%*d&"2 ..........(iv)

From the study of shear forces and bending moments on a shaft.

Ft = K^*d&"4............... ( V )

Hence, an increase in the force Ft will give rise to a 

corresponding increase in dj . As a result, a minimum weight gear 

may not lead to a minimum weight shaft. This shows that an 

optimum assembly may not necessarily be made up of individual 

optimum components. The main disadvantage and the shortcomings of 

this method is that it ignores the influence other components may 

have on the existing. By imposing the results from the top 

downwards, it effectively shuts out the lower level components 

from participating in the search for an optimum.

6.2.2 Combinatorial Direct Search

This method is almost the opposite of the component 

optimisation. Instead of choosing a particular solution, all the 

feasible solutions of the higher priority component and its 

associative conditions are used to establish the feasible

solutions for the next level components. This principle is 

applied to the subsequent components until all the feasible 

solutions for all the components are known.

An option of a higher level component may generate several
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options at the next level and so on. In other words, an ever 

increasing tree is branching out. Each option of each component 

will have an objective value found from its computation associated 

with the assembly's optimising objective. To determine the 

assembly's optimum, a form of combinatorial search is carried out. 

An option will be combined and tested against all the options 

generated from it in the next level. This procedure is similarly 

applied to the next two levels and so on. An option of the 

assembly is the sum of the values from the combined components. 

The optimum assembly will be the combination that provides the 

best objective value.

An apparent disadvantage of such a method is its complexity. 

Each option generates one or more subordinates, which in turn 

behave likewise. The whole problem is then made up of these 

branches of information. Storage requirements are increased 

greatly. If the assembly consists of 3 levels, with level 1 

having 10 options and the regeneration rate of 10 for the 

subsequent levels, then storage space will have to be provided for 

1000 options. The storage requirements increase exponentially as 

the number of components increases. Likewise the time taken for 

the search. This method does have the advantage over other 

techniques in that it guarantees finding the "true optimal" 

arrangement.

6.2.3 Dynamic Programming

Dynamic programming (ref.15) is a most suitable technique for 

optimising assembly design because the latter can be decomposed 

into a series of distinct parts of stages. An optimisation
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problem is called "multistage" if the variables or decisions to be 

made can be expressed in a form representing a series of stages. 

This means that the problem can be divided into stages, at each of 

which decision(s) will be made which affect the objective function 

for the system. In mechanical assembly design, the stages 

represent components; in other applications, any real or abstract 

notion that is applicable to the problem can be marked out as a 

stage.

In general, the determination of optimal decisions at each 

stage will depend upon the decisions made at other stages. At 

each stage of the analysis, the task is to find the value of the 

objective for the decision variables( that is alternative designs 

or operating conditons) for each and every feasible value of the 

inputs(obtained from the preceding stage). The stage return which 

measures the net contribution of the stage to the process 

objective is derived from its own analysis. For example if there 

are 4 alternative designs(decisions), D1 to D4 and 3 inputs, II to 

13, then a 3 by 4 table can be formed for the stage , say n 

(Fig.19). In the table, R11,R12 and so on reflects the objective 

value of using design D1 with input II, design D1 with input 12, 

and so on respectively. Altogether there are 12 alternatives. In 

the combinatorial search method, all 12 will be retained. However 

in dynamic programming, a so called optimal principle is applied. 

This principle requires the maximisationCor minimisation) of the 

combined returns. It is not enough to use the net return at stage 

n only(as in the component optimisation). The returns for stage 

n-1 must also be taken into account(except n=l). So Ml,M2 and M3 

give the maximum returns from previous stages 1 through n-1.
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Together with its own contribution, for each design D1,D2,D3 and 

D4, an optimum value is identified. These are optimum values up 

to stage n for D1,D2,D3 and D4( represented by the underlined 

options). For example D1 will require input 12. No other 

combinations of inputs with D1 will produce a lower(or higher) 

return than 12. Similarly, for D2,D3 and D4, the respectiv inputs 

are 11,13 and II. Other options are eliminated from subsequent 

analysis. The characteristics of designs D1,D2,D3 and D4 will 

become the inputs to the next stage n+1. If stage n is the last 

stage, then of the 12 options, the solution that provides the best 

value in accordance to the system's objective will be the optimum. 

Other components are found by tracing backwards the n-1 stages.

The main advantage of dynamic programming lies in the savings 

in computational effort and storage requirements. Using this 

approach, such requirements increase roughly linearly with the 

number of components in the assembly whereas in conventional 

methods such as method (2), the same requirements would increase 

exponentially. Dynamic programming can assist the design engineer 

by providing him with a method which yields the same essential 

information as an exhaustive enumeration of alternatives, but 

which requires only a fraction of the effort and computation.

6.3 Basic Theory

The basic building block in a decomposed problem is the 

stage. As stated earlier, the stage will take on a meaning in 

line with the application. For example, in the assembly design, 

it represents a component stage; in a process design it may 

represent an activity of the process. A one stage system is shown
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in Fig. 4 .It is characterised by 5 factors:

(1) an input state X that gives all relevant information 

about inputs to the box

(2) an output state Y that gives all relevant information 

about outputs from the box

(3) a decision variable d that controls the operation of 

the box

(4) a stage return r, a scalar variable that measures the 

utility of the box as a single-valued function of the 

independent variables, inputs and decisions, that is

r=g(X,d)

(5) a stage transformation, t expressing each component of 

output state as a function of the input state and 

decisions

Y=t(X,d)

X,d and Y may be scalars or vectors.

In a one stage optimisation problem, the aim is to find the 

maximum stage return and this is dependent on the input state. 

Denoting f(X) as the optimal return and d** =d(X) as the optimal 

decision policy,

f(X)=g(X,d(X))=g(X,d*)

=max g(X,d)>=g(X,d) 
d

For a N stage problem, as shown in Fig. 3,the objective would be

f*(X*) = max [g,(X, ,d, ), g ̂  fX ̂  ,d a. ).... ,ĝ (X,, ,df* )3

Rigorous proofs given in refs. 11,12,13 and 15 show that the 

above relation can be transformed to the following set of 

equations which is the basic algorithm behind the dynamic 

programming theory:
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Q *(Xn,dn ) = 9n(Xm ,dn ) +  (D

with

Xn-i - t^(X^ ,d,̂ ) 

f.(Xo)= 0
and

fr/X*)= max [Qn(X* ,d^ )]  (2)

for n=l,2, N over all feasible values of the inputs X

In equations 1 and 2, f̂  (X,̂ ) is the optimal return from the n 

stage process consisting of stages 1 through n also shows that the 

return depends on the input X to the process. The quantity Q^(X^ 

,d^) is the combined return from stages 1 through n and consists 

of the stage n return, g\(X^,d^) plus the optimal return fm./X,̂ ., 

)from stages 1 through n-1.

The notations used in Fig.3 has been numbered backwards, that 

is stage 1 is associated with the final output. This is the form 

commonly found in works of dynamic programming and had been 

followed to maintain standardisation. The equations generated are 

for what is known as backward recursive procedure. The same 

equations will also be applied to the forward recursive procedure, 

which is the approach adopted in the following discussion. In 

mathematical terms, the dynamic programming technique can be 

termed commutative.

6.3.1 Non-serial Systems

Although the discussion has centred around serial systems, 

the dynamic programming is very versatile and can cope with other 

type of systems. Cyclic( with feedback), branching(where a stage
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branches out to 2 or more streams) and converging( where two or 

more stages meet at a stage) systems are some other types of 

applications. Hence dynamic programming technique can be applied 

to a host of problems. For different types of system, there are 

some modifications to the basic equations. However the 

fundamental premise presented in equations(l) and (2) holds true 

in all cases. A flow chart of the basic recursive procedure is 

given in Fig. 20.

Before illustrating the technique on the gear model, it is 

important to discuss the subject of discrete variables. Although 

the dynamic programming can be applied to both continuous and 

discrete variable problems, in the mechanical assembly 

optimisation, the discretisation of the problem makes it 

immeasurably easier to handle. The decomposition of the 

mechanical assembly into its component part also requires the 

problem to be a discrete one. Inputs X, decisions d and the 

outputs Y required by the recursive procedure also add to the 

reasons for adopting discrete variables. In the gearbox model,two 

of the components have been developed: the spur and helical gears

and the shaft. The examination of the discrete variables will 

thus concentrate on the parameters within these two design 

modules.

6.4 Discrete Variables

In optimising for the best gear, the designer is effectively 

looking for a set of functional characteristics that describes 

this optimal gear. Such characteristics may be its pitch, teeth 

number, facewidth, material and dependina on the objective,
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perhaps the cost as well. These are the main variables where the 

optimisation is concerned. The pitch, usually known as the 

diametral pitch in imperial units or module in SI units, is 

usually confined to a limited range. Manufacturers are able to do 

so because of the flexibility afforded by involute gearing( ref. 

24). By using a small set of standard pitches( and hence cutting 

tools) and applying "addendum modification", the manufacturer can 

cover a wide range of applications. As a result, the number of 

pitches is small and the pitches used are distinct.

6.4.1 Gear Teeth Number

It is clear that gear teeth number can only have discrete 

values. It is impossible to manufacture gear teeth numbers in 

halves or thirds. So automatically , the teeth number of gears 

becomes one of the paramters with discrete values.

6.4.2 Facewidth of gears

The facewidth of gears( or thickness) is also standardised 

according to the pitches. Selection of the facewidth for each 

pitch comes from analysis and rigorous testing. Manufacturing and 

tooling considerations mean that it is not feasible to have 

different facewidths for the same pitch. So most manufacturers 

settle for the most suitable and safe facewidth for each type of 

pitch.

6.4.3 Gear Material

Material considerations are also vital to the design and 

optimisation. The main concern is whether the material selected 

can withstand the loads imposed on it for the duration of its

- 99 -



life. No material can cover every application. Usually a 

material able to provide over and above the minimum capacity 

require of it is selected. Again, it is apparent that the range 

of materials is restricted.

6.4.4 Shaft parameters

In shaft design, the discrete design variables are the size 

and material. Once again, the manufacturing and economic 

limitations have restricted the range . (See Fig.25)

Such information forms a useful source of data for the 

databases. As discussed in earlier chapters, these data have been 

incorporated into the databases to form a core of information for 

the optimisation constraints.

6.5 Gearbox Design

The basic procedure for applying dynamic programming to the 

gearbox design problem consists of the following steps:

1. break the process down into a sequence of single stages

2. decide on the inputs in which the stage and total process 

returns will be measured

3. for each stage determine the possible inputs, decisions 

(that is, alternative designs and operating conditions) 

and outputs and the stage output and stage return for 

each input-decision combination

4. apply equations 1 and 2 recursively to find the optimal 

decisions at each stage

6.5.1 Subsystems
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In the double reduction gear model ot chapter 2, the stages 

in the problem are shown in Fig. 21. Unlike most other problems 

found in dynamic programming, it is made up of three sub-problems, 

each with two stages. This unusual nature can be traced to the 

characteristics of gears. The design of gears must always 

consider a pair of gears in mesh. It is meaningless to design 

only for one isolated or individual gear.

A component can only constitute a stage of the recursive 

procedure provided it possesses the characteristics laid down in 

section 5.3 . Examining the gear model, the pinion of the first 

gears is SPUROl while the wheel is SPUR02. Although SPUR02 and 

SPUROl are related, SPUR02 cannot be a stage in SPUROl' s process. 

If it is, SPUR02's inputs will be the output of SPUROl and any 

design of SPUR02 can match up with SPUROl. In practice, this is 

not so. For each design of SPUROl, there is a corresponding 

design of SPUR02. This is determined by the geometrical and 

loading conditions. However with the shaft, SHFTOl its input is a 

direct derivation of the outputs of SPUROl. Hence it will form 

the second stage of the process. Similarly, the same argument 

applies to SPUR03 and SPUR04. To indicate that SPUROl and SPUR02 

are related and SPUR03 and SPUR04 likewise, a dotted line had been 

introduced. Otherwise, the whole assembly will be made up of 3 

distinct subsystems. But with the first stages of each subsystem 

linked, the decisions taken will have to involve each other. 

Nonetheless, the basic dynamic programming principle still stands 

and will be applied to each of the subsystems. The integration of 

the subsystems back into the original assembly is discussed in 

Chapter 7. It should be noted that SPUR02 and SPUR03 are mounted
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on SHFT02 and so presents an example of a diverging case.

6.5.2 Example of a gearbox optimisation

In order to demonstrate the application of the dynamic 

programming method to a gearbox optimisation problem, the 

following example is used. If the requirement is to minimise the

weight of the double reduction spur gearbox assembly whose

specification is as follows:

Max power = 5 hp

Input speed = 1500 rpm

Total reduction ratio = 9 + 1 %

Centre distances of

both reduction stages = 6" + 1%

Operating duty = 8 hr/day 

The reduction ratio will be split evenly between the two reduction 

stages for convenience, although a variety of combination can be

tested. The following constraints apply to the gear and shaft

optimisation:

Diametral pitch values, DP = 6 or 8 

Facewidth, FACE = (1.50")^^^^ ,( 1.25"

Possible gear teeth numbers: (18,20,21,24,27,28,30,32,

33,34,35,36,38,40,44,48,

50,51,54,57,60)

: (18,20,22,24,26,28,30,32, 

34,36,38,40,42,44,46,52, 

56,60,64)

Gear materials : cast iron, density= 0.251b/sq.in

En 32 steel,density: 0.281b/sq.in
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Surface Stress factors for wear 

and strength of materials are 

obtained from BS 436 

Shaft max deflection : The smaller of the following two

conditions:

(1) 0.01"/ft length , or

(2) at the section of gear mesh, 

shafts relative to each other 

of less than 0.005" .

Shaft material: (1) Cast stainless steel, E=28xl0^6 Ib/sq.in

density = 0.28 Ib/cu.in

(2) Gray cast iron, E=17xl0^6 Ib/sq.in 

density = 0.26 Ib/cu.in

The calculations for the designs of the spur gears are based 

on British Standard BS:436 while the design of shafts is based on 

the acceptable strength and rigidity conditions. The input and 

output data files for the whole system are given in Figs. 22 and 

23.The main focus in the following computations will be to explain 

how the dynamic programming can be applied and hence only the 

summaries of the input and output information are given below. 

The design options found for each component , within the given 

constraints are as follows:

COMPONENT DP TEETH FACE BORE SPEED MATERIALS

SPUROl 6 18 1.25 1.00 1500 CAST IR0N,EN32 STEEL

SPUR02 6 54 1.25 1.25 500 CAST 1R0N,EN32 STEEL

SPUR03 6 18 1.25 1.00 500 EN32 STEEL

SPUR04 6 54 1.25 1.25 166.67 EN32 STEEL
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For the shafts, SHFTOl and SHFT03, the designs are based on their 

being simply supported and loading occurring in the middle of the 

shaft ;

COMPONENT DIAMETER LENGTH MATERIALS

SHFTOl 1.00 4.00 CAST STAINLESS STEEL,GRAY CAST IRON

SHFT03 1.25 5.00 CAST STAINLESS STEEL,GRAY CAST IRON

SHFT02 has two gears of different bore sizes mounted on it. So

the shaft has been divided into 5 sections, as shown in Fig.24

6.5.3 Results

The returns(that is the weight of the components) for the

first stages of the 3 subsystems are given in Figs. 25 to 28. 

All weights are given in pounds(lbs). At this stage, the returns 

are only obtained from the component themselves since this is the 

initial stage and hence fo(Xo)=0. Applying equation (1),

Q , (X, ,d, )= g ,(X, ,d , )+ f^ (X,)

= g » ( X I ,d I )

and translating into equation (2)

f , (X* ) = max CQ I (X , ,d » )] 

which are the values given in Figs 25 to 28

In the next stage, that is stage 1-2, each subsystem will involve 

the shaft. The number of alternative shafts is represented by the 

materials. For subsystem 1, shafts of cast stainless steel and 

gray cast iron are suitable for the pinion SPUROl. The returns at 

this stage will not only depend on the component's net 

contribution but on the previous stage returns as well. Looking 

at Fig.29, the combine weight when using a cast stainless steel

shaft with a spur gear of diametral pitch 6, 18 gear teeth and
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made of cast iron is 2.57 . Similarly for the other combinations. 

The same principle applies to the other two subsystems, shown in 

Fig.30 and Fig.31 . For subsystem 2, the input is made up of two 

vectors, namely from components SPUR02 and SPÜR03. This is the 

case of converging streams towards the same stage.

Returning to Fig.29, if the shaft is not the last component 

and there is a further stage to investigate, then some elimination 

must take place. A decision on the choice of shaft cannot be made

until all the remaining stages in the subsystem has been

investigated. Nonetheless at this stage, associated with each 

type of shaft, there is one option that provides the minimum 

return. For example, the minimum return associated with the cast 

stainless steel shaft is 2.57 and that with the gray cast iron

shaft is 2.66. In this case, it so happens that both are 

associated with the same gear. These values are determined by

applying equation (1) and in turn provides the values for f̂ CXĵ  ). 

(Although equation (2) states that f%(Xi) is derived from the 

maximum of Q^fX^/d^ ), strictly speaking it should be either 

minimum or maximum , depending on the objective.) These results 

are found in the output data file Fig.23.

On the other hand, if stage 2 is the final stage, then a 

decision can be taken. As far as subsystem 1 is concerned, the 

shaft should be made of gray cast iron combination.

Die to the unusual nature of the problem, the process 

outlined here is still not sufficient to determine the optimal 

assembly. Only when all the three subsystems are integrated back
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together can the optimal arrangement be identified. This will 

form the basis of Chapter 7.
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7. SUBSYSTEM INTEGt^TION

7.1 Introduction

In most optimisation problems, the dynamic programming method 

will directly produce the required optimal system. However, in 

assemblies where the whole system is made up of several distinct 

yet not totally unrelated subsystems, dynamic programming provides 

the feasible combination in each subsystem only. The overall 

optimum assembly is dependent on these subsystems' options and so 

an additional step has to be instituted to bring together all 

these subsystems. This is known as subsystem integration.

The emergence of multiple subsystems is basically due to the 

types of component involved. When the design of a component 

generates two or more parts of the component in parallel, then the 

case of multiple subsystems arise. The design of a gearset 

provides a very good example to the understanding of this 

phenomenon.

7.1.1 The gear problem

For a specification in the design of meshing gears, both the 

pinion and the wheel are analysed simultaneously, from which a 

wheel is found for each pinion. This strict one to one 

relationship(due to geometrical and rating considerations) between 

the pinion and wheel means that design A of the pinion must pair 

with design A of the wheel. Under the terms of dynamic 

programming principle, they cannot be considered as stages of a 

diverging system,even though they are obtained from the same input
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source, since it would mean that the pinion and wheel are designed 

independently. Nor can they be considered as two separate 

branches, as a choice of the pinion indicates the corresponding 

choice of the wheel. As a result, their relationship are 

indicated by a dotted line and not a full line as in other cases. 

The problem in Chapter 6 provides a good example to which 

subsystems integration can be applied. It is the objective of 

this chapter to show how such a procedure is carried out.

7.2 Method

It has to be emphasised that despite the assembly being made 

up of several subsystems, the dynamic programming principle is not 

affected. The stages within each subsystem are traced by their 

links and this is independent of any optimisation method. The 

recursive procedure is valid irrespective of whether there is one 

large system or made up of a number of subsystems. The difference 

is that an additional check has been introduced at the end of the 

whole process to determine whether the system is a single process 

or made up of several. These checks form the subsystem 

integration procedure. Subsystem integration is principally made 

up of four main parts:

(1) identification of subsystems

(2) establishing connecting components between subsystems

(3) for each subsystem, computation of the objective values 

fnr each combination

(4) combining the subsystems through the connecting components 

The gear model (fig. 21) will be used to illustrate the 

methodology of the subsystem integration.

- 108 -



7.2.1 Identification of Subsystems

To ascertain whether the full subsystem procedure is to be 

applied, the number of subsystems has to be found. If there is 

only one subsystem, where all the components are contained within 

it, then steps (2) and (3) of the method can be bypassed. For 

this reason, this step serves as a precursor to the subsystem 

integration for all problems.

The activator of the subsystems integration procedure comes 

from the data in the system's( or job) output database file( 

filename with extension ".OUT"). The results from the analysis of 

individual components are deposited in this file. Unless all the 

components' had been analysed, the subsystems integration 

procedure cannot commence. Therefore the component number of the 

last entry is matched against the last known component in the

system's description file( filename with extension ".CMP"). When 

such a check proves positive, the identification of the subsystems 

is ready to be carried out.

The identification of the subsystems makes use of the data in 

the system's description file. In fact, the important information 

within the description list is the component numbers and their 

links. Recall that each component has a priority associated with 

it. No two components of the same priority should be directly 

linked together, although both may have the same preceding stage 

as their source of input. Put in another way, the dynamic

programming principle should only be applied to a process where 

the stages are in descending order of priority. A stage should

not haVO the same priority as the predecessor. If a stage has the
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same priority as the preceding stage, then effectively both of 

them can be interchanged, which means that the theory of the 

dynamic programming has been violated. This reinforces the 

argument in the case of the gears that both the pinion and the 

wheel cannot belong to the same stream. However, two stages with 

dimilar priorities may converge towards or divderge from the same 

stage.

The recognition procedure starts from the first component of 

the system's description file. The linking components' numbers 

are extricated. If any of the links is already associated with a 

subsystem number, then the same subsystem number will be tagged on 

to this component. However if one of the links is part of a 

subsystem but both the component and this link's priorités are 

identical , then the former will take on a new subsystem number. 

On the other hand, if no subsystem is found for any of the links,

the next subsystem number is allocated to the component.

An exception to this rule is in the situation when a

component has two or more linking components, each belonging to a 

different subsystem. Clearly, a problem arises. Which subsystem 

should the component belong to? The component cannot belong to 

one subsystem only, since that would wrongly imply that the other 

linking component is not related to it. To reconcile such a 

conflict can only mean that both the linking components must be 

associated with the same subsystem. Therefore a rationalisation 

of the subsystems has to take place and one subsystem is 

associated with both streams. An example of this type of

circumstance can be found in the second subsystem of the gearbox
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model. Both SPUR02 and SPUR03 are associated with SHFT02. In the 

first allocation of subsystem numbers, SPUROl would be given 

subsystem number 1, SPUR02, 2 , SPUR03 , 3 and SPUR04 subsystem 4. 

But when the second stage is included, the subsystems have to be 

renumbered as follows;

COMPONENT COMPONENT DESCRIPTION SUBSYSTEM NUMBER

1 SPUROl 1

2 SPUR02 2

3 SPUR03 2

4 SPUR04 3

5 SHFTOl 1

6 SHFT02 2

7 SHFT03 3

It is important to note that both SPUR02 and SPUR03 belongs to 

subsystem 2. The rationalisation of these components have also 

affected the subsequent subsystem numbers as well. As a result, 

the change has to be carried right through. The number of 

subsystems allocated will indicate whether steps 2 and 3 are 

necessary.

7.2.2 Establishing the connecting components

It can be seen that a component cannot belong to two or more 

distinct subsystems. Within each subsystem, there must be one 

component that will be connected to another component in another 

subsystem. Each subsystem must be related to at least one other 

subsystem. Otherwise this isolated subsystem would not be a part 

of the whole assembly and therefore cannot be in the assembly at 

all. This signifies that error has occurred in the system
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description.

If the description of the assembly is properly carried out, 

such a situation should not arise and so the relationships between 

the various subsystems can be established. Again the connection 

between the subsystems is determined from the components and their 

links. All the constituents have now been identified and the only 

task is to discover which component of subsystem 1 is linked to 

subsystem 2 and so on. This is accomplished by examining the 

links of each component in a subsystem in turn. From its 

description(given in fig.2), component KSPUROl) of subsystem is 

linked to component 2(SPUR02) and component 5(SHFTOl). Component 

number 5 is in subsystem 1 itself so this is not the connecting 

component. However, component 2 belongs to subsystem 2 and so the 

first relation between subsystems 1 and 2 is established. 

Examination of the other components within subsystem 1 would not 

provide further results. Turning to subsystem 2, component 2 is 

linked to 1 and 6. This serves to confirm that subsystem 1 is 

connected to subsystem 2 through component 1 and vice versa 

through 2.

The next component to be examined is component 3(SPUR03). It 

is linked to component 4 (SPUR04) and 7(SHFT03). Component 7 does 

not provide any useful information but component 4 belongs to 

subsystem 3. Another relation is thus established. Inspection of 

subsystem 3 confirms this information. Summarising, the 

connections between the subsystems are:

SUBSYSTEM CONNECTINGCQMPONENT ASSOCIATIVESUBSYSTEM
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1 1 2
2 2 1

2 3 3

3 4 2

The data above can be interpreted as such. Taking the first set 

of information, subsystem 1 is associated to subsystem 2 through 

component 1.

Components 1,2,3 and 4 are now the representative components 

in their subsystems. The objective values in each subsystem will 

be computed and held for each option of these components.

7.2.3 Computation of objective values

Figures 29,30 and 31 provide the computed objective values 

for the two stage problem. In each subsystem, the contributions 

made by stage 2 plus the returns for stage 1 are recorded in the 

data within these figures.

In a problem which consists of only a single subsystem, the 

optimum objective value can immediately be pinpointed. For 

example, if the assembly is solely made up of components in 

subsystem 1, that is SPUROl and SHFTOl, the optimum assembly would 

consists of SPUROl being diametral pitch of 6, teeth number 18 and 

material of cast iron (component weight is 1.781bs) while SHFTOl 

should have an overall length of 4 inches , diameter of 1.0 inch 

and fabricated from gray cast iron(with weight of 0.82 lbs. See 

fig. 29). The optimum weight is 2.60 lbs( the sum of the two 

components' weights).
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However , it the assembly is made up ot not one but many 

subsystems, then the final objective value cannot be confidently 

identified until all the subsystems had been integrated together. 

The overall optimum value is not simply dependent on one but all 

the subsystems. This is where the usefulness of the previous 

section comes in. The establishment of the connection between the 

subsystems indicate that all possible solutions for each subsystem 

must be related to each principal component in the subsystem. The 

principal component in subsystem 1 is SPUROl? for subsystem 2 the 

components are SPUR02 and SPUR03 and for subsystem 3 it is SPUR04. 

The three subsystems are related to each other through these 

components. The best possible values of each option for these 

leading components are needed. In subsystem 1, the "best" value 

associated with option 1 (DP=6, T=18, Cast Iron) is 2.60 and the 

best value for option 2 (DP=6,T=1B and Stainless Steel) is 2.80 .

Similarly, for subsystem 3, the desired result is 23.87 of option 

1, since there is only one option of SPUR04.

For subsystem 2, there are two leading components, namely 

SPUR02 and SPUR03. Therefore the value associated with both 

components' options must be found. For option 1 of SPUR02( 

DP=6,T=54, Cast Iron), the objective value is 23.12. This value 

is made up of the weights of the choice of SPUR02 which is 19.88 

lbs, the weight of SPUR03 which is 1.98 lbs and the weight of the 

gray cast iron shaft, 1.261bs. Similarly for option 2 of SPUR02, 

the optimum value is 25.51. By the same token, the option of

SPUR03 can take on either the value 23.12 or 25.51. It is 

important to note that in each case only the "best" or in this 

example, the minimum value is retained. This is in accordance to
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the dynamic programming principle.

7.2.4 Combination of Subsystems

This part of the procedure finally determines the overall 

objective value for the assembly. Based on the connecting 

components in the subsystems, a form of combinatorial search is 

engaged to find the answer. Combinatorial search is commonly used 

in problems with multiple components having multiple options. 

Unlike most common combinatorial problems, where no restriction is 

placed on the way the combination is carried out, in subsystems 

integration, an additional condition has been imposed. Each 

option of a component can only be combined with specific option(s) 

of its relating component. For example, option 1 of component 1 

can be combined with either option 1 or 2 of component 2. This 

information can be obtained from the system's output database file 

where all the relationships are recorded under the universal 

attributes of COMPNO, OPTNO, LINKCOM and LINKOPT, a summary of 

which is given below:

COMPNO OPTNO LINKCOM LINKOPT

Where a value 0 exists in the attribute LINKCOM, it indicates that 

the component is not linked to any existing component in the 

assembly and hence the data is solely determined by input

- 115 -



information.

Applying the combinatorial search technique, the ultimate 

optimum for the assembly can be found to consist of the following 

components and options:

COMPNO________ OPTNO

1 1
2 1

3 1

4 1

The overall optimum assembly will consist of the combination 

of representative components that produces the lowest weight, 

calculated to be 49.59 lbs. The rest of the components in the 

assembly can be easily identified once these principal components 

and the respective components are located. In the gearbox 

example, all the first options of each component are selected to 

form the optimum assembly. Their respective geometrical and 

functional characteristics are retained in the system output data 

file.

The flowcharts of the subsystems integration technique are 

given in Figs. 32 to 34.
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8. GENERAL DISCUSSION

The practice of developing a separate computer program for 

every problem can be costly in terms of time and resources. 

Especially in the design optimisation of a mechanical assembly 

using components which may already exist in another assembly, such 

a practice necessitates the generation of a huge amount of 

programs to cater for all possible configurations using these 

components. It is therefore a sensible and prudent measure to 

seek a method whereby each component need only be modelled once 

and then is universally applicable to all problems.

The research work completed had outlined a method whereby the 

design procedures of various machine elements, previously existing 

as isolated modules, can be unified and used in mechanical 

assemblies. This is the concept proposed in SOUSC. This unified 

approach for design and optimisation of mechanical assemblies, 

based on the study of mechanical elements, had been restructured 

and improved from its present basic fragmentation approach.

Several areas where the fragmentation approach needed to be 

restructured had been identified. They consisted of the design 

process organisation, the data transfer and the system 

optimisation. To each of them, a solution had been proposed and 

had been implemented to demonstrate how they functioned. It was 

also important that these solutions had to be integrated together 

to form a unified method which can be extended to other uses.

To achieve this unified approach, procedures on the modelling
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of the individual romponent, the way in which they can be 

described and identified and the development of their design and 

optimisation routine were investigated.

The component identification was standardised according to 

the proposed method. Consequently, a system description language 

for translating the composition of the assembly into a computer 

recognisable form was also developed. This unorthodox "language"f 

more a form of data transaction) made use of a numbering system 

for the components and the contacts between the neighbouring 

elements were established by the linking component numbers. As a 

result, the whole network of the assembly could be clearly drawn 

out.

The specifications for each component design module known as 

the module specifications had been laid out. The module 

specifications were to provide the guidelines for structuring the 

design and optimisation routines and also to indicate how the 

input and output information should be handled.

The implementation of the system control, which depended on 

the information in the system's description file and the system's 

data files had provided the mechanism for automatic data handling. 

Its function was to act as an intermediary between the needs of 

the individual components and the resources(information) available 

in the system, thereby channelling the correct information to the 

correct component.

The use of standard components for the mechanical assembly
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and the feature of automatic data handling in the assembly design 

process had led to the need for a highly flexible and 

sophisticated system for handling the component data. A 

comparison between the traditional file handling technique and the 

database management system had been studied. It was found that 

the latter was more flexible and more suited to the needs of the 

mechanical assembly design. A further comparative study had come 

out in favour of the relational database management model. It was 

established that the other two known database management models, 

namely the hierarchical and the network models, required extensive 

reorganisation of the standard component data.

Several commercially available database management systems 

for microcomputer systems were evaluated. Strictly speaking, some 

of them should be classified as sophisticated file handlers. 

Others were tailored towards the needs of the business 

applications and were limited in so far as the requirements of the 

engineering application was concerned. Hence a database 

management package known as TEKDBMS has been developed according 

to the known relational model. Data transactions are performed 

according to the "relational algebra" manipulation language.

Relocating the standard component data into the databases had 

proved to be very useful. The component databases allowed the 

assembly to be built up from standard off-the-shelf components. 

This in turn is a useful source of information for manufacturers 

in their effort to rationalise and reduce the variety of their 

stocks. Another advantage that had been derived from the 

component databases was the nature of the constraints in the
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optimisation. The conversion of the optimisation problem to a

discrete problem allowed the constraints to be obtained from the 

component databases. As a result, the constraints of the 

optimisation problem were tied to the information within the

component databases and thus the constraints are automatically

altered when the information within the databases are updated.

The optimisation of the assembly is far too complex to be 

treated as a single entity and therefore it was required to apply 

the technique known as decomposition to it. Decomposition means 

the reduction of the system into its smallest possible state, the 

component unit. No special provision was made for decomposing the 

assembly to the individual components as this had been taken care 

of in the system description.

The operation of the dynamic programming method, an 

optimisation technique usually applied to decomposed or 

multi-stage problems, was demonstrated. The dynamic programming 

method had been shown to be a versatile and useful method for 

tackling such assembly design.

Finally, the methodology of subsystems integration had been 

developed. Where an assembly is made up of not one but a number 

of subsystems, the subsystem integration procedure is required. 

The method outlined was to show how with a multi-subsystem 

assembly, as illustrated by the double reduction gear model, the 

various subsystems should be selected to form the optimum 

assembly.
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Although the example within the work deals exclusively with 

the double reduction gearmodel, it should be emphasised that, for 

the component models (spur and helical gears and shaft 

design)currently existing in the routine library, the procedure 

for SOUSC is flexible enough to cope with either the design and 

optimisation of a single or other higher levels of reduction of 

gear models with or without idlers, the design and optimisation of 

the gears alone or the shafts only.

This project is by no means complete. In fact it provides 

the framework within which machine elements may be modelled and 

used in assembly design. As more and more component models are 

developed and incorporated into the routine library, the system 

design optimisation is extended to other applications.
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CHAPTER 9 —  CONCLUSION

Based on the study of components,a flexible system for 

establishing an optimal assembly has been developed. The results 

of this work has yielded the following findings:

(1) It has been found that when describing needs and its output 

data of a component , two sets of attribute, the input attribute 

and the output attribute are necessary

(2) A procedure for describing the composition of the mechanical 

assembly has been established. Through this procedure, the 

interactions and contacts of the components within an assembly are 

mapped out.

(3) In order to describe an assembly, control the design process 

and handle the design data, a program is necessary to undertake 

this task. A routine known as SYSTEM was developed in this work 

to achieve this function.

(4) The desire to allow the design data to be transported from one 

application to another has led to the investigation of such 

facilities. As a result, facilities for extending the 

assemblyfthrough the use of option EXTEND) and the cascade of two 

or more systems to form a larger system(through the use of option 

CASCADE) has been developed and implemented.

(5) The need for a sophisticated data handling mechanism has 

necessitated the scrutiny of conventional file handling and 

database management techniques. It was concluded that the latter
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was more flexible and suitable for the requirements of the work. 

Further examination of several commercial database management 

packages has found them inadequate for the applications of the 

project. Hence, a database management package known as TEKDBMS 

has been developed for the TEKTRONICS 4054 computer system.

(6) To facilitate the selection of standard components, it has 

been necessary to store the information into the database files. 

The various components' databases had also provided useful 

information for the design optimisation. Gear information had 

been derived from the standard gear manual of Hinchliffe Precision 

Components Limited while the shaft materials were obtained from 

reference 14.

(7) As a result of the adoption of modular approach for component 

design programs, a set of specification for program development 

has evolved. The module specification, as it is termed, laid down 

the requirements and structure of each design program.

(8) Two computer programs namely, SPURSIZE for the design and 

optimisation of spur and helical gearsC based on BS 436 ) and 

SHAFTING for the design and optimisation of uniform or non-uniform 

shafts( using numerical integration technique ) had been developed 

according to the module specification. Both routines can be used 

in isolation or in tandem.

(9) The feasibility of the dynamic programming technique for 

optimisation had been examined and subsequently the technique had 

been adopted. It has been found that dynamic programming was a
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suitable and efficient method for the decomposed type problems 

encountered in the project.

(10) In the case where the whole system(or assembly) consisted of 

a number of subsystems, a procedure was needed to bring the 

subsystems together so that the ultimate optimum of the assembly 

can be identified. This has led to the development of the 

subsystem integration procedure. The whole subsystem integration 

procedure consists of three routines, namely, SUBSYSTEM, 

CONNECTION and COMBINA.
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NOTATIONS USED IN THE APPENDICES

Symbols Explanation___________ Units

r pitch circle radius in,mm

d,d' pitch circle diameter in,mm

w,w' angular speed rpm,rad/s

R speed ratio

Ro speed ratio tolerance

N teeth number

P circular pitch in,mm

Pd diametral pitch per in

m module mm

d,d' pitch circle diameter in,mm

C centre distance in,mm

Co centre distance toi.

Hw,Hw' Power for wear hp,W

Hs,Hs' Power for strength hp,W

H,H' Power transmitted hp,W

Xc Speed factor (wear)

Xb Speed factor (strength)

Sc,Sc' Material factor(wear) Ib/sq.in, N/sq.mm

Sb,Sb' Material factor(streng) Ib/sq.in, N/sq.mm

Z Zone factor

f,f' Facewidth of gear in,mm

^ ,t Torque of gear in-lb,N m

^  pressure angle degs.

Ft tangential force lbf,N

Fn normal force lbf,N
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vL

Fx

Fy

Fz

Wg

f
pn

pa

Pn

min

max

1

M

E

I

R

X

y

z

qf Z) 

V

5"

angle of orientation 

Load in X direction 

Load in Y direction 

Load in Z direction 

Weight of gears 

Density of material 

Helix angle 

circular pitch in 

normal plane 

axial pitch

Normal diametral pitch 

Minimum value 

Maximum value 

Subscript 1 for the 

driver

Subscript 2 for the 

driven

Bending Moment 

Young's Modulus 

Second moment of Area 

Radius of curvature

Slope

Deflection-x 

Oeflection-y 

distance of elements 

Distributed Load 

Shear force 

reflection

degs. 

lbf,N 

Ibf ,N 

lbf,N 

lb,N

Ib/cu.in,kg/cu.m

degs.

in,mm

in,mm 

per in,mm

in-lb, N mm

Ib/sq.in, N/sq.mm

inT4, mm'"4

in, mm

rads, rads

in, mm

in, ram

in, mm

lb/in, N/mm

Ibf, N

in, mm
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TEKDBMS —  DATABASE MANAGEMENT SYSTEM

1. Introduction

' TEKDBMS is a database management system package developed on 

the Tektronics 4050 series disc based computer with an additional 

TransEra 6400 series auxiliary memory unit. Written in the 

Tektronics BASIC language, TEKDBMS is intended to cope with small 

and medium sized databases. Its structure is based on a 

relational type database management model. TEKDBMS has been 

developed not only for business type applications but also 

specially extended to the area of engineering applications.

TEKDBMS makes use of the random file access facility 

available in the host computer for data storage and retrieval. 

This is much faster than the sequential access. Unlike some 

systems, where the file size has to be declared initially, a 

feature known as the "dynamic allocation" of the file manager in 

the Tektronics system allows the size of the file to be flexible. 

A file can take up the whole disc space(approximately 630 

kilobytes) or as little as 1 byte.

2. Hardware Requirements

The TEKDBMS package requires the following hardware:

(1) TEKTRONICS 4054 with Dynamic Graphics Option 30

(2) 4907 File Manager System Option 30

(3) TransEra 6400 Series Auxiliary Memory

(4) 4631 Hard Copy Unit
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3. TEKDBMS Specifications
(1) Maximum records per database file

(2) Maximum characters per record

(3) Maximum fields per record

(4) Maximum characters per record

(5) Largest Number

(6) Smalllest Number

(7) Maximum Sort Key Length

(8) Largest Matrix Size

(9) Maximum Command line length

9000

1000
500

1000
l.OE+307 

-l.OE+307 

100 characters 

(100x500)

1000 characters

4. How To Get Started

For the option 30 dual disc, file manager system, the 

sequence for powering up is as follows: device 1, device 0 and

lastly the host computer.

The whole TEKDBMS package resides within a floppy disc and a

magnetic tape cartridge. To use TEKDBMS , the user has only to

insert the magnetic tape cartridge into the slot on the host 

computer and activate it by pressing the AUTOLOAD key. The screen 

will clear and messages will appear.

Firstly, the message for setting the clock of the host 

computer. This is made up of the date given as day, month and 

year and the hour and minute of the day. Once the clock is set, 

the light on the panel of device 0( disc device 0) will go off. 

Secondly, a message will appear requesting the system disc to be 

inserted into device 1 and the disc for data files to be inserted

into device 0. Once the device had been correctly inserted, the
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mounting operation is carried out. The discs are ineffectual 

unless the mounting is carried out.

The completion of this process leads the user to the main 

menu. Only options 1,2 and 4 are applicable. Option 3 is 

reserved for designing mechanical assemblies only. Option 1 is 

the initialisation of the system, option 2 is the database

management system itself and option 4 to exit form the system. 

Before option 2 can be selected, the initialisation of the system 

must be carried out. This operation must be performed each time 

after the powering up and disc mounting procedure. End of system 

initialisation signals the return to the main menu. Now the 

system is ready for the actual data transaction operations. 

Selection of option 2 will see a double arrow head prompt(>>) 

appearing on the screen, indicating the system is ready.

When a new disc is used for the data files, the first data 

transaction should be FORMAT. This will format the disc for

identification and security purposes. A file will also be

allocated to storing data and relations information.

The syntax or format for the data manipulation language will 

be given in the following sections. Each operation should be in 

accordance to the syntax for the desired operation. Transactions 

are carried out in text form. The interpretation of the 

transaction is carried out within each routine. TEKDBMS executes 

its own internal verification to check for incompatibility in 

syntax or error in data declaration befor embarking on the full 

execution. Should anything be entered wrongly, an error message
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appears followed by the prompt. A fresh entry is then required. 

When a transaction is in progress, interruption of the operation 

should be avoided; otherwise some data may be lost.

5. Interfacing To External Programs

Each of the data transactions has been developed as a 

subroutine. To use these subroutines, the external programs 

should contain a routine known as "DELINK", resident in the system 

disc, to link the subroutines to the appropriate application. It 

is suggested that "DELINK" is appended to the end of the external 

program so that when the subroutines are linked, the numbering of 

the host program line numbers would remain unaltered.

As TEKDBMS had been developed as subroutines, certain 

restrictions are placed on the type of variables and files used in 

the external programs. The following variables and files are used 

in TEKDBMS:

(1) Z series (that is Z,Z0,Z1,...Z9) variables

(2) Logical File numbers 7,8 and 9

(3) Auxiliary memory file numbers 124 to 128

(4) String Variables Z$,N$,M$ and T$

Although the above variables and file numbers had been used 

in the TEKDBMS, they can still be used in the external programs. 

Care must be taken to avoid the computations involving such 

variables in their pre and post TEKDBMS stage. Where possible, 

the Z series variables should be reserved exclusively for TEKDBMS.

When interfacing, the user should present the request as a
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text and the alphanumeric text( not more than 1000 characters 

long) is stored in Z$. Hence the size allocated to Z$ should at 

least be 1 and no more than 1000. If no declaration is made, a 

default of 72 character space is automatically reserved for Z$. 

The variable Z9 should be given the value 2 (1 is the default for 

interactive transactions) prior to the subroutines. As with 

subroutine operations, the program will return to the next line of 

the subroutine call.
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1. RCREATE
To create a new database file

Format

(1) RCREATE Filename

(2) RCREATE Target Filename,Source Filename(STRUCTURE)

(3) RCREATE Target Filename,Source Filename(DATA=STRUCTURE)

How it works

In each RCREATE operation, a database filed e.g. 

"0DBS/SPURDP6) to record the structure of the file and a data file 

to store all data records are created. The basic structure of 

each field consists of three parts: the fieldname, the type of

data and the space size allocated to the fieldname. A file will 

composed of one or more fields.

When a new file is created( option (1) ), the structure of 

the file has first to be declared. Each field( attribute) that is 

found in the data file must be declared according to its type , 

size and the fieldname chosen. When all the fields are declared, 

the record size is computed from the named fields and it is ready 

to accept the data. Options(2) and (3) are normally used in more 

advance data transactions. Option (2) is to create a file whose 

structure exists as data records in the source file. In other 

words, the sources file's records must consist of the fieldname, 

type and size data of the fields in the target file. Option (3) 

is the reverse of option(2). The structure of source file is to 

be converted to become the data records of the target file. The
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structure of the target file consists of only three fields namely, 

FIELDNAME , TYPE and SIZE.

Examples

(1) RCREATE SPURDP6

Create a new data file called SPURDP6

(2) RCREATE SPI)RDP6,ABC1(STRUCTURE)

Create SPURDP6 whose structure is defined 

in the data records of ABCl

(3) RCREATE ABCl,SPURDP6(DATA=STRUCTURE)

Create ABCl whose data records are derived 

from the file structure of SPURDP6
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2. RDISPLAY
To display the records of a database file

Format

(1) RDISPLAY Filename

(2) RDISPLAY Filename:Record Number

How it works

RDISPLAY gives the data information found in the file 

specified by the filename. If the record number is not specified, 

then the data records displayed will start form the first.

However, if the record number is specified, then only that record 

is shown. A prompt will appear in both cases to allow the user 

the choice of viewing the rest of the records( CONTINUE ), to end( 

END) or to see other parts of the data record, if it exists(

SCROLL). The latter facility is required because the screen of

the visual display unit is not able to display all the fields at

once.

Examples

(1) RDISPLAY SPURDP6

Displays the contents of file SPURDP6 from 

record number 1

(2) RDISPLAY SPURDP6:5

Displays record number 5 of file SPURDP6 only
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3. RADD
To add data to an existing data file

Format

(1) RAEO Filename

(2) RADD Filename,Record Number

(3) RADD Filename:Datai,Data2,....

(4) RADD Filename,Record Nuraber:Datal,Data2........

(5) RADD Filename FOR Fieldl=Datal,Field2=Data2....

(6) RADD Filename,Record Number FOR Field2=Data2,...

How it works

RADD allows the user to add new data records to an existing 

database file. If only the filename is given, then the addition 

of the data records will be in accordance to the structure defined 

and will assume the next available record number. If the record 

number is specified and is within the current range of record 

numbers, then it is equivalent to inserting a new record between 

certain record numbers. If record number specified is outside the 

range then it should be one greater than the current largest 

record number. For example if there are 5 records in the file. 

The user may specify the record number to be between 1 and 6. Any 

other record numbers will result in an I/O error.

In the case where the data values to be added are expressed 

as part of the format, then two possible options are available. 

If only the data values are given, then the order in which they 

appear on the format statement will correspond to the order of the
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fields in the file. So the value given under data 1 will be 

recorded as field I's data, data 2 as field 2's data. Where the 

size of the data given exceeds the allocated field size, the data 

is truncated to fit exactly the specification. On the other hand, 

if the field to which the data is to be placed in is explicitly 

stated, then the data values will be recorded in these respective 

fields and not in a sequential manner.

Examples

Suppose SPURDP6 has fieldnames TEETH,FACE and PRICE 

and the file has 10 records.

(1) RADD SPURDP6

Adding new data records to SPURDP6. The new record 

number is 11

(2) RADD SPURDP6;8

A new data record will be inserted into the position 

of the current record 8. Records 8,9 and 10 will be 

one position downwards to 9, 10 and 11 respectively

(3) RADD SPURDP6:40,1.25,3.75

The new data record, record 11 will contain the above 

information. The figures 40, 1.25 and 3.75 is allocated 

to TEETH, FACE and PRICE respectively

(6) RADD SPURDP6,5 FOR TEETH=20,PRICE=2.50 

Record 5 to 10 will be moved to accommodate the new record

5. Of the three fields, only two are specified, namely 

TEETH and PRICE. Their corresponding values will be stored
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in the new record 5

Note

For options (1) and (2) the simulated full screen editing 

facility has been installed. The following keys are used for the 

screen editing:

CTRL J —  Move to next field

CTRL K —  Move back to previous field

CTRL W —  Advance next record

CTRL X —  Back to previous record

CTRL C —  End editing

RUBOUT —  Delete previous character
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4. RSORT
To sort a file into either ascending or descending order 

for a chosen key field

Format

fl) RSORT Filename:Fieldname,Order

(2) RSORT Filename,Target Filename:Fieldname,Order

How it works

To sort the file, a field has to be chosen. This is known as

the key field for sorting. It should be emphasised that the

maximum length of the field is 100 characters. The order in which

the data is to be sorted is either ascending(order=l) or

descending(order=2). If the target filename is given, then the 

reorganised data will be stored into this file. Otherwise, the 

result of the sorting operation is displayed on the visual display 

unit. A file cannot be sorted back into itself.

Examples

(1) RSORT SPURDP6:TEETH,1

SPURDP6 is sorted for the field TEETH in ascending order

(2) RSORT SPURDP6,ABC:PRICE,2

SPURDP6 is sorted for the field PRICE in descending order 

and the results are stored in file ABC
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5. RKILL

To remove one or more database files from the disc.

Format

(1) RKILL Filename

(2) RKILL Filename*

(3) RKILL Filename*.*

How it works

RKILL is a facility enabling the user to remove any files 

that is of no longer any use. Either a single file or a group of 

files can be deleted. If only the filename is given, then that 

particular file is removed. If the asterisk is included, then 

files with part of their names identical to that specified in the 

format statement are removed. Similarly, files with extensions 

are deleted in the same manner by introducing the extension 

asterisk, (4*) •

Examples

(1) RKILL SPURDP6

File SPURDP6 is removed and lost permanently

(2) RKILL SPURDP*

Files whose first six characters are SPURDP will be 

destroyed. Hence such files as SPURDP, SPURDP6, SPURDPA 

are all removed

(3) RKILL SPURDP*.*
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Same as option (2) except now only files with extensions 

are removed. Therefore SPURDP6 will not be deleted but 

SPURDP6.A will be deleted
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6. RDELETE

To delete a specific record number from a file

Format

RDELETE Filename:record number

How it works

The record that is to be removed from the filenames is 

identified by means of the record number. Only that particular 

record is removed. The file is automatically compressed to take 

up the empty space. All subsequent record will be renumbered. A 

record once deleted is permanently lost and cannot be recalled.

Examples

(1) RDELETE SPURDP6:2

Delete record 2 of file SPURDP6

- 141 -



Z_L RMAX

To determine the maximum number of a specified field 

in a file

Format

RMAX Filename:Fieldname

How it works

For a specified field, the database management system will 

return the maximum value found in that field. Only numeric data 

fields can be specified for this operation. When used in external 

programs, the result will be stored in the variable, Z6.

Examples

RMAX SPURDP6:TEETH

The maximum value found in field TEETH of file SPURDP6 

is returned
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8. RMIN
To determine the minimum value of a specified field in 

a file

Format

RMIN Filename:Fieldname 

How it works

This is similar to RMAX. Again for a specified field, a 

minimum value will be found. Like RMAX, only numeric data fields 

can be used in this operation. Variable Z6 also accommodates the 

minimum value of the field in external applications.

Examples

RMIN SPURDP6:PRICE

The minimum value of field PRICE in SPURDP6 is found
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9. RRENAME

To replace a fieldname in a file with a new name 

Format

RRENAME Filename:Old Fieldname,New Fieldname 

How it works

This is to allow the user to rename an existing fieldname. 

The new fieldname can either be one that is already found in other 

files or an entirely new one altogether. In the former case, the 

other specifications such as type of data and size of field 

assigned to the old fieldname must be identical to the 

specifications of the new fieldname. Otherwise an error occurs. 

In other words, a field cannot be renamed so that its data changes 

from numeric to alphanumeric or if the size allocated is not the 

same.

Examples

RRENAME SPURDP6-.TEETH,TEETHNO

The field TEETH of file SPURDP6 is renamed to become TEETHNO
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10. RMODIFY
To extend the structure of an existing file to 

accommodate more fields

Format

RMODIFY Filename

How it works

Strictly speaking, RMODIFY is only used to extend the 

structure of an existing file. This involves adding new fields to 

an existing file and at the same time maintaining the existing 

data. This facility is provided to enable the user to adjust to 

changes in the types of data. When RMODIFY is called upon, the 

existing file structure of the named file is retrieved. The user 

is shown what the existing file structure is and prompted to 

provide the new fieldnames, types and sizes. Once the entries are 

completed, the existing records in the file are recalled. Now the 

record structure is extended to accommodate the data for the new 

fields, yet retaining the old data. The user is required to 

provide the additional data in each record. RMODIFY cannot be 

used in the external program mode.

Examples

RMODIFY SPURDP6

The structure of SPURDP6 will be extended to accommodate 

one or more new fields

- 145 -



11. RCHANGE
To increase the size of a field

Format

RCHANGE Fieldname

How it works

RCHANGE is to enable the user to increase the size of a 

particular fieldname. Occasionally, the previously allocated size 

is not sufficient to cope with the new data. Therefore the size 

of the field has to be increased to accommodate such data. To do 

that, RCHANGE is used. All files containing the specified field 

will similarly be extended.

When RCHANGE is called, the existing size of the field is 

retrieved. Only an increase of size is allowed because a decrease 

would mean that certain data records will not fit into the new 

specifications. Once the new field size is specified, the 

database management system takes over and carries out the 

necessary changes to each and every file. This operation will 

take from seconds to a few minutes, depending on the number of 

files involved. Again, RCHANGE cannot be used in the external 

program mode.

Examples

RCHANGE PRICE

The field size of PRICE will be increased from 

its present status
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12. REDIT
To edit the existing data in a file

Format

(1) REDIT Filename

(2) REDIT Filename:Record Number

How it works

REDIT is a facility for making changes to data records. When 

alterations need to be made to the data records, REDIT is used. 

In the option(l), editing begins at the first record. Like RADD, 

the cursor can be positioned by means of the same editing keys 

given in RADD. The existing data can be "rubbed out" (using the 

RUBOUT key) and the new data written over it. Once the editing 

reaches the last field of the record, the pointer automatically 

moves to the next record and the data are shown. The CTRL-C key 

will end the editing.

Examples

(1) REDIT SPURDP6

Record number 1 of file SPURDP6 will be displayed 

for editing

(2) REDIT SPURDP6:4

Record number 4 of file SPURDP6 will be prepared for 

editing
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13. RINFO
Information on the fieldnames, types and sizes and 

the database files used can be viewed using RINFO

Format

(1) RINFO

(2) RINFO Filename

(3) RINFO DOM=Fieldname

How it works

RINFO is a limited data dictionary facility. It informs the 

user on the types of data, the fieldnames used, the size 

associated with each field and also the names of the relations. 

Option (1) will provide the comprehensive information of 

fields(attributes) and relations. Option(2) provides the data 

structure of the required file while option (3) indicates which 

relations(files) can that particular field be found. RINFO is not 

available in the external program mode.

Examples

(1) RINFO

Displays all the fieldnames, types and sizes followed 

by the names of all the database files

(2) RINFO SPURDP6

Only SPURDPG's file structure will be shown

(3) RINFO DOM=TEETH
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Displays all the filenames in whcih the field 

TEETH is found
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14. RCHKFLD
To check whether a field exists in the named file 

Format

RCHKFLD Filename .-Fieldname 

How it works

This facility is useful when the user wants to find out 

whether a particular field is associated with the file. RCHKFLD 

is used most frequently in the external program mode where data 

transactions are more batch typed rather than interactive. In the 

external program mode, the presence of the field in the specified 

is indicated by Z6=l; the absence is indicated by Z6=0.

Examples

RCHKFLD SPURDP6:TEETH

Checking SPHRDP6 for the existence of fieldname TEETH
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15. RDOMAIN
To remove unused fieldnames from the data dictionary

Format

RDOMAIN Fieldname

How it works

Occasionally, some fieldnames lie dormant in the data 

dictionary. To release the storage space taken up by these 

fields, RDOMAIN is employed. Only one fieldname per operation can 

be used. If the specified fieldname is found in a file, then an 

error message appears and the operation is terminated. RDOMAIN 

cannot be used in the external program mode.

Examples

RDOMAIN TEETH

Request the removal of the field TEETH from the data 

dictionary

- 151 -



16. RSTORE
To store data from selected fields into the random 

access memory of the host computer

Format

fl) RSTORE Filename:Fieldl,Field2....

(2) RSTORE Filename,Record Number:Fieldl,Field2,___

How it works

RSTORE is mainly used for storing data into the memory of the 

host computer. This is to avail the user to the data, especially 

in the external applications mode. Depending on the request, a 

corresponding sized matrix is created to accept the selected data. 

The size of the matrix is determined within the routine itself and 

will exactly accommodate all the data found. The name of the

matrix is Z6. In option (1), where the record number is not

specified, all the data records for the selected fields will be 

retained in Z6, on the condition that none of them are 

alphanumeric data. Option (2) is used for storing a single 

record's data. Here the data can be both numeric or alphanumeric. 

The numeric data is in Z6 and the alphanumeric data in Z$.

The matrix Z6(n,m) can be interpreted in the following 

manner. n is to indicate the number of fields selected and m the 

number of records found. If the record number is specified, then

ra is 1. The first data of the first field will be found in

Z6fl,l) while the first data of the second selected field is found 

in Z6(2,l).
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Examples
(1) RSTORE SPURDP6:TEETH,PRICE

All the data found in the fields TEETH and PRICE 

in the file SPURDP6 are transferred to matrix Z6

(2) RSTORE SPURDP6,4:TEETH,PRICE

Only the data of TEETH and PRICE found in record 4 

of SPURDP6 are retrieved and stored. The former is 

found in Z6(l,l) and the latter in Z6(2,l)
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17. RCOPYNEW
To copy the structure and/or contents of one file 

to another

Format

(1) RCOPYNEW Filename,Target Filename

(2) RCOPYNEW Filename,Target FilenamefSTRUCTURE)

(3) RCOPYNEW Filename,Target FilenametFieldl,Field2,...

How it works

RCOPYNEW can he used in a variety of ways. Option fl) allows 

the user to copy the structure and contents of one file to a new 

file. Everything in the target files will be identical to that of 

the source file. Option (Z) will prepare an identical file 

structure for the target file. Here only the structure is copied 

but not the contents. The empty data file is for future data 

entry. When only selected fields are wanted, then opton f3) is 

used. Optionf3) allows the user to copy certain fields including 

their contents to a new file. In all these operations, the target 

filename must not duplicate any existing filename. Otherwise an 

error occurs and the operation is terminated.

Examples

fl) RCOPYNEW SPURDP6,ABC1

Copy the structure and data records of SPURDP6 into ABCl

f2) RCPYNEW SPURDP6,ABClfSTRUCTURE)
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Only the structure of SPURDP6 is copied into ABCl

(3) RCOPYNEW SPURDP6,ABCl:TEETH,PRICE

Only the structure and data records of fields TEETH

and PRICE of SPURDP6 are transferred in ABCl
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18. RCONCATE
To append the contents of one file to another

Format

RCONCATE Primary File,Source File 

How it works

This operation is to allow the user to add on the contents of

one file to another. Both file structures must be identical. All

the contents from the source file will be added to the contents of

the primary file. Where an identical record is found in the

primary file, the record will not be appended.

Examples

RCONCATE SPURDP6,SPURDPA

All the data records of SPURDPA are added to file SPURDP6
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19. RREPLACE

To conditionally replace groups of data with their new data 

Format

RREPLACE Filename:Fieldl=datal BY New datai,field2=data2 BY ••• . 

How it works

RREPLACE is used to conditionally replace groups of data in a

data file. The selected fields whose data are to be replaced with

new data are declared. The checks are carried out in each record 

of the data file for the condition. Where the check proves 

positive, the old data is replaced by the new data. More than 

field can be conditionally changed in each operation. This form 

of editing is much faster than individual record editing.

Examples

RREPLACE SPURDP6:BORE=1.0 BY 1.25,PRICE=2.50 BY 3.00 

The fields BORE and PRICE of SPURDP6 are selected for 

alterations. For all records with BORE=1.0 , the data is

replaced by 1.25 and all records with PRICE=2.50 replaced

by 3.00
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20. RJOIN
To carry out the relational operation JOIN between 

two files over a selected key field

Format

(1) RJOIN Primary file,Secondary File:Key Field

f2) RJOIN Primary file,Secondary File,Target File:Key field

How it works

To carry out the RJOIN opeartion, a field is selected for 

both the primary and secondary files. The key field must have 

exactly the same field definitions in both files. The data record 

of the secondary file is "pasted" beside the records of the

primary file, for every check on the key field that produces the

true result. Only those records whose key fields' data are

identical are joined. The rest will be ignored. The result from

the RJOIN operation can either be stored in a new file as in

option (2) or visually displayed on the screen as in option (1).

Examples

(1) RJOIN SPURDP,SPURDP6:DP

SPURDP and SPURDP6 are joined over the key field DP.

Where the data for DP in both files are identical, 

their records are joined together. The resulting 

record size will be the sum of both record size less

the size of the key field
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(2) RJOIN SPURDP,SPURDP6,ABCl;DP

SPURDP and SPURDP6 are joined over the key field DP 

and the result is stored in ABCl
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21. RPRQJECT

To project selected fields of a file into another 

file

Format

(1) RPROJECT Filename:Fieldl,Field2,....

(2) RPROJECT Filename,Target File:Fieldl,Field2,...

How it works

RPROJECT is the reverse of RJOIN. Instead of joining the 

fields together, a file can be broken into many others, each 

possibly having a different structure. RPROJECT is to allow the 

user to view the data he requires and bother about any other 

information of no relevance to him. All records within the file 

are distinct.

Examples

(1) RPROJECT SPURDP6:B0RE ^

If all the records within SPURDP6 has the same data for 

BORE, say 1.25, then only one record emerges from the 

RPROJECT operation. RPROJECT consists of distinct, non- 

redundant records found for the selected field.

(2) RPROJECT SPURDP6,ABCl:BORE

The result of projecting the field BORE of file SPURDP6 

is recorded in the target file ABCl
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22. RSELECT
To select data records from a file for prescribed 

conditionfs)

Format

(1) RSELECT Filename:Condition

(2) RSELECT Filename,Target Filename:Condition

How it works

To select data records for a condition or conditions, RSELECT 

provides the user with a quick and easy method to carry out such 

an operation. Two Boolean functions can form part of the 

condition: .OR. and .AND. . Each statement of condition should

terminate with the operator .END.

The conditional statement is to state the basis on which the 

selection takes place. It consists of the selected fields, to 

which mathematical operators describe the respective conditions. 

The fields can either be numeric or alphanumeric and the following 

mathematical operators are available:

< —  less than

> —  greater than

= —  equal to

? —  wild card match

For the first three operators, a dual combination such as <>, 

(= etc can be used. The ? operator is for alphanumeric data 

only.
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Examples

(1) RSELECT SPURDP6:TEETH>20.AND.PRICE<30.END.

From the file SPURDP6,records whose data within 

the field TEETH is greater than 20 and field PRICE 

is less than 30 are selected. Both conditions must 

be simultaneously be satisfied. The result is 

displayed on the screen.

(1) RSELECT SPURDP6:TEETH>20.0R.PRICE<30.END.

From the file SPURDP6, records whose data either 

within the field TEETH is greater than 20 or within 

the field PRICE is less than 30 are selected. In this 

case if the record satisfies either of the condition, 

it is accepted.
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23. RCOUNT
To count the number of records in a file either 

conditionally or unconditionally

Format

(1) RCOUNT Filename

(2) RCOUNT Filename:Condition

(3) RCOUNT Filename,record number:condition

How it works

For the unconditional option, the number of records counted 

is equal to the total number of records in the file. For option

(2), the condition operators are similar to those of RSELECT. 

Option(3) will conditionally count the number of records from a 

specific position in the file, as given in the record number.

Examples

(1) RCOUNT SPURDP6

This counts the total number of records in SPURDP6

(2) RCOUNT SPURDP6:TEETH>20.AND.PRICE<30.END.

This determines the total number of records in SPURDP6 

whose field TEETH must be greater than 20 and the field 

PRICE is less than 30

(3) RCOUNT SPURDP6,4:TEETH>20.AND.PRICE<30.END.

This statement is similar to (2) except that now the 

count starts from record number 4 onwards
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24. RLOCATE
To locate the record number for a specified condition 

Format

(1) RLOCATE Filename;Condition

(2) RLOCATE Filename,Record Number ; Condition

How it works

Locating the first record file number for a specific 

condition in a file can be carried out by using RLOCATE. Again, 

the condition is similar in nature to that given in RSELECT. It 

has to be emphasised that RLOCATE provides only the first record 

number that satisfies the condition. This does not mean that it 

is the only record that satisfies the condition.

Examples

(1) RLOCATE SPURDP6:TEETH>20.AND.PRICE<30.END.

This locates the first record within the file 

SPURDP6 in which the field TEETH is greater than 

20 and the field PRICE is less than 30

(2) RLOCATE SPURDP6,4;TEETH>20.AND.PRICE<30.END.

The locate operation is similar to (1) except that 

it starts from record number 4
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25. RNXTLOC
Used in conjunction to RLOCATE. It allows the user to locate 

other records for the condition given in RLOCATE

Format

RNXTLOC

How it works

RNXTLOC is used in succession to RLOCATE. It can only be 

used after the RLOCATE operation is carried out. RNXTLOC will 

locate the next record number for the condition given in RLOCATE 

operation. Routines such as RSELECT and RCOUNT will initialise 

the information in the buffer and if RNXTLOC is used after such 

operations, an error message will appear.
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26. RUPDATE
To update the fields of one file with data from 

similar fields of another file

Format

Q) RUPDATE Target File,Source File

(2) RUPDATE Target,Source:Keyl(,Key21 RÜPLACE CFieldl..}

(3) RUPDATE Target,Source:Keyl{;,Key2} ADD CFieldl,Field2..}

All the format within C } are optional 

How it works

RUPDATE is used to transfer,replace or add data to a file 

whose structure is not necessary identical to the source, but may 

have several common fields. Only those source data whose fields 

are found in the target file structure are moved from the source 

to the target file. This means that the structure of the 

receiving file(target file) must be predefined. If all the 

relevant source data are unconditionally transferred to the source 

file , then the option (l)'s format is used. In this case, the 

target file can either contain some or no data at all. In 

option(2), the target file's data is updated by replacing with the 

data from the source file. Again only the fields common to both 

files are involved. The replacement must be carried out 

conditionally, that is a field designated as the key. A maximum 

of two keys is acceptable. The replace action can be carried out 

selectively for a few fields (which must be common to both source 

and target files) or left to the database management system to
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determine all the common fields. Similarly, in optionO), instead 

of replacing the data in the target file, the source file data is 

added to that of the former.

Examples

Suppose file ABCl has the fields CATNO, TEETH, BORE 

and PRICE and file ABC2 has fields CATNO, SIZE, PRICE.

(1) RUPDATE ABC1,ABC2

Data of fields CATNO and PRICE from ABC2 is used for 

updating fields CATNO and PRICE of ABCl respectively

(2) RUPDATE ABCl,ABC2:CATNO REPLACE PRICE

The data of field PRICE found in ABC2 can be used to 

replace the identical field data in ABCl, on the 

condition that the data in field CATNO in both files 

are the same

(3) RUPDATE ABCl,ABC2:CATNO ADD PRICE

The data of field PRICE found in ABC2 can be added to 

the identical field data in ABCl, on the condition that 

the data in field CATNO in both files are the same
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APPENDIX 2 —  SPUR/HELICAL GEAR DESIGN

A2.1 Fundamental law of toothed gearing

The action of gears can be considered by first examining the 

action of friction cylinders. Fig. 35 shows two friction 

cylinders in contact. The tangential velocities of the surfaces 

are equal if it is assumed that no slip occurs at the point of 

contact 0. Therefore,

r w = r w   (1 )

These cylinders can be transformed into spur gears by placing 

teeth on them that run parallel to the axes of the cylinders. The 

circles in Fig.35 are then called pitch circles? their diameters 

are called the pitch diameters of the gears. For positive 

transmission of motion, the teeth need not be of any particular 

shape. However for quiet and vibrationless operation, the 

velocities of the two pitch circles of the two gears must be the 

same at all times. This means that if the pitch circle of the 

driver is moving with constant velocity, the shape of the teeth 

must be such that the velocity of the pitch circle of the driven 

gear is neither increased nor decreased at any instant while the 

two teeth are touching. When this condition is satisfied, the 

gears are said to fulfill the fundamental law of toothed gearing.

Equation (1) can further be rewritten as:

- l i -
W 2  r, N,  (IV

Most gear profiles are cut to conform to an involute circle.
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The involute had been found to be the most suitable and provided 

the benefits in interchangeability and the rationalisation of 

cutting tools.(Ref 24).

A2.2 Gear Pitches

The gear profile is defined by its pitch. The terminologies 

usually associated with the gear are circular pitch and the 

diametral pitch. The circular pitch is defined as the distance 

from a point on the pitch circle of one tooth to the corresponding 

point on the adjacent tooth measured along the pitch circle. 

Represented by p, the relationship between the pitch circle and 

the pitch diameter, d and the number of teeth in the gear N can be 

written as:

p=qd/N  (2)

The diametral pitch is defined as the number of teeth in the 

gear per inch of pitch diameter. Hence the diametral pitch Pd is

Pd= N/d  (3)

In S.I. units, the term used instead of diametral pitch is an 

inverse relationship and called the module, m, where

m= d/N  (3) '

A2.3 Centre Distance

In Fig. 35, the distance, C between the two pitch circles is 

known as the centre distance. The equation for the centre 

distance is
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C= r, +

From equation(3), Pd=N/d, or Pd=N/2r and so

c=(Nl+N2)/2Pd ........(4)

In S.I. units,

c=(Nl+N2)/2m  (4)'

A2.4 Load Rating Capacity

For gears designed to the British Standard BS 436, the 

horsepower rating of spur gears are given as follows:

Horsepower for wear, Hw = Xc.Sc.Z.f.w.N/(126000.Pd''1.8) ....(5)

Horsepower for strength Hs= Xb.Sb.Y.f.w.N/(126000.Pd''2) ___ (6 )

These two equations are applied to both the pinion and the 

wheel and the horsepower capacity of the pair of gears is the

least of the four figures. These equations are applicable to

rating of gears whose pressure angle are 20 degrees. The factors 

Xc, Xb, Z and Y are derived from empirical charts of BS 436. In 

order that such factors can be accessed readily, it was necessary 

to digitise the information and store them in data files. The 

corresponding equations in S.I. units are:

Power for wear,Hw'= Xc.Sc'.Z.f'.w.N.m^l.8/1000 ....(5)'

Power for strength Hs'= Xb.Sb'.Y.f'.w.N.m*2/1000______ (6 )'

A2.5 Tooth Loads

The torque to be transmitted from one gear to another can be
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calculated from the following equation

H = 'tw/63000 .......(7)

or in S.I. units, H'= Tw'  (7)'

The forces that the tooth of one gear exerts on the meshing 

tooth of the other gear is normal to the tooth surface and 

therefore acts along the pressure line. Fig.36 shows two gears

having their teeth in contact at the pitch point,?. The normal

force Fn is the force exerted by the follower gear tooth on the 

driver gear tooth. Similarly, the driver tooth would exert a 

force equal to Fn in magnitude, but acting in the opposite 

direction. The normal force can be resolved into two components 

Ft( tangential force ) and Fr( radial force ) and are related by 

the following equations:

Ft = Fn. cos ̂   (8 )

and Fr = Fn.sin^

= Ft. tanÿ  (9)

The radial force is sometimes called the separating force 

because it tends to separate the gears or in other words, to move

them out of contact. In design, it is assumed that the tangential

force remains constant as the contact between the two teeth moves 

from the top of the tooth to the bottom of the tooth. The torque 

that the normal force produces with respect to the centre of the 

gears is:

X  = Fn.d. cos<^ /2

= Ft.d/2  (10)

So substituting into (7),

H = Ft.d.w /126000  (11)
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and H'= Ft'.d'.w /2  (11) '

A2.6 Angle of orientation and Direction of rotation

The angle of orientation,o(,is the angle of the line joining 

the two centres of the meshing gears, measured in an anticlockwise 

direction with respect to the axis of the driving gear. Fig.37 

shows some example of the angle of orientation.

The angle of orientation is essentially to determine the 

tooth loads in the X,Y and Z axes. Together with the direction of 

rotation, either clockwise or anticlockwise, the loading in each 

direction changes with the angle of orientation. The chosen norm 

for defining the co-ordinate axis is shown in Fig.38. Hence the 

tooth loads on the driving spur gear when it is rotating in a 

clockwise direction in the X,Y and Z axes are a summation of the 

forces in the respective X, Y and Z directions and can be 

formulated as:

Fx = Ft.cosoC - Fn.sinck  (12)

Fy = -Ft.sin*(- Fn.cosc<  (13)

Fz = 0  (14)

The driven gear will have tooth loads -Fx and -Fy, signifying that 

the forces are equal and opposite in direction. On other hand, if 

the driving spur gear is rotating in the anticlockwise direction,

Fx = -Ft.coso<- Fn.sino(  (15)

Fy = Ft.sinoC - Fn.coso<  (16)

Fz = 0  (17)

A2.7 Weight of the gear

The weight of the gear is given by
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Wg = T%d"2. f. ^ /4  (18)

A2.6 Helical Gears

The difference between spur and helical gears is that in the 

case of the former, the helix angle is zero. Whereas spur gears 

have their teeth cut parallel to the gear axis, helical gear teeth 

are cut in the form of helices making a constant angle with 

respect to the gear axis.

The helix angle ,\f̂, as shown in Fig.39, is the angle between 

a line drawn through one of the teeth and the centre line of the 

shaft on which the gear is mounted. Due to the presence of the 

helix angle, several geometric relationships have to be 

established for the various pitches:

Circular pitch in the normal plane,pn = p.cos^........(19)

Axial pitch, pa = p.cot*»........(20)

Normal diametral pitch, Pn = P/cos^........(21)

In the design of the helical gears, the equations governing the 

gear ratios and the centre distance are similar to those of the 

spur gears but the equations for rating the load capacity of the 

gears have changed. In BS 436, such changes are compensated 

through the design factors of Xc,Xb, Y and Z where a different set 

applies to the helical gears.

A2.7 Thrust Loads

A disadvantage of using helical gears is that the helix angle 

results in a thrust load in addition to the usual tangential and 

separating loads.The relationship between the thrust load, Fth and 

the tangential load Ft is
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Fth = Ft.tanvjf  (22)

The loads in the X and Y directions are as equations

(12),(13),(15) and (16). However the loads in Z direction need to 

take into account of the thrust load. The convention for 

determining the load in Z direction is as follows. For a right 

handed driver gear rotating in the anticlockwise direction, the

load in the Z direction on it is

Fz = Ft. tan>j/. sinoC  (23)

If the same gear is rotating in the clockwise direction, the load 

is

Fz = -Ft.tanŸ ' sin*(  (24)

Similarly, if the gear is left handed but rotating in the

anticlockwise direction, its load is as equation (24). To

summarise, the loads in the Z direction on the driver gear are:

HAND OF GEAR 

LEFT HAND RIGHT HAND

CLOCKWISE Ft.tanŸ •sin (A -Ft.tanjp.sinoC

ANTICLOCK -Ft.tanjÎ .sinpC. Ft. tan'p . sine/

A2.8 Spur/Helical Design Procedure

The following procedure had been adopted for designing and 

determining the spur or helical gears, given a set of 

specification. The equations used in the procedure are in 

imperial units, but equally the appropriate equations can be 

substituted in place.

(1) The maximum power required, the speed of driving gear, the 

speed of driven gear, the ratio tolerance, the centre distance, 

distance tolerance are given.
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(2) If the diametral pitch( or module), facewidth, teeth number 

and material of driving gear is known, then the procedure will use 

these data to determine only the driven gear. Otherwise both the 

pinion and wheel are sought.

(3) Retrieve information on available standard pitches from 

database and their corresponding minimum and maximum teeth

numbers. If the pitch is given, then retrieve similar information

for that pitch only.

(4) For each pitch, use equations (2) and (4), taking the 

tolerances into account and determine the minimum and maximum 

teeth number required for the driven gear.

Max N =2C.(l+Co/lOO).Pd/(1+R.(1-Ro/lOO))

Min N =2C.(l-Co /lOO).Pd/(1+R.(1+Ro/lOO))

(5) If the minimum and maximum teeth found in the database extends 

beyond the bounds determined in the above equations, then the 

following calculations can be carried out. Otherwise, the next 

available pitch is taken and step (4) is repeated.

(6 ) Only the teeth number between min N and max N need to be 

checked. The test is to find out whether for the selected N , a 

gear with such a teeth number can be found in the database. If

not, then the teeth number is increased by 1, that is N + 1 and

the test is repeated. If the gear is found, then the result is 

stored. The step is repeated till the teeth number N attains max 

N .

(7) Steps (4) to (6 ) had determined the possible options of gears 

that satisfied the geometrical requirements of centre distance and 

gear ratio. To completely define the gear, it is necessary to 

know what material it is made of. This requires the calculation 

of the Sb and Sc factors for the given speed and power
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requirements. Equations (5) and (6 ) are rearranged so that Sb and 

Sc are expressed in terms of the power H, the speed w, teeth 

number N and so on. From these calculations, the material's 

factors for strength and wear can be found.

Sb>=fl26000.H.Pd"1.8)/(Xc.Sc.Z.f.w.N)

Sc> = (126000.H.Pd''2.0)/(Xb.Sb.Y.f .w.N)

(8 ) If the material of the driver is know, then the procedure 

moves directly to find the materials of the driven gear. This is 

found from the database such that the material selected should 

have the Sb and Sc figures equal or greater than the calculated 

figures.

(9) For the material found, a check is necessary to verify whether 

the defined gear is made of such a material. If such a gear is 

located, then the computations proceed to calculate the weight and 

the tooth loads of the gear. Otherwise the material list is 

scanned to find the next suitable material and the similar 

verification exercise is carried out.

(10) The weight of the gear is calculated. The loads in the X, Y 

and Z direction are found for the driver and the driven gears for 

the given angle of orientation and the direction of rotation. The 

results are stored and the process is repeated till all available 

options are investigated.

A flowchart of the procedure is given in Fig. 40.
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APPENDIX 3 —  SHAFT DESIGN

A3.1 Analysis of shafts

Shafts are used in all kinds of machinery and mechanical 

equipment. Most shafts are subjected to combine loads of bending 

and torsion. In such cases, it is essential that the shafts are 

designed to ensure they are sufficiently strong and rigid. For 

gears mounted on a shaft, the mating gears produce forces and a 

torque which acts upon the shaft, thus causing bending and

torsion. Excessive bending deflection is undesirable since gear

mesh clearance may be too great, in which case the gears are out 

of mesh, or too little and the result is interference of the 

meshing action. Therefore the primary concern in the study of the 

loading conditions on a shaft is to determine its deflection. For 

ease of analysis, the bending loads generated by a gear mesh is 

treated as a concentrated load, although strictly speaking it 

should be considered as distributed loads.

The relationship between loading of a machine element and its 

bending deflection is treated in many texts on strength of

materials. Consequently, only, the pertinent results are 

summarised in the following section. The design equations 

referred to hereafter are derived only for the loading in the X-Z 

plane, where Z runs parallel to the axis of the shaft. These 

equations are also applicable to the loading in the Y-Z plane and 

the equations can be transformed by replacing parameter X with Y.

A3.2 Deflection by calculus
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Tt can be proved that for bending about a principal axis,
M/E.I =1/R .......(1 )

In terms of the defined co-ordinates of X and Z as in Fig. 36,

1  + d^x/dz^

R {l+(dx/dz)"21*i

In general, dx/dz is very small as compared to 1 in the

denominator. Hence,

1/R = ± d*x/dz%  (2) '

Taking x positive upwards, under the action of a positive bending 

moment, the curvature is as shown in Fig. 41. It can be seen

that dx/dz decreases as z increases. Thus ,

1/R = - d*x/dz*  (2)

A3.3 Sign Conventions

The bending moments on the beam in Fig.41 has caused the

upper surface to be in tension and the lower surface in

compression; such bending moments are called hogging bending 

moments. In deriving equation (2) it has been implicitly assumed, 

that

(1 ) upward vertical loads are positive

(2 ) hogging bending moments are positive

(3) anticlockwise shearing forces are positive

This convention has been chosen to adhere to the defined 

convention in Appendix 2 for positive loading conditions. This 

means that upward deflection is considered as positive.

A2.4 Deflection
Substituting equation (1) into (2),

M/E.I= - d * x/dz*"  (3)
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The slope of the shaft is found by integrating equation (3),

= dx/dz = J" -M/EI dz ....... (4)

and the deflection x is given by

X =jsdz " -M/EI dz dz ....... (5)

A2.5 Summary of relations
Generally, if a shaft is subjected to distributed loads q(z) 

in the positive x direction, then

Shear force V = J*q(z).dz ....... (6 )

Bending Moment M =J V.dz ....... (7)

From equation (3),

d ̂ x/dz*- = - M/EI 

Substituting into il) and differentiating,

-El d ̂  x/dz* = V

d^ x/dz* = -V/EI  (8 )

and substituting this into equation (6 ) and differentiating again,

d x/dz» = -q(z)/EI  (9)

Equations (9),(8 ),(4) and (3) form the four consecutive steps 

towards finding the deflection of a shaft.

A2.6 Numerical Integration Technique
Generally, for uniform shafts, the equations can be 

integrated directly and then applying the boundary conditions to 

determine the normal moment( and hence bending stress), slope and 

deflection equations. Consequently, for a desired location the 

stress, slope or deflection can be obtained. This method is 

commonly known as the Macaulay's Integration Method. For 

non-uniform shafts, some modifications have to be made to the 

basic Macaulay method to account for the change in the cross
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section.

The Macaulay Integration Method is dedicated to finding a set 

of bending moment, slope and deflection equations for a given 

shaft arrangement. A different shaft arrangement would therefore 

require the formulation of a new set of equations for the loading 

conditions. This lack of generality makes the Macaulay 

Integration Method an unsuitable choice in automated shaft 

designs. Therefore another technique needs to be employed.

The recommended method for solving any type of shaft profile 

is by numerical integration. This technique divides the shaft 

into convenient sections and the boundary conditions at the 

interfacing sections are declared. This technique is most 

suitable for shaft analysis because it allows one section to be 

treated at a time. Hence in this manner, shafts with odd profile 

can be investigated. It is most fortunate that the four governing 

equations can be expressed, in terms of the X and Z co-ordinates. 

Therefore, the numerical integration can readily be applied to 

each node and element of the shaft. The numerical integration 

technique preferred is the trapezoidal rule , although the 

Simpson's rule could also be used. It has been found that the 

solutions given in the latter method is marginally better than the 

former. However, the computing effort is more involved.

To illustrate the technique, the relationship between the 

bending moment and shear force is used.(Equation (7))

M = JV dz

The general solution for the bending moment at node n of such a
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relation is
Mn = Mn-i + (Vn+Vn-i).(%* -z*.* )/2 

(ẑ -z,,̂  is called the step length or the elemental length. This 

length is usually chosen as a constant for the whole shaft and 

denoted by z. Similarly, the general solutions for the quantities 

slope and deflection can be established.

Not only can the changes in the shaft profile be easily taken care 

of in the numerical technique, it also allows the user to 

investigate the effects of concentrated or distributed load 

conditions and in certain cases, shafts of composite materials.

A2.8 Procedure

The procedure laid out here is to enable the analysis of a 

shaft for a given profile and different loading conditions. The 

numerical integration technique had been adopted as part of the 

analysis process. To cope with statically indeterminate problems 

involving more three supports, the procedure had included the 

method of superposition so that such problems can also be handled.

(1) The shaft is divided into length intervals by making a node at 

each force and change of section. Where there are relatively long 

sections of constant diameter, greater accuracy can be obtained by 

dividing the sections into smaller length intervals.

(2) All the input specification including the distances , 

diameters and loads of the shaft are required. The distance is 

measured from the left hand side and distance should be the length 

of each element and not the accumulated length.

(3) It is necessary to know the maximum allowable deflection for 

both the X and Y directions. The magnitude of the maximum 

allowable deflection is the larger of the two quantities.
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(4) The nodes at which the supports exist should be indicated. 

Otherwise the default positions at the left and right hand end of 

the shaft will be assumed as the support positions, in which case 

the problem is of the statically determinate nature.

(5) The available materials and their respective Young's modulus 

factor are retrieved and placed in a working matrix. All the 

prospective materials will be examined for suitability.

(6) Calculations are carried out for the X and Y directions only. 

Each case is dealt in turn, with the loading in the X direction 

first.

(7) From the loading conditions and the distances, the reactions 

at the supports are calculated. These results will serve as the 

boundary conditions of their respective nodes.

(8 ) Each element is divided into 50 smaller elements. For each 

node of the element, the numerical solutions to equations

(9),(8 ),(4) and (3) are applied.

(9) At each change of element, the boundary conditions are 

examined. The results of the last node of the previous element 

together with the conditions found for the first node of the next 

element will be taken into account in setting the conditions of 

the node. Step (6 ) is then carried out repeatedly until the last 

node of the last element has been analysed.

(10) The deflections found are not the true deflections and need 

to be corrected. This is done by taking the difference of the 

deflections between the two supports and dividing by the length. 

(This quantity is known as the integration constant, c)

(11) The loading conditions for the slope and deflection at node 1 

of element 1 is corrected as follows:

x(l,l)= c.z - x(b,l)
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0 (1 ,1 )= 0 (1 ,1 ) - c 

where z is the distance from node 1  element 1  to the left hand 

support and x(h,l) is the uncorrected deflection at the left hand 

support.

(12) The numerical integration for the deflection based on the 

corrected initial loading conditions are carried out again. 

Deflection found is the true deflection.

(13) If the maximum deflection found exceeds the maximum 

stipulated, then it is implied that the material is unsuitable. 

The next available material is examined and steps (8 ) to (13) are 

repeated.

(14) If the material is found to be satisfactory, the loading in 

the Y direction is analysed. When the material is found to be 

satisfactory for the loading in both directions, the weight of the 

shaft can be calculated. The next material is selected and the 

same computations repeated.

The flowchart of the procedure is shown in Fig 42.
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KECURD fi e l d n a m e TYPE SiZE REM § 1 IMP

1 UUMPNO N 6 COMPONENT NUMBER

2 linkcum N • 7 LINK COMPONENT

3 LINKOPT N 7 LINK OPTION •

4 CENDIS N 6 CENTRE DISTANCE MM IN

3 CENTOL N 6 DISTANCE TOL(%)

6 SPEED N 5 SPEED RPM RPM

7 RATTUL N 6 SPEED RATIO TULr%)

8 DIRECT N 6 R0TATE(1=CLK,2=CCW)

9 ORIENT N 6 ORIENTATION DEC DEC

10 DUTY N 4 DUTY HR/DY HR/DY

11 ACCWT N 8 ACCUMULATED WT N LB

12 MAXPOW N 6 MAXIMUM POWER KW HP

13 DP N 5 DP OR MODULE MM'^ IN

14 TEETH N 6 TEETH NUMBER

15 MATLNU N 6 MATERIAL NUMBER

16 FACE N 6 FACEWIDTH MM IN

17 HELIX N 5 HELIX ANGLE DEC DEC

18 HAND N 4 HAND11=RH,2=LH)

FIG. 6  INPUT ATTRIBUTE LIST OF SPUR/HELICAL GEAR



RECORD FIELDNAME TYPE SIZE REM SI IMP

1

2

5

4

5

6
7
8
9

10

11

12

13

14

15

COMPNO

OPTNO

LINKCOM

LINKOPT

DP

FACE

TEETH

SHFDIAM

MATLNO

ACCWT

LOADX

LOADY

LOADZ

HELIX

HAND

COMPONENT NUMBER 

OPTION NUMBER 

LINK COMPONENT 

LINK OPTION 

DP OR MODULE 

FACEWIDTH 

TEETH NUMBER 

BORE DIAMETER 

MATERIAL NUMBER 

ACCUMULATED WT 

LOAD(X-DIRECTION) 

LOAD(Y-DIRECTION) 

LOAD(Z-DIRECTION) 

HELIX ANGLE 

HAND(1=RH,2=LR)

-1MM

MM

MM

N

N

N

N

DEG

IN

IN

IN

LB

LBF

LBF

LBF

DEG

FIG. 7 OUTPUT ATTRIBUTE LIST OF SPUR/HELICAL GEAR



:ECORD COMP ORD ROUTNAME REM

1 SPUR 1 SPURSIZE SPUR GEAR

2 HELI 1 SPURSIZE HELICAL GEAR

3 SHFT 2 SHAFTING GENERAL SHAFT

FIG. 8 MACHINE ELEMENT HIERARCHY (FILE ROUTSEQ)

RECORD COMPNO COMPDESC LINK

1 01 SPUR01 02
2 01 SPUR01 05
3 02 SPUR02 01
4 02 SPUR02 06
3 05 SPUR05 04
6 03 SPUR03 06
7 04 SPUR04 03
8 04 SPUR04 07
9 05 SHFT01 01
10 06 SHFT02 02
11 06 SHFT02 03
12 07 SHFT03 04

FIG. 9 JOB DESCRIPTION FILE (.CMP)



( START )
uo

t*o

£xT«iCAT€ UNKS 
WTO HAT^x

Mo

N O

ALLOCATE A  
matrix Po< 
ThC UNKS

FlG.^o f lo w c h a r t  o f  SYSTEM <i»^TiioL 
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PROGRAM 3DATA 3

PROGRAM 1

PROGRAM 2

DATA 1

DATA 2

OUTPUT 5

OUTPUT 1

OUTPUT 2

FIG. 11 FILE HANDLING SYSTEMS

DATA 1

DATA 2

DATA 3

DATABASE
MANAGEMENT
SYSTEM

PROGRAM 3

PROGRAM 2

PROGRAM 1

FIG. 12 DATABASE MANAGEMENT SYSTEMS



PITCH TPETH

P1

P2

DP FACE

1.25

1 .0 0

T# TEETHNO MATL

T1 1 8 CAST IRON

T2 19 CAST IRON

T5 2 0 STEEL

T4 2 1 NYLON

GEAR

P# T#

!

PRICE

PI T1 3.50

P1 T2 3.90

P1 T5 4.50

P2 T1 3.70

P2 T2 4.00

P2 T3 4.70

P2 T4 4.20

FIG. 15 EXAMPLE OF A RELATIONAL MODEL



ROOT

NODES

A PARENT

ILDREN OF ONE PARENT

FIG. 14 A HIERARCHICAL TREE

T#=T2 
TEETHNO = 1 9  

MATL= CAST I

T?̂ = T 1  

TEETHNO= 1 8  

MATL= CAST I

T#= T3  

TEETHNO= 20 
MATL= NYLON

T#= T3 
TEETHNO= 20 
HATL= STEEL

T# = T1 
TEETHNO= 1 8  

MATL= CAST I

T#= T2  

TEETHNO = 1 9  

MATL= CAST I

w = ~ w ~
TEETHNO= 21 
MATL= NYLON

DP
P# = P2

FACE 1.00

P#= PI
DP= 6

FACE = 1 . 2 5

FIG. 1 5  EXAMPLE OF A HIERARCHICAL MODEL
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START

15 
%wpuT 
DATAINPUT

DATA

FtG. 17 0<?GAH1SAT>0N OF A 

MOQVLAf^ R ^ O G ^ M

^ M o DouE SPECIFICATION^

Con HT NUMd£R

OF RECORDS

P«ePAA£
H A T A K E 5

T%AN(FEK TO 

WC4KW4 MATkitfj

FiasT
OPT io n

NE%T
0PT»0N

f  NO

% L A $ T ^ s. NO
OPT, OH o

yes

DcSiQN
PROCEDURE

ACCWT
OK?

V£S

UNK To 
SYSTEM COkfTK



INPUTS SPUR GEAR
EXTERNAL
INPUT SPUR1 SPUR2 SPUR3

SPECIFICATIONS
G1+0 G2+0 G3+0

INPUTS SHAFT OPTIONS

SPUR 1

SHFT 1 SHFT 2 SHFT 3 SHFT 4

G1+S1 G1+S2 G1+S3 G1+S4

SPUR 2 G2+S1 G2+S2 G2+S3 G2+S4

SPUR 3 G3+S1 G3+S2 G3+S3 G3+S4

FIG. 18. DYNAMIC PROGRAMMING FOR A SINGLE GEAR

MOUNTED ON A SHAFT SYSTEM

G1, G2,G3 = WEIGHT OF GEAR 
SI,S2,S3,S4 = WEIGHT OF SHAFT



D1

INPUTS 
FROM 12 M2+R11

STAGES
n- 1

DESIGNSC DECISIONS)
D2 D3 D4

11 M 1 +R1 1  M1+R21 MI+R3 I

M2+R21 M2+R31

1 3  M3+R11 M3+R21 M3+R31

M1+R41

M2+R41

M3+R41

Ml = COMBINE RETURNS OF STAGES n-1 FOR INPUT II
M2 = COMBINE RETURNS OF STAGES n-1 FOR INPUT 12
M3 = COMBINE RETURNS OF STAGES m-1 FOR INPUT 1 3

FIG. 1 9  the returns FOR STAGE n



STAftT
- _ _ T

Co m p u t e

(Xn * dn)

Qn (Xn » dn) YES^
^ ̂ *\{Xry jdn)

No Qn (%n » dn) * C%(^n 1 dn) +  -fn-*

w here  Y n -l -  ■fcn{Xn»dn)

^ Sove

•fn(Xrv)=n>4xâ-(lC,̂

Dn* - unC^n

5<avc

FIG. 20 FUowChA<̂ T R)K THE. ^Ecy^sivtE /tocESS



SUBSYSTEM 1

INPUTS SPUR01 SHFT01 OUTPUTS

SUBSYSTEM 2

INPUTS SPUR02

SHFT02

INPUTS SPUR03

SUBSYSTEM 5

OUTPUTS

SPUR04INPUTS. SHFT03 OUTPUTS

FIG. 21. THE THREE SUBSYSTEMS OF THE GEARBOX MODEL



RECORD COMPNO LINKCCM LINKOPT CENDIS CENTOL SPEED RATTOL DIRECT ORIENT
1

2
5
4
5
6

7
8

9
10
11

12

13
14
15
16

17
18
19
20

1500
500
500

166.67 
1500 
1 5 0 0  

1500 
1500
500
500
500
500
500
500
500
500
500

166.67
166.67
166.67

0 1 0
1 2 90
0 2 0
1 1 90

FIG. 2?-1 INPUT DATA FILE OF SYSTEM



DUTY ACCWT MAXPOW DP TEETH MATLNO FACE HELIX HAND STNNO SHFDIAM DIST 
8 0 5.0 0 0 0 0 0 0
8 0 5.0 0 0 0 0 0 0
8 0 5.0 0 0 0 0 0 0
8 0 5.0 0 0 0 0 0 0
8 1.78 2 1.000 2.000
8 1.98 2 1.000 2.000
8 0 1 1.000 0.000
8 0 5 1.000 2.000
8 19.88 2 1.250 0.825
8 22.27 2 1.250 0.825
8 19.88 2 1.250 0.825
8 22.27 2 1.250 0.825
8 1.98 5 1.000 0.625
8 0 1 1.250 0.000
8 0 5 1.250 0.625
8 0 4 1.5125 1.500
8 0 6 1.000 0.825
8 22.27 2 1.250 2.500
8 0 1 1.250 0.000
8 0 5 1.250 2.500

FIG. 22-2 INPUT DATA FILE OF SYSTEM (CONT'D)



LOADX LOADY LOADZ MAXDEFN

-50.96 -140.00 0.00 0.0025
-50.96 -140.00 0.00 0.0025

0.00 0.00 0.00 0.0005
0.00 0.00 0.00 0.0005
50.96 140.00 0.00 0.0025
50.96 140.00 0.00 0.0025
50.96 140.00 0.00 0.0025
50.96 140.00 0.00 0.0025

-152.87 420.00 0.00 0.0025
0.00 0.00 0.00 0.0005
0.00 0.00 0.00 0.0025
0.00 0.00 0.00 0.0025
0.00 0.00 0.00 0.0005

152.87 -420.00 0.00 0.0025
0.00 0.00 0.00 0.0005
0.00 0.00 0.00 0.0005

FIG. 22-5 INPUT DATA FILE OF SYSTEM(CONT*D)



RECORD COMPNO OPTNO LINKCOM LINKOPT DP FACE TEETH SHFDIAM MATLNO ACCWT
61

2
3
4
5
6
7
8 

9
10
11

12
13
14
15
16
17
18

19
20 
21 
22
23
24
25
26

27
28

29
30
31
32

1.25
1.25
1.25
1.25
1.25
1.25
1.25
1.25

18
18
54
54
54
54
18
54

1.00
1.00
1.25
1.25
1.25
1.25 
1.00
1.25 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00
1.25
1.25
1.3125
1.3125 
1.00 
1.00
1.25
1.25
1.3125
1.3125 
1.00 
1.00
1.25
1.25
1.25
1.25
1.25
1.25

1.78
1.98 
19.88

22.27 
19.88

22.27
1.98
22.27 
2.66 
2.66 
2.66 
2.60  
2.60  
2.60  

23.22 
23.22 
23.22  

23.22  

23.22  

23.22  

23.12  

23.12

23.12
23.12 
23.12 
23.12
23.99
23.99
23.99
23.87
23.87
23.87

FIG. 23-1 OUTPUT DATA FILE OF SYSTEM



LOADX LOADY LOADZ HELIX HAND STNNO DIST
-50,96 -140.00 0.00 0 0
-50.96 -140.00 0.00 0 0
50.96 140.00 0.00 0 0
50.96 140.00 0.00 0 0
50.96 140.00 0.00 0 0
50.96 140.00 0.00 0 0

.152.87 420.00 0.00 0 0
152.87 -420.00 0.00 0 0
25.48 70.00 0.00 1 0.000

-50.96 -140.00 0.00 2 2.000
25.48 70.00 0.00 3 2.000
25.48 70.00 0.00 1 0.000
-50.96 -140.00 0.00 2 2.000
25.48 70.00 0.00 3 2.000
-6.41 -201.19 0.00 1 0.000
50.96 140.00 0.00 2 0.825
0.00 0.00 0.00 3 0.625
0.00 0.00 0.00 4 1.500

•152.87 420.00 0.00 5 0.625
108.32 -358.81 0.00 6 0.825
-6.41 -201.19 0.00 1 0.000
50.96 140.00 0.00 2 0.825
0.00 0.00 0.00 3 0.625
0.00 0.00 0.00 4 1.500

•152.87 420.00 0.00 5 0.625
108.32 -358.81 0.00 6 0.825
-76.44 210.00 0.00 1 0.000
152.87 -420.00 0.00 2 2.500
-76.44 210.00 0.00 3 2.500
-76.44 210.00 0.00 1 0.000
152.87 -420.00 0.00 2 2.500
-76.44 210.00 0.00 3 2.500

FIG. 2 3 - 2  OUTPUT DATA FILE OF SYSTEMÇCONT'D)
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DP= 6
TEETH = 1 8  

MATL = CAST 
IRON

DP= 6 
TEETH = 1 8  

MATL = STAIN. 
STEEL

1 .7 8 + 0 1 .9 8 + 0

FIG. 25 STAGE 1 of

SUBSYSTEM 1 —  SPUR01

DP= 6
TEETH = 5 4  

MATL = CAST 
IRON

DP= 6 
TEETH = 5 4  

MATL = STAIN. 
STEEL

1 9 .8 8 + 0 2 2 .2 7 + 0

FIG. 26 STAGE 1 of

SUBSYSTEM 2 —  SPUR02

DP= 6 , TEETH = 18 
MATL = STAINLESS STEEL

1.98+0

FIG. 27 STAGE 1 of 

SUBSYSTEM 2 —  SPUR0 3

DP = 6, TEETH = 5 4  

MATL = STAINLESS STEEL

2 2 . 2 7  + 0

FIG . 2 8  STAGE 1 of

SUBSYSTEM 5 —  SPUR04

THE RETURNS FROM THE STAGE 1 OF THE THREE SUBSYSTEMS



FIG. 29 COMBINED RETURNS OF STAGES 1-2 UF SUBSYSTEM 1

SHFTO1

SPUR01
DIA.= 1.0 
LENGTH=4.0 
MATL = CARB. 
STAIN. STEEI

DIA.= 1.0 
LENGTH=4.0 
MATL = GRAY 
CAST IRON

DP= 6 
TEETH= 18 
MATL = CASI 

IRC#

2.66 2 . 6 0

DP= 6 
TEETH =18 
MATL= CAST 

IRON

2.86 2 . 8 0

FIG.3.0 COMBINED RETURNS OF STAGES 1-2 OF SUBSYSTEM 2

SHFT02

8PUR02 SPUR03
MATERIAL 

CARBON STAINLESS 
STEEL

MATERIAL 
GRAY CAST IRONj

DP = 6 
TEETH =54 
MATL = CAST 

IRON

DP = 6 
TEETH = 1 8  
MATL = STAIf 

STEEL
25.22 23.12

DP= 6
TEETH = 54 
MATL = ST. 

STEEL

DP= 8 
TEETH = 54 
MATL = STAir 

STEEL
25.61 25.51

FIG. 31 COMBINED RETURNS OF STAGES 1-2 OF SUBSYSTEM 3

SHFT03

SPUR04
DIA.= 1.25 
LENGTH = 5.( 
MATL=C.S.S.

DIA.= 1.25 
1 LENGTH=5.0 
MATL=G.C.I.

DP= 6 
TEETH= 54 

MATL = STAIN 
.. aiEZL

25.99 25.8?
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0£MDiHCr
MohEhJ

U>AD + ̂

fe«:TlOH5
Rz

BEwDwA
MOMENT

%

à Z
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