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ABSTRACT 

The Tricotyledon Theory of System Design is applied to 

large scale complex systems. This implies a large staff and 

budget to accomplish the system design. Elements of the 

theory can be applied to smaller systems with severe 

constraints on the Technology Requirement. These include 

requirement definition, concept exploration, functional 

analysis, and physical synthesis. In addition, system 

terminology will be modified where necessary to more easily 

convey the meaning of the theory to the novice systems 

engineer. 

An implementation using hypertext techniques and object 

oriented programming was done to guide an engineer through 

the development of the systems engineering plans. The 

ability to create and modify performance, resource and 

tradeoff indexes and figures of merit is provided to allow 

full comparison of differing system designs. 



A Reduction of the Tricotyledon Theory of System Design 

1. INTRODUCTION 

The Tricotyledon Theory of System Design (T3SD) applies to 

large scale, complex man/machine/software systems. The 

theory provides many features and complexities not needed or 

affordable for smaller, low budget system designs. This 

thesis will show that the theory can be reduced in scope for 

use on smaller systems where the systems engineer is not 

familiar with the T3SD approach and does not have a large 

budget for complex modeling of the new system. 

Small scale, low budget systems comprise the vast majority 

of design work. Software projects, inexpensive consumer 

products, and typical office or factory automation designs 

are done by only a few engineers using their own instincts 

and directives by management to guide them. The typical 

engineer has little or no background in systems engineering 

and approaches these problems with a preconceived solution 

in mind. This is the single most common mistake made in most 

design projects. By simplifying elements of T3SD and 

applying them to smaller systems it is hoped that more 

engineers will be able to use a design tool that encourages 
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good systems engineering techniques throughout a project's 

life cycle. 

This thesis will first explain the elements of T3SD that 

will be simplified for smaller systems. These include a 

severe limitation on the Technology requirement and limited 

use of the system theoretic modeling language. 

Next, there will be a description of a software tool that 

has been developed using an object oriented programming 

language and hypertext to allow for the easy creation of the 

systems engineering documentation. This software guides the 

systems engineer through the documentation of the design 

effort. When completed, all the requirements necessary for 

conceptual development and evaluation will have been 

rigorously defined and the tradeoff and sensitivity analysis 

completed. 

Finally, an example, using the developed software, will be 

given of a small project used in an undergraduate Systems 

Engineering course. Also, graduate students with little 

training in the Tricotyledon Theory of Systems Design will 

use the software package to formally document and analyze 

the requirements required by another project. The results of 

these efforts will be examined. 
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2. THE TRICOTYLEDON THEORY OF SYSTEM DESIGN 

The Tricotyledon Theory of System Design (T3SD) breaks all 

systems requirements into six categories. 

1) Input/Output and Functional (IORP) 

2) Technology (TKYP) 

3) Input/Output Performance (IMP) 

4) Utilization of Resources (UMP) 

5) Tradeoff (TMP) 

6) System Test (STP) 

The Input/Output and Functional requirement determines the 

time scale, inputs, outputs, and functions the system must 

perform. It represents what the system must do independent 

of the technology. 

The Technology requirement determines what the system can be 

built with and typically consists of the components 

available and their individual characteristics such as cost, 

availability, schedule, reliability, etc., for the system 

design. 

The Input/Output Performance requirement is used to measure 

how well the Input/Output and Functional requirement is met. 
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This is typically done through figures of merit and 

performance indices. 

The Utilization of Resources requirement is used to measure 

how well the Technology requirement is met. This is also 

done through the use of figures of merit and performance 

indices such as project cost, schedule, environmental 

impact, etc. 

The Tradeoff requirement is used to decide what tradeoffs 

between the Input/Output Performance and Utilization of 

Resources requirements must be made to choose the best 

system. 

The System Test requirement is used to describe how the 

system requirements will be evaluated and figures of merit 

measured on a real system. In addition, the criteria for 

observance, compliance, conformance and acceptance are 

given. The acceptance criteria is of particular importance 

since no tradeoff of these considerations is made. 

Thus the System Design Problem (SDP) becomes 

SDP = (IORP, TKYP, IMP, UMP, TMP, STP) 
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The Tricotyledon Theory of System Design is so named because 

of the analogy of 3 sets or spaces of designs (that can be 

drawn to look like cotyledons) combined to form an optimal 

system design. These are 

1) Input/Output Cotyledon (ICP) which represents all 

the possible designs that satisfy the Input/Output 

and Functional requirements. These are the 

Functional System Designs. 

2) Technology Cotyledon (TCP) which represents all 

the possible designs that satisfy the Technology 

requirements. These are the Buildable System 

Designs. 

3) Feasibility Cotyledon (FCP) which represents the 

tradeoff of the designs from the other two 

cotyledons. This is the intersection of the other 

two cotyledons. These are the Feasible System 

Designs. 

To describe the system design, seven systems engineering 

documents are used. 

1.0) Problem Situation Document 
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2.0) Operational Need Document 

3.0) System Requirements Document 

4.0) System Requirements Validation Document 

5.0) Concept Exploration Document 

6.0) System Functional Analysis Document 

7.0) Physical Synthesis Document 

The Problem Situation document is used to define who the 

customer is and to briefly detail the problem. 

The Operational Need document is used to define in plain 

language what it is the customer expects from the new 

system. The needs of the system are described by using the 

six categories of requirements mentioned above. 

The System Requirements document is used to mathematically 

or in complete textual detail describe each of the 

requirements addressed in the Operational Need document. 

The System Requirements Validation document is used to show 

that the requirements are not inconsistent and that there 

exists at least one feasible system that will meet these 

requirements. Usually identifying an existing system that 

satisfies all the requirements is enough to complete the 

system validation. 
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The Concept Exploration document is used to develop several 

different concepts. This is done through the use of trade 

studies and modeling to determine which of the concepts is 

superior. 

The System Functional Analysis document is used to break the 

chosen concept into successively smaller functions that will 

eventually be simple enough to implement. This will document 

the Functional System Design which is part of the Feasible 

System Design. 

The Physical Synthesis document is used to break the system 

functions into successively smaller physical units until the 

design is complete. This will document the Buildable System 

Design which is part of the Feasible System Design. 

It is for the simplification of the creation of this 

documentation that the software project described in section 

4 "Systems Engineering Design Software" was created. 

The life cycle of a man/machine/software system is defined 

in seven phases. 

1) Requirements Development 

2) Concept Development 
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3) Full Scale Engineering Development 

4) System Development: Production, Manufacturing, and 

Deployment 

5) Test and Integration 

6) Operations, Support, and Modification 

7) Retirement and Replacement 

The systems engineering documents 1, 2, 3, and 4 are created 

during phase 1, and the documents 5, 6, and 7 are created 

during phase 2. 

The largest portion of T3SD defines a system design modeling 

language. In the theory all system designs are reduced to a 

mathematical problem that is optimized over the Feasibility 

Cotyledon. The mathematical model that is built can be used 

to run simulations that will yield estimates for the figures 

of merits. These are in turn used in the Concept Exploration 

document to select a specific design that will be 

implemented. 

The Feasible System Design will then consist of 

1) A Functional System Design (Z) with a specified 

starting state (DSZ) and time scale (TSZ). 
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2) A Buildable System Design (Z@) created by using a 

system coupling recipe (SCR) for each component in 

the technology. 

3) Homomorphic images of the inputs (HI), states (HS) 

and outputs (HO) that are used to assert that Z@ 

simulates Z using a subsystem ZS. 

Thus the Feasible System Design can be expressed as : 

FSD = (Z, DSZ, TSZ, Z@, SCR, ZS, HI, HS, HO) 

where (Z,DSZ,TSZ) is in the Input/Output Functional 

Cotyledon, (Z@, SCR) is in the Technology Cotyledon and 

(ZS,HI, HS, HO) are the artifacts tying them together. 
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3. T3SD AND SMALLER SYSTEMS 

Small system design projects, as defined in this paper, have 

the following characteristics. 

1) Only a few personnel are used to implement the 

design; 

2) A small budget is available; 

3) A limited range of technologies is available. 

One area that is not assumed to be restricted is time. Many 

small projects are done for the convenience of the office or 

factory and, although not needed to continue the work or to 

sustain production, will save money if properly implemented. 

These projects may have a low priority and be limited in 

resources but may not be forced to a specific time schedule. 

Notice that all these restrictions are against the 

Technology Cotyledon. There is no logical restriction on 

functionality of small systems. Small systems created by one 

or two people can functionally be much more complex than 

large systems created using millions of dollars and hundreds 

of people. For example, a software system used to monitor 

hundreds of process parameters and implemented by two 

engineers could functionally be much more complex than a 
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logging operation that employs hundreds of workers and 

generates millions of dollars. 

It is the intent of this thesis to suggest alterations to 

T3SD given severe restrictions on the Technology Cotyledon. 

The following assumptions are made: 

1) The engineer chosen to do the systems engineering 

may have little background in systems engineering 

and probably no background in T3SD. 

2) Resources will restrict the development of the 

system theoretic model and subsequent simulation 

runs on or with this model. 

3) Most small projects are very similar to existing 

systems elsewhere and the System Requirements 

Validation document can therefore be very brief. 

The first effort that most small projects will skip is the 

very process of defining rigorously all the requirements. 

Indeed many large systems do this task poorly if at all. 

Given the limited personnel involved with small projects it 

is likely that one of the people actually going to build the 
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system must act as the systems engineer. This presents 

difficulties from the outset since few people have been 

schooled in systems theory and even fewer in T3SD. To 

overcome this deficiency a tool was created to guide a 

novice systems engineer through the documentation of 

requirements and concept development. This tool is described 

in section 4. 

Another assumption is that a limited budget coupled with 

little knowledge of T3SD will greatly limit the creation of 

the system theoretic model necessary for simulations. There 

is presently no tool available to assist engineers in the 

T3SD modeling and simulation of their problem, therefore 

T3SD's modeling requirements will be reduced in the design 

and documentation effort. 

The last assumption is that most small systems are similar 

to existing systems. This is true for the majority of 

systems encountered in the business and manufacturing world. 

New projects that have never been done before will probably 

not use off the shelf technology and thus will tend to be 

much larger and more complex. These larger systems are 

outside the scope of this paper. Since the systems to be 

developed have been done somewhere once before, the System 



Requirements Validation document can be very brief and 

consist mostly of literature citations. 
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Based on these assumptions, the following areas of T3SD must 

be reduced or changed when applied to most small system 

designs: 

1) Change the terminology that is used where it is not 

commonly understood by other engineers. 

2) In the System Requirements document reduce the 

rigorous definition of the mathematical problem 

using the system design language. 

3) Limit simulations to functional units that can 

easily use existing tools. 

4) Use few resources on the System Requirements 

Validation document. 

5) Expand several of the conceptual designs in the 

System Functional Analysis and Physical Synthesis 

documents. 
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6) Create only one System Functional Analysis and one 

Physical Synthesis document. 

T3SD uses some terminology that is not familiar to many 

engineers. Where possible abbreviations of requirement 

names, functions and titles will not be used. Also some 

concepts in T3SD are different than other uses in 

engineering. The following terms will be slightly modified: 

1) Subsystem, 

2) Component, 

3) Element, and 

4) Function. 

In T3SD a subsystem is a set of states of the full system 

that when given restricted inputs will remain within that 

set of states. This subset of states must also have all the 

properties of a system. The component in T3SD is also a 

system but is coupled together to make larger systems. An 

element is a physical device that is part of the created 

model. Many engineers from other disciplines would use the 

term subsystem for the component and component for the 

element. The mathematical concept of subsystem will be 

ignored in the reduced version of T3SD (see below). The term 

component will be used as a physical element and as the 
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system model that can be coupled together. By not using the 

term subsystem, confusion will be avoided when a systems 

engineer advances to more complex models where the use of 

subsystems may be necessary. 

The term function is dually defined in T3SD. In the 

mathematical sense, there are functions used to model the 

system. For example, the function RZ is the readout function 

which maps the states to their respective outputs. Function 

is also used in the System Functional Analysis document, but 

its definition there is more broad. The requirements are 

allocated to specific functions in this document, where 

function means the ability of the future system. For 

example, an automobile has the requirement to stop when 

moving. This requirement is allocated to the "BRAKING" 

function which in the physical synthesis phase becomes a 

brake cylinder, hydraulics, and brake shoes. The term system 

functional analysis is common in systems engineering and 

will be used here to assign requirements to states of the 

system. These system functions can be modeled as a single 

state, or a collection of states, if the conditions for 

being a system are met by that state. This definition also 

makes it easier for the systems engineer to move his 

conceptual design model into system functional analysis for 
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decomposition. Each state can then be identified with some 

set of components for physical synthesis. 

By reducing the rigorous definition of the mathematical 

problem using the T3SD System Design language, resources can 

be used in other areas. The logical follow-up to the 

creation of the mathematical model is to use this model to 

run a simulation. Since the simulation cannot be done, 

rigorously modeling the ystem using all of T3SD would 

require resources needed in the Concept Exploration phase. 

The elements of T3SD modeling that will be used are the 

shorthand abbreviations for requirements data (e.g. ITR 

represents the input trajectory) and the set theory 

applicable to the design. Standard design approaches using 

state diagrams will be used and then described using T3SD 

terminology. System coupling recipes are needed as well as 

homomorphisms to fully describe the design and relate the 

functional design to the physical (e.g. Physical input pin 2 

is functional input port I2Z0). 

The System Requirements Validation document is used to show 

that there is at least one system that can be made to meet 

all the requirements. Since most small systems are 

equivalent to existing systems, the extent of this document 
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can be a literature search that describes similar systems 

already implemented using similar requirements. If none are 

found then a functional system design should be done in 

conjunction with the first alternative in the Concept 

Exploration document. If at this time a design cannot be 

made that satisfies all the requirements described in the 

System Requirements document then the Requirements 

Definition phase will have to be started over. 

System engineers create a model on the basis of which a real 

system can be analyzed then built. The most easily simulated 

projects are software designs since most of the input 

trajectories can be readily created and furnished to the 

program. The modeling in this case will be of the input and 

output interfaces with most of the functional and 

technological requirements already in place. The hardest 

mathematical simulations will be of hardware elements since 

the creation of an accurate simulation for a small system 

could cost more than the creation of a prototype board that 

is then thoroughly tested. In cases where the budget is 

sufficient the model can be a prototype built for analysis. 

The drawback of not creating a detailed mathematical model 

is that components of several of the conceptual designs must 

be produced in the System Functional Analysis and Physical 
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Synthesis documents, where resources permit, and then used 

as the basis for testing and for collecting values of the 

figures of merit that will be used to recommend an 

alternative. This must be done because the simulations 

against the mathematical model are not available. If 

resources are so limited that a physical model cannot be 

built, then estimates for figures of merit based on 

experience and literature searches are done. Explanations 

should then be fully documented in the Rationale section. 

The T3SD approach is to choose one alternative to use based 

on analysis of the mathematical models developed for the 

Concept Exploration document. This is a valid approach when 

only one item can afford to be developed, such as a new 

airplane. Here the cost of the modeling is far less than of 

the physical synthesis of the system. With small systems the 

modeling expertise does not exist and since many of the 

systems to be created are similar to existing systems the 

trade study will suffice for all but a few components of the 

entire system. 

For example, if two engineers are working on the development 

of a new fire alarm only the actual component that detects 

the fire may have to be created for testing. All the other 

elements, such as the power supply, the casing, and the 

packaging can be reliably estimated for the trade study. 
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However, for a large scale, complex design, such as a new 

computer system, almost every component should be modeled 

mathematically first since the cost of creating the new 

machine with all its inter-related components (without any 

assurance that it would work) would be prohibitive. In this 

case the trade study would only provide some data on the 

availability of technologies, the market conditions, and 

whether the functional requirements are possible. Actually 

combining all the new characteristics into a new feasible 

system design would require assembling the components into a 

model (or assembling them physically) and performing the 

required tests to measure the figures of merit. 

In T3SD the first part of the System Functional Analysis 

Document (document 6.0) is the same as the System 

Requirements Document (document 3.0) and the first part of 

the Physical Synthesis Document (document 7.0) is the same 

as the Concept Exploration Document (document 5.0). 

Recreating these documents for small systems is not 

necessary and a reference would be sufficient. Also in T3SD, 

N documents are created (where N is the depth level for 

breaking out the functional design). Instead of creating a 

document for each of these functions only 1 document is 

needed. Within the System Functional Analysis Document will 

be the functional decomposition for all concepts taken to 
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that level. The same will be true for the Physical Synthesis 

Document. For most small system designs none of these 

documents will exceed 20 pages. 
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4. SYSTEMS ENGINEERING DESIGN SOFTWARE 

It was decided that a software package that could be used to 

create the documentation of the system design would help 

engineers on small design projects. This software would 

create the seven systems engineering documents used to track 

the Requirement Development and Concept Exploration phases 

of the life cycle. This new software is called the Systems 

Engineering Design Software (SEDSo). 

After investigating several software packages a new product 

called HyperPAD was selected. This product is an object 

oriented programming language for IBM PC compatible 

machines. The package has a strong programming language 

coupled with an easy to use interface. 

SEDSo documents the system design by prompting the systems 

engineer for data. The questions help engineers to provide 

all the requirements that will be needed in the project. 

Data is entered only once, then used in several different 

documents. The user enters data for performance and resource 

requirements once in document 2 and it is then used in 

documents 3 and 5 for evaluating the system. 

Templates for the T3SD approach to modeling are provided. 

For example, the sections requiring the description of the 



26 

state diagram using the T3SD modeling language are already 

filled in with the terminology for the system as follows: 

Z = (SZ, IZ, OZ, NZ, RZ), 

SZ = { , } /*  States of the system Z */  

IZ = I1Z X I2Z /* Input ports of the system Z */  

I1Z = {  ,  } /*  Input port 1 of the system Z */  

I2Z = { , } /*  Input port 2 of the system Z */  

OZ = 01Z X 02 Z /*  Output ports of the system Z */  

01Z = 
{  ,  } /*  Output port 1 of the system Z */  

02Z = 
{  ,  } /* Output port 2 of the system Z */ 

NZ =  { (  ,  
t ) , (  / f )  } /*  Next state function of system Z */  

RZ =  { (  ,  )  , (  ,  )}  /* Readout function of the system Z */  

After the systems engineer has completed the state diagram 

this data is easily entered. 

Automated creation of the weights for each figure of merit 

is accomplished by having the systems engineer enter the 

relative worth of each figure of merit based on a scale of 1 

to 10. These numbers are summed and a weighted value between 

0 and 1 is assigned. Sublevels of each figure of merit can 

also be entered. These sublevels are computed separately and 

the overall value passed up to the main level. 
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The scoring and tradeoff analysis is also automated. 

Calculation of the standard scoring functions (SSF) are done 

based on values for upper, lower, baseline, and slope 

parameters entered. Instead of the 12 scoring functions 

defined by T3SD, the software defines only one scoring 

function that encompasses all 12. The software requires the 

systems engineer to enter values of infinity (NND) for upper 

thresholds or negative infiinity (-NND) for lower thresholds 

when there is no upper or lower limit. The following scoring 

function was used from T3SD: 

SSF (Lower, Baseline, Slope, FigureMerit) = 

1 

Power 

(Baseline-Lower) 

! + 

(FigureMerit-Lower) 

where 

Baseline is the Baseline value of the figure of merit, 

Lower is the Lower threshold of the figure of merit, 
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FigureMerit is the Figure of Merit measured during 

testing, and 

Power = 2 * Slope * (Baseline + FigureMerit - 2 * 

Lower). 

The following equation was used for values of FigureMerit 

between the lower threshold and the baseline value. 

SCORE = SSF(Lower,Baseline,Slope,FigureMerit) 

For figure of merit values less than the lower threshold a 

SCORE of 0 is given. 

The following formula was used for values of FigureMerit 

between the baseline value and the upper thresholds. 

SCORE = 1 - SSF(2 * Baseline - Upper, Baseline, Slope, 

FigureMerit) 

where 

Upper is the upper threshold of the figure of merit. 

For figure of merit values greater than the upper threshold 

a SCORE of 1 is given. 
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When there are no lower thresholds the value of negative 

infinity is used (-NND). The value of positive infinity 

(NND) is used when there is no upper bound. 

When a slope is negative the following equation is used: 

SCORE = 1 - SSF(Lower, Baseline, -Slope, FigureMerit) 

The tradeoff is computed automatically when all the data has 

been entered. Overall scores for each concept are computed 

allowing a comparison of how well each conceptual design met 

the requirements. The following equation was used for the 

tradeoff analysis: 

IFOPO = IS1P0(IF1P0)*IW1P0 + ... + ISnPO(IFnPO)*IWnPO 

UFOPO = US1P0(UF1P0)*UW1P0 + ... + USmPO(UFmPO)*UWmPO 

TFOPO = IFOPO * TW1P0 + UFnPO * TW2P0 

where 

n is the number of Input/Output Performance figures of 

merit. 

m is the number of Utilization of Resources figures of 

merit. 
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IF0P0 is the overall Input/Output Performance 

requirement score, 

IFnPO is the n-th Input/Output Performance requirement 

score, 

IWnPO is the weight of the n-th Input/Output 

Performance requirement, 

UF0P0 is the overall Utilization of Resources 

requirement score, 

UFmPO is the m-th Utilization of Resources requirement 

score, 

UWmPO is the weight of the m-th Utilization of 

Resources requirement, 

TW1P0 is the weight of the Overall Input/Output 

Performance requirement in the Tradeoff 

requirement, 

TW2P0 is the weight of the Overall Utilization of 

Resources requirement in the Tradeoff requirement, 

and 

TF0P0 is the overall score for system design concept 

— PO. 

This automation of the decision theory portion of T3SD makes 

it much easier for the systems engineer to compute the 

tradeoffs and do the sensitivity analysis needed in the 

Concept Exploration document. By changing the weights, 
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figures of merit, or parameters of the scoring function, new 

tradeoff scores can be computed. These are compared with 

previous scores to determine how sensitive the design is to 

small changes in the data. 

After the user has entered all the data for a document a 

copy can be printed or sent to a disk file. This allows 

checking of the information by others involved in the 

project and provides a permanent record of the system 

design. 

Hypertext is a means of interlinking data that is not tied 

to specific fields as it is in most flat file database 

schemes. This feature is a helpful tool in this project 

since data is used in several separate documents and cross 

checking is useful without locking users into a fixed 

framework. It also allows for the searching of all fields in 

the document for a phrase. This is needed when updating the 

documents. 

HyperPad is an object oriented programming language. It has 

5 objects that can each have a script (or software program) 

associated with it. These are the pad (or file), the page 

being worked on, the background (or fixed portion of the 

page), a field, and a button. The field is defined as an 
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alphanumeric area on a page and data can be entered into it. 

These fields can then be used as a free format database 

field anywhere in the rest of the pad or transferred to 

another pad. The buttons are used as selections that cause 

something to happen. For example, a button can be programmed 

to go to a different page if selected or to perform a 

calculation on numbers contained in several fields on the 

page. 

The operating instructions for SEDSo are provided in 

Appendix A. 
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A project from the SIE 370 class was chosen to test the 

software package SEDSo and to provide a small engineering 

project to create a complete set of systems engineering 

documents. The students must create a controller for two 

trains that circle two intersecting tracks. The trains can 

collide at the intersections and the controller must 

interface to existing location detectors and power 

controllers to prevent collisions. The requirements are 

provided to the students and they must then build the 

systems and document the results. The project is known as 

the Systems & Industrial Engineering RailRoad Assignment or 

SIERRA. The students must create two different controllers. 

One is a protoboard and the other an assembly language 

program for a Motorola 68000 computer. This project has been 

done by over 500 students since 1986. The results presented 

by the students in the past are the control groups to which 

a comparison can be made with the engineering report 

generated using SEDSo. 

The full documentation of this system design as output by 

SEDSo is provided in Appendix B. This is the first full 

implementation of the seven systems engineering documents 

outlined in the Tricotyledon Theory of System Design 



available to the general public that are known. The only 

portions of the documentation not created by the software 

were the exhibits. The documentation for SIERRA was created 

as an example of a good systems engineering documentation 

report. 
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Graduate students from SIE-554 were asked to document a 

system design for a class project. The students were given 

the requirements for conducting a Cub Scout Pinewood Derby 

race. The SIE-554 class only covers the beginning modeling 

portions of T3SD and does not discuss in detail 

documentation standards. Students were divided into four 

groups and given the option of generating the documentation 

and analysis manually or with SEDSo. Three of the groups 

chose to use SEDSo and one did not. 

The students had two months to complete their projects which 

averaged 30 pages in length. We believe that SIERRA was the 

first complete set of documentation created using T3SD. With 

the help of SEDSo as a software tool and SIERRA as an 

example, these students were able to complete four more sets 

of system engineering documentation. The project that 

received the lowest grade was the group that chose not to 

use SEDSo. The instructor felt that the documents that used 

SEDSo were much more consistent and had better modeling and 

analysis. Two of the groups generated the results with SEDSO 

then reformatted it using a word processor. Their 

documentation had the best appearance. The results indicate 
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that SEDSo was of help to the students but that a more 

complete sofwtare package is needed. 
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The T3SD methodology is of great practical use even for 

small system designs. The most useful aspect found for small 

projects is the documentation of the entire system design. 

By limiting the use of the modeling language, engineers with 

only 40 hours of T3SD training can use the theory to design 

new systems. This project has helped by creating the first 

complete set of seven Systems Engineering documents 

available to the public. The software package SEDSo was 

instrumental in creating the documentation for SIERRA and 

for automating the decision theory portions of T3SD. 

A more complete software package would be of benefit to the 

students. SEDSo is the foundation upon which a complete 

system can be built. Students who used SEDSo created more 

complete documentation in less amount of time than students 

who did not use SEDSo. 

The example SIERRA was of particular importance to the 

students. By having a simple design followed through from 

document 1 through document 7 the students could easily see 

the benefits of using the Tricotyledon Theory of System 

Design. It is felt that with SIERRA and SEDSo the 
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Tricotyledon Theory of System Design is much easier 

understood and more useful for small system design projects. 
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A P P E N D I X  A  

S E D S O 

Systems Engineering Design Software 

Operating Instructions 

SEDSo is used to create the seven systems engineering design 

documents outlined in the Tricotyledon Theory of Systems 

Design. The Theory as modified for smaller systems is 

documented in the thesis, "A Reduction of the Tricotyledon 

Theory of System Design." SEDSo was created using the 

guidelines of the thesis. 

SEDSo is written using HyperPAD, a hypertext object-oriented 

programming language by Bristol-Roberts. The software runs 

under the MS-DOS operating system. Eight documents are 

created. The first is a title page and table of contents. 

The next seven are the systems engineering design documents. 

Each document is created by SEDSO. The prompts consist of 

pages that contain fields and buttons. Fields are used to 

enter and edit data and are large boxes on the top portion 

of the screen. Buttons are located along the bottom of the 

screen and are used to go to a different page or to perform 

a calculation. 
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Copies of all the menus in SEDSo are presented at the end of 

this appendix. 

STARTUP 

To start SEDSo change your directory to HPAD as follows 

C:\> CD \SIE554 

Next enter the command to start the program as follows 

C:\SIE554> SEDSO 

You should now see the first screen (Display 1). Use the tab 

key to move the highlight to the button labeled "CONTINUE". 

Press the key labeled "Enter" to select this button. The 

next screen (Display 2) prompts you for the name of your 

project. Enter a name up to seven characters in length. You 

now are at the document menu (Display 3). Use the tab key to 

move to the document you want to work on. 

ENTERING DATA 

Document 0 is the title page of the documentation. Highlight 

that selection and press "Enter". The next screen (Display 
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4) shows three boxes in the top portion of the screen which 

are text fields. The first is for the document title. Type 

the title of your project. This window will scroll if you 

type more than three lines. To edit text in a field you can 

use the arrow keys to move around and the "Backspace" key to 

delete characters. You are always in insert mode when in a 

text field. When done, use the tab character to move to the 

next field. When all the fields have been done use the tab 

key to highlight one of the buttons at the bottom of the 

screen then press "Enter". The DOCUMENT button always sends 

you back to the document menu. The HOME button takes you out 

of SEDSo. 

CREATING THE 7 DOCUMENTS 

The documents are created in the order they are numbered. 

Since systems engineering is an ongoing effort, each 

document may be updated as the design progresses. Systems 

engineering document 1 is the Problem Situation document. 

This is the first document you create. The first menu in 

this document (Display 5) shows all the sections that should 

be entered for a complete statement of the problem 

situation. At the bottom of the screen is a button labeled 

PRINT. Selecting this button will generate the first 

document after you have entered all the data. An option is 
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given to send the data to an attached printer or to an ASCII 

text file on the default disk drive. The text file will be 

called the seven character name of your project plus the 

document number you are working on and an extension of .TXT. 

Initially the menu items have a little box next to them. 

After you select a menu item a check is put in the box so 

you know that item is completed. Highlight the box next to 

the first menu item. Press "Enter" to go to section 1.1 

(Display 6). Explain your top level system function by 

typing the text into the field at the top of the page. When 

done use the tab key to highlight the RETURN button. This 

will take you back to the menu you selected previously. Most 

options in SEDSo follow this pattern. Complete the other 

sections of document 1 in the same manner. When done, use 

the DOCUMENT button to return to the document menu. Select 

other documents and enter the data in those sections in the 

same manner. 

COMMON INFORMATION 

Data is shared between several documents. The Input/Output 

Requirements and the Utilization of Resource requirements 

entered in document 2 are used again in documents 3 and 5. 

To change the information in any of these documents you must 



change where the data is first entered in document 2. 

Document 3 further defines this data by giving weighting to 

each parameter and a standard scoring function. This data is 

used in document 5. Data for these fields are entered in a 

different format than the text data. 

In section 2.4 of document 2 (Display 13) the Input/Output 

requirements are first defined (section 2.5 (Display 14) is 

for Utilization of Resources requirements and is similar). 

There are three rows of lines on the page. Each line 

represents a different field. The first row is for the 

requirement number. The second row is for a short title of 

the requirement and the third row is for a more complete 

explanation of the requirement. To break a requirement down 

into several parts use decimal numbers. For example, if 

requirement 2 was called Acquisition Cost and it consisted 

of costs for units produced in quantities of one, one 

thousand and one million, then the numbering would be 

2 Acquisition Cost 

2.1 Cost per unit 1 

2.2 Cost per unit 1,000 

2.3 Cost per unit 1,000,000 
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When weights are calculated, the subgroup consisting of 2.1, 

2.2 and 2.3 will be weighted to sum to 1.0. The other 

categories including 2 would be summed to 1.0 separately. 

When calculating scores the score for the subgroup is 

computed and entered as the figure of merit for item 2. The 

entry 2.0 is considered a breakout of level 2 and should 

only be used as such. 

In document 3, section 3.4.2 (Display 21), the parameters 

for the standard scoring functions are entered (section 

3.5.2 (Display 24) is for Utilization of Resources 

requirements and is similar). These are curved line scores 

that will scale the value of the figure of merit to a score 

between 0 and 1. Enter the requirement number then tab. 

Next, enter a lower limit for the data. This can be any 

number but is usually 0, negative infinity, or a value of 

minimum acceptability. For negative infinity enter -NND. 

Next enter a baseline value. This is the figure of merit 

that should result in a score of .5. The upper limit is then 

entered. If there is no upper limit enter NND for infinity. 

Next enter the slope. Calculate this by taking the smaller 

number of 1/(Baseline-Lower) or 1/(Upper-Baseline). If the 

slope is negative then the lower value will result in a 

score of 1.0. If the slope is positive then the upper value 

will result in a score of 1.0. 
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Section 3.4.3 of document 3 (Display 22) is for weighting 

each requirement relative to the other (section 3.5.3 

(Display 25) is for Utilization of Resources requirements 

and is similar). Enter a number between 1 and 10 for each 

requirement with 10 being the most important. This weight 

will be multiplied by the result of the scoring function to 

give the overall value of this requirement. This value will 

reflect how well this requirement is satisfied in comparison 

to the entire problem. Each value is then summed to give an 

overall score for the Input/Output Performance requirement. 

Highlight the CALCULATE button at the bottom of the screen 

and press "Enter" to compute the weights. 

Section 3.6 (Display 26) is for the Tradeoff requirement. 

Enter the weight desired for the Input/Output Performance 

requirement relative to the Utilization of Resources 

requirement. The weights for the Utilization of Resources 

requirement are then computed automatically so they will sum 

to 1.0. 

Section 3.7.2 (Display 29) is for the Input/Output 

Performance Tests (section 3.7.3 (Display 30) is for 

Utilization of Resources Tests and is similar). Enter the 
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requirement number then tab. For each requirement explain 

how it will be observed and measured. 

Document 5 is for Concept Exploration. After the tests are 

done on the different design concepts that were created in 

the Physical Synthesis document the values of each figure of 

merit are collected and entered into section 5.2 (Display 

39). After the figures of merit for each requirement are 

entered, select the CALCULATE button to automatically 

compute the score for each requirement and the overall score 

for the Input/Output Performance Requirements. Select the 

button U/R REQ located at the bottom of the screen to do the 

Utilization of Resources figures of merit (Display 40). 

Once all the figures of merit have been entered and the 

scores computed for each concept, then the tradeoff analysis 

can be done. Section 5.3 (Display 42) is used for this. 

Highlight the CALCULATE button and the data for all the 

concepts will be collected and weighted to give an overall 

score for each concept. The highest score indicates the best 

conceptual design. 

Section 5.5 is the Sensitivity Analysis. Vary parameters for 

the weights, scoring functions and figures of merit for each 

requirement to determine what changes influence the choice 
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of the best conceptual design the most. Enter the results of 

the findings in this section. 

EXITING SEDSO 

To exit SEDSo, hold the "Ctrl" key and press Q. You will be 

asked if you want to quit. Press "Enter" to quit or "Esc" to 

remain in SEDSo. 
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SEDSo Software Displays 1 through 3 

S E D S O  

5ED5n 
SYSTEHS ENGINEERING DESIGN SOFTWARE 

CONTINUE HOME 

S E D S O  

ENTER THE 7 CHARACTER NAME OF THE SYSTEH DESIGN PROJECT 

Enter the project name : 

SIERRA 

« ok » < Cancel > 

CONTINUE HOME 

S E D S O  
SIERRA 

SELECT THE SYSTEHS ENGINEERING DOCUMENT YOU WANT TO UORK UITH 
USE THE TAB KEY TO HOVE BETWEEN SELECTIONS OR HOLD DOWN THE 
ALT KEY AND PRESS THE NUHBER. USE CTRL Q TO QUIT SEDSO. 

Document 0 - Title Page 

Document 2 - OPERATIONAL NEED 

Document 4 - SYSTEH VALIDATION 

] [ 
] C 
] C 

Document 6 - FUNCTIONAL ANALYSIS 

Document 1 - PROBLEH SITUATION 

Docunent 3 - SYSTEH REQUIREHENTS 

Document 5 - CONCEPT EXPLORATION 

Document 7 - PHYSICAL SYNTHESIS 

SEDSo ] [ HOME ] [ QUIT 
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SEDSo Software Displays 4 through 6 

s E D s O 
SIERRA 

ENTER THE FULL TITLE OF THIS PROJECT 
An Example of the Tricotyledon Theory of System Design 

ENTER THE SYSTEHS DESIGNERS NAMES 
Wit I{am Luther Chapman 

ENTER THE PUBLICATION DATE OF THIS PROJECT 
9 February 1990 

DOCUMENT PRINT ] [ HOME 

S E D S O  

DOCUMENT 1 - PROBLEM SITUATION DOCUMENT 
[X] 1.1 THE TOP LEVEL SYSTEM FUNCTION 
TX] 1.2 HISTORY OF THE PR08LEM AND THE PRESENT SYSTEM 
[X] 1.3 THE CUSTOMER 
[X] 1.4 TECHNICAL PERSONNEL AND FACILITIES 
[X] 1.5 SYSTEM ENVIRONMENT 
[X] 1.6 SYSTEMS ENGINEERING MANAGEMENT PLAN 
[X] 1.7 EXHIBITS 
[X] 1.8 BIBLIOGRAPHY 

DOCUMENT ] [ PRINT HOME 

S E D S O  

SECTION 1.1 - ENTER THE TOP LEVEL SYSTEM FUNCTION 

Control two model trains in S1E 370 lab to avoid collisions and to maximize 
the number of trips completed by each train during the test period. 

| RETURN | | DOCUMENT I H0HE I 
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SEDSo Software Displays 7 through 9 

S E D S O  

SECTION 1.3 - THE CUSTOMER 

CX] 1.3.1 OWNERS 
[X] 1.3.2 BILL-PAYERS: THE CLIENT 
[X] 1.3.3 USERS 
[X] 1.3.4 OPERATORS 
[X] 1.3.5 BENEFICIARIES 
[X] 1.3.6 VICTIMS 
CX] 1.3.7 TECHNICAL REPRESENTATIVES TO SYSTEMS ENGINEERING 

RETURN ] | DOCUMENT j | HOME | 

...: ;..: :..S .E.D S O . 

SECTION 1.4 - TECHNICAL PERSONNEL AND FACILITIES 

[X] 1.4.1 SYSTEM LIFE CYCLE PHASE 1 - REQUIREMENTS DEVELOPMENT 
CX] 1.4.2 SYSTEM LIFE CYCLE PHASE 2 - CONCEPT DEVELOPMENT 
[X] 1.4.3 SYSTEM LIFE CYCLE PHASE 3 - FULL SCALE ENGINEERING DEVELOPMENT 
[X] 1.4.4 SYSTEM LIFE CYCLE PHASE 4 - SYSTEM DEVELOPMENT 
[X] 1.4.5 SYSTEM LIFE CYCLE PHASE 5 - SYSTEM TEST & INTEGRATION 
tXl 1.4.6 SYSTEH LIFE CYCLE PHASE 6 - OPERATIONS, SUPPORT & MODIFICATION 
CX] 1.4.7 SYSTEM LIFE CYCLE PHASE 7 - RETIREMENT AND REPLACEMENT 

RETURN I I DOCUMENT HOME 

S E D S O  

SECTION 1.5 - SYSTEM ENVIRONMENT 

CX] 1.5.1 SOCIAL IMPACT 
CX] 1.5.2 ECONOMIC IMPACT 
CX] 1.5.3 ENVIRONMENTAL IMAPCT 
CX] 1.5.4 INTEROPERABILITY 

| RETURN | | DOCUMENT | 
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SEDSo Software Displays 10 through 12 

S E D S O  

DOCUMENT 2 - OPERATIONAL HEED DOCUMENT 

CX) 2.1 THE DEFICIENCY 
[X] 2.2 INPUT/OUTPUT FUNCTIONAL REQUIREMENT 
[X] 2.3 TECHNOLOGY REQUIREMENT 
[X] 2.4 INPUT/OUTPUT PERFORMANCE REQUIREMENT 
[X] 2.5 UTILIZATION OF RESOURCES REQUIREMENT 
[X] 2.6 TRADEOFF REQUIREMENT 
IX) 2.7 SYSTEM TEST REQUIREMENT 
CXJ 2.8 RATIONALE FOR OPERATIONAL NEED SPECIFICATION 
[ J 2.9 EXHIBITS 

7: 

| DOCUMENT ~| | PRINT ~| | HOME ~] 

S E D S O  

SECTION 2.2 - INPUT/OUPUT FUNCTIONAL REQUIREMENT 

[XI 2.2.1 TIME SCALE 
tX) 2.2.2 INPUTS 
tX] 2.2.3 INPUT TRAJECTORIES 
CXJ 2.2.4 OUTPUTS 
[X] 2.2.5 OUTPUT TRAJECTORIES 
[X] 2.2.6 HATCHING FUNCTION 

RETURN I I DOCUMENT I I HOME 

S E D S O  

SECTION 2.3 - TECHNOLOGY REQUIREMENT 

CX] 2.3.1 AVAILABLE MONEY 
[X] 2.3.2 AVAILABLE TIME 
[X] 2.3.3 AVAILABLE COMPONENTS 
[X] 2.3.4 AVAILABLE TECHNIQUES 
[X] 2.3.5 REQUIRED INTERFACES 
[X] 2.3.6 STANDARDS, SPECIFICATIONS AND OTHER RESTRICTIONS 

| RETURN | | DOCUMENT| 
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SEDSo Software Displays 13 through 15 
s E O s O 

SECTION 2.4 - ENTER THE I/O PERFORMANCE REQUIREMENTS 
Enter the nunber of the Figure of Merit then tab. The name and description 
will be put in the other boxes for editing. Use 1.1, 1.2, etc. to break out 
level 1. 

Figure of Merit |1 

Description 

Name Number of Collisions 

Total mmber of times the tuo trains come into physical contact 

RETURN DOCUMENT 

S E D S O  
SECTION 2.5 - ENTER THE U/R PERFORMANCE REQUIREMENTS 

Enter the nunber of the Figure of Merit then tab. The name and description 
will be put in the other boxes for editing. Use 1.1, 1.2, etc. to break out 
level 1. 

Figure of Merit 

Description 

2.3 Name Cost Quantity 1,000,000 

The cost per unit to create 1,000,000 units. 

| DOCUMENT | RETURN 

S E D S O  

SECTION 2.6 - ENTER THE TRADEOFF REQUIREMENT 

The tradeoff will give equal weight to the performance and resource 
requirements. 

| RETURN | | DOCUMENT | | HOME | 
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SEDSo Software Displays 16 through 18 

s e  o s o 

DOCUMENT 3 - SYSTEM REQUIREMENTS DOCUMENT 

[X] 3.1 THE SYSTEH REQUIREMENT 
[X] 3.2 INPUT/OUTPUT FUNCTIONAL REQUIREMENT 
DC] 3.3 TECHNOLOGY REQUIREMENT 
[X] 3.4 INPUT/OUTPUT PERFORMANCE REQUIREMENT 
[X] 3.5 UTILIZATION OF RESOURCES REQUIREMENT 
[X] 3.6 TRADEOFF REQUIREMENT 
[X] 3.7 SYSTEM TEST REQUIREMENT 
[X] 3.8 RATIONALE FOR SYSTEM REQUIREMENTS 
CX] 3.9 EXHIBITS 

DOCUMENT I I PRINT I I HOME 

S E D S O  

SECTION 3.1 
IN MATHEMATICAL TERMS DESCRIBE THE SYSTEM REQUIREMENT 

The System Design Problem consists of the following requirements. 

Input/Output and Functional Requirements (IORPO), 
Technology Requirements (TKYPO), 
Performance Requirements (IMPO) 
Utilization of Resources Requirements (UMPO), 
Tradeoff Requirements (THPO), 
System Test Requirements (STPO). 

Each of these requirements will be mathematically detailed in the following 
sections. 

RETURN I I DOCUHENT I HOME 

S E D S O  

SECTION 3.2 - IHPUT/OUPUT FUNCTIONAL REQUIREMENT 

[X] 3.2.1 TIME SCALE 
[X] 3.2.2 INPUTS 
tX) 3.2.3 INPUT TRAJECTORIES 
CXI 3.2.4 OUTPUTS 
[X] 3.2.5 OUTPUT TRAJECTORIES 
[X] 3.2.6 MATCHING FUNCTION 

RETURN I I DOCUMENT HOME 
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SEDSo Software Displays 19 through 21 
s e d s o  

SECTION 3.3 - TECHNOLOGY REQUIREMENT 

[X] 3.3.1 AVAILABLE HONEY 
[X] 3.3.2 AVAILABLE TIHE 
[X] 3.3.3 AVAILABLE COMPONENTS 
[X] 3.3.4 AVAILABLE TECHNIQUES 
[X] 3.3.5 REQUIRED INTERFACES 
[X] 3.3.6 FORM, FIT AND OTHER RESTRICTIONS 
[X] 3.3.7 STANDARDS AND SPECIFICATIONS 

RETURN DOCUMENT HOME 

S E D S O  

SECTION 3.4 • FUNCTIONAL PERFORMANCE REQUIREMENT 

[X] 3.4.1 DEFINITION OF PERFORMANCE FIGURES OF MERIT 
[X] 3.4.2 LOWER, UPPER. BASELINE, AND SCORING PARAMETERS 
CX] 3.4.3 WEIGHTING CRITERIA 

RETURN DOCUMENT HOME 

S E D S O  

SECTION 3.4.2 -I/O PERFORMANCE REQUIREMENTS 
Enter the Figure of Merit number then teb and the limit values will 

» be put into the edit windows. 

0.5 

Reliability 

Enter the lower limit of this requirement. 

Enter the baseline limit of this requirement. 

Enter the upper limit of this requirement. 

Enter the slope of this requirement. 

return document home 



SEDSo Software Displays 
S E D S O  

22 through 24 

SECTION 3.4.3 - WEIGHTING CRITERIA 
REQUIREMENT 1 to 10 

Nunber of Collisions 
Trips by train A 
Trips for train B 
Spurious stops by A 
Spurious stops by B 
Availability 
Reliability 

CALCULATE ] [ RETURN DOCUMENT 

WEIGHT 

0.25806 
0.22580 
0.22580 
0.09677 
0.09677 
0.06451 
0.03225 
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] [ H0HE 

S  E D S  O  

SECTION 3.5 - UTILIZATION OF RESOURCES REQUIREMENT 

[XI 3.5.1 DEFINITION OF UTILIZATION FIGURES OF MERIT 
[X] 3.5.2 LOWER. UPPER. BASELINE, AND SCORING PARAMETERS 
[X] 3.5.3 WEIGHTING CRITERIA 

RETURN DOCUMENT HOME 

S E D S O  

SECTION 3.5.2 - U/R REQUIREMENTS 
Enter the Figure of Merit nunber then tab and the limit values will 
I | be entered into the edit windows. 
2.1 Cost Quantity One 

250 

NND 

•0.004 

Enter the lower limit of this requirement. 

Enter the baseline limit of this requirement. 

Enter the tpper limit of this requirement. 

Enter the slope of this requirement. 

return document home 
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SEDSo Software Displays 25 through 27 
s ed s 0 

SECTION 3.5.3 - WEIGHTING CRITERIA 
REQUIREMENT 1 to 10 WEIGHT 

1 Acquisition time 10 0.5 
2 Acquisition cost 10 0.5 
2.1 Cost Quantity One 3 0.33333 
2.2 Cost Quantity 1,000 3 0.33333 
2.3 Cost Quantity 1,000,000 3 0.33333 

I CALCULATE } | RETURN j | DOCUHENT~] | HOME 

S E D S O 

SECTION 3.6 • ENTER THE TRADEOFF REQUIREMENT 

- the weight of the overall Utilization of Resources Index. 1FX0P0CFSD) is 
the extension of IFOPO from the Input/Output cotyledon to the feasibility 

' cotyledon. UFXOPO is the extension of UF0P0 from the Technology cotyledon 
to the Feasibility cotyledon. 

Enter TU1P0 and TU2P0 will be computed such that TU1P0 + TU2P0 =1.0 

TU1P0 

0.5 

RETURN 

TW2P0 

0.5 

DOCUMENT 

1.0 

1.0 

HOME 

S ED S O 

SECTION 3.7 - SYSTEM TEST REQUIREMENT 

[X] 3.7.1 TEST PLAN 
IX] 3.7.2 PERFORMANCE TEST 
[X] 3.7.3 UTILIZATION OF RESOURCES TESTS 

| return | | document | | hohe } 
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SEDSo Software Displays 28 through 
s e  o s o 

30 

SECTION 3.7.1 - SYSTEM TEST PLAN 

DO 3.7.1.1 EXPLANATION OF TEST PLAN 
[X] 3.7.1.2 TEST TRAJECTORY 1 
[X] 3.7.1.3 TEST TRAJECTORY 2 
tX] 3.7.1TEST TRAJECTORY 3 
1X3 3.7.1.5 TEST TRAJECTORY 4 
DC] 3.7.1.6 TEST TRAJECTORY 5 

RETURN DOCUMENT HOME 

S E 0 S 0 

SECTION 3.7.2 - I/O PERFORMANCE TEST REQUIREMENTS 
Enter the Figure of Merit number and tab then describe in detail how 
I | this Test will be conducted. 
U Spurious etops by A 

This figure of merit will be observed visually by the TA during the test 
period. Every stop by train that was not needed to avoid a collision is 
noted. If the TA observes irregular operation of the trains, the track, or 
the detectors that result in B spurious stop by train A, then the test 
results will be voided and the test repeated. 

RETURN I DOCUMENT I HOME 

S E D S O  

SECTION 3.7.3 - U/R TEST REQUIREMENTS 
Enter the Figure of Merit nunber and tab then describe in detail how 
• i this Test will be conducted. 
1 Acquisition time 

This figure of merit is observed by the instructor. The number of days the 
project is completed before the due date is recorded as the figure of 
merit. The minimum is -1. This implies that the project was completed 1 dBy 
late. 

i return | | document | £ home 
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SEDSo Software Displays 31 through 33 
s e  d  s o  

DOCUMENT 4 • SYSTEM REQUIREMENTS VALIDATION DOCUMENT 

[X] 4.1 INPUT/OUTPUT FUNCTIONAL DESIGN 
IX] 4.2 FEASIBLE SYSTEM DESIGN 
[X] 4.3 A REAL SYSTEM 
[X] 4.4 EXHIBITS 
[ J 4.5 BIBLIOGRAPHY 

DOCUMENT ] | PRINT | { HOME 

SECTION 4.1 - I/O FUNCTIONAL DESIGN 

[X] 4.1.1 TERMINOLOGY USED 
[X] 4.1.2 STATES 
CX] 4.1.3 INPUTS 
[X] 4.1.4 OUTPUTS 
CX] 4.1.5 NEXT STATE FUNCTION 
[X] 4.1.6 READOUT FUNCTION 

RETURN I DOCUMENT I I HOME ] [ 

S E D S O  

SECTION 4.4 - EXHIBITS 

Exhibit 4.4.1 State diagram of a model of a functional system design. 

| return | document | | home | 
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SEDSo Software Displays 34 through 36 
s e d s o  

DOCUMENT 5 - CONCEPT EXPLORATION DOCUMENT 

SYSTEM DESIGN CONCEPTS 
ESTIMATION OF THE VALUES OF FIGURES OF MERIT 
TRADEOFF ANALYSIS 
ALTERNATIVE RECOMMENDED 
SENSITIVITY ANALYSIS 
RATIONALE FOR ALTERNATIVES, MODELS AND METHODS OF ESTIMATION 
EXHIBITS 

[X] 5.1 
[X] 5.2 
CX] 5.3 
[X] 5.4 
[X] 5.5 
CX] 5.6 
C ] 5.7 

DOCUMENT 1 | PRINT | | HOME 

S E D S O  

SECTION 5.1 - SYSTEM DESIGN CONCEPTS 

[X] SELECT A SYSTEM DESIGN CONCEPT TO CHANGE 
[X] ADD A NEU SYSTEM DESIGN CONCEPT 
[ ] DELETE AN EXISTING SYSTEM DESIGN CONCEPT 

] [ RETURN I I DOCUMENT I I HOME 

S E D S 0 

SECTION 5.1 - SYSTEM DESIGN CONCEPT 1 

CX] 5.1.1.1 EXPLANATION OF SYSTEM DESIGN CONCEPT 
tX] 5.1.1.2 MODEL OF SYSTEM DESIGN CONCEPT 

j RETURN | | DOCUMENT"*"! | HOME | 
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SEDSo Software Displays 37 through 39 
s e d s o  

SECTION 5.1.1.2 
CONCEPT 1 - I/O FUNCTIONAL DESIGN 

[X] 5.1.1.2.1 TERMINOLOGY USED 
[X] 5.1.1.2.2 STATES 
CX3 5.1.1.2.3 INPUTS 
[X] 5.1.1.2.4 OUTPUTS 
[X] 5.1.1.2.5 NEXT STATE FUNCTION 
DC1 5.1.1.2.6 READOUT FUNCTION 

RETURN J | DOCUMENT- [ HOME 

S E D S O  

SECTION 5.2.1 
FIGURES OF MERIT FOR SYSTEM DESIGN CONCEPT 1 

[XJ 5.2.1.1 FIGURES OF MERIT FOR ESTIMATION 
[X] 5.2.1.2 FIGURES OF MERIT FOR SIMULATION 
[XI 5.2.1.3 FIGURES OF MERIT FOR PROTOTYPE 

RETURN I I DOCUMENT HOME 

S E D S O  

ESTIMATION I/O FIGURES OF HER IT FOR SYSTEH DESIGN CONCEPT 1 
REQUIREMENT 

1 Nunber of Collisions 
2 Trips by train A 
3 Trips for train B 
4 Spurious stops by A 
5 Spurious stops by B 
6 Availability 
7 Reliability 

u/r reo ] [ CALCULATE ] [ 

IFXiPO ISFiPO 

832 
5 

lUiPO 

0.25806 
0.22580 
0.22580 
0.09677 
0.09677 
0.06451 
0.03225 

IF0P0CFSD1 ) = 0.801 

RETURN DOCUMENT HOME 
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S E D S O  

40 through 42 

ESTIMATION U/R FIGURES OF MERIT FOR SYSTEM DESIGN CONCEPT 1 
REQUIREMENT UFXiPO USFiPO 

1 Acquisition time 
2 Acquisition cost 
2.1 Cost Quantity One 
2.2 Cost Quantity 1,000 
2.3 Cost Quantity 1,000,000 

07B95-
44 " 
25 
15 

1 
0.978 
0.983 
0.97 
0.732 

UUiPO 

0.5 
0.5 
0.33333 
0.33333 
0.33333 

; UF0P0(FSD1 ) = 

I/O REQ | | CALCULATE") | RETURN "j | DOCUMENT "| £ 

0.989 

HOME 

S E D S O  

SECTION 5.3 
TRADEOFF ANALYSIS 

IX] 5.3.1 TRADEOFF FOR ESTIMATION FIGURES OF MERIT 
[X] 5.3.2 TRADEOFF FOR SIMULATION FIGURES OF MERIT 
[X] 5.3.3 TRADEOFF FOR PROTOTYPE FIGURES OF MERIT 

RETURN ] [ DOCUMENT HOME 

TW1P0 
0.5 
0.5 
0.5 

S E D S O  

SECTION 5.3 
TRADEOFF ANALYSIS FOR ESTIMATION 

IFOPO(FSDf) 
0.801 
0.963 
0.963 

TW2P0 
0.5 
0.5 
0.5 

UFOPO(FSDi) 
0.989 
0.5 
0.5 

TFOPO(FSDi) 
0.895 
0.7315 
0.7315 

i calculate ~] | return ~| | document ~| | home ~j 
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s e d s o  

DOCUMENT 6 - SYSTEM FUNCTIONAL ANALYSIS DOCUMENT 

CXI SELECT A SYSTEM DESIGN CONCEPT NUMBER 

| DOCUMENT ~] | PRINT ""| | HOME ~J 

S E D S O  

DOCUMENT 6.1 - FUNCTIONAL ANALYSIS OF CONCEPT 1 

[X] 6.1.1 TOP LEVEL FUNCTIONAL ANALYSIS 
[X] 6.1.2 SUBFUNCTION DECOMPOSITION 
IX] 6.1.3 COMPLETE SUBFUNCTION HOOEL 
IX] 6.1.4 RATIONALE FOR ANALYSIS OF CONCEPT 
[X] 6.1.5 EXHIBITS FOR CONCEPT 

| RETURN "*] | DOCUMENT "~| | HOME ~| 

S E D S O  

SECTION 6.1.2 - SUBFUNCTIONAL DECOMPOSITION OF CONCEPT 1 

IX] 6.1.2.1 SUBFUNCTION 1 
IX] 6.1.2.2 SUBFUNCTION 2 
[X] 6.1.2.3 SUBFUNCTION 3 
IX] 6.1.2.4 SUBFUNCTION 4 
t ] 6.1.2.5 SUBFUNCTION 5 

| return | | document | | home | 
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SEDSo Software Displays 46 through 48 
s e  d  s o  

SECTION 6.1.3 - COMPLETE SU8FUNCTI0N MODEL 

[X] 6. 1.3.1 TERMINOLOGY USED 
[X] 6. 1.3.2 STATES 
[X] 6. 1.3.3 INPUTS 
[X] 6. 1.3.4 OUTPUTS 
tX] 6. 1.3.5 NEXT STATE FUNCTION 
DC] 6. 1.3.6 READOUT FUNCTION 

{ RETURN ~| | DOCUMENT ~| | HOME 

S E D S 0 

SECTioN 6.1.« 
RATIONALE FOR ANALYSIS OF CONCEPT 1 

Concept 1 Is based on the reguirements from document 3 and concept 1 
described in doc intent 5. A simulation was run on the complete subfunctional 
decomposition using the test items described in docunent 3. Exhibit 6.1.5.3 
is the simulation program listing and Exhibit 6.1.5.4 is the result of the 
simulation. The simulation showed us the correctness of our state diagram. 
The model worked well and all the tests were passed correctly. 

I RETURN """I | DOCUMENT | I HOME "~| 

S E D S O  

SECTION 6.1.5 
EXHIBITS FOR CONCEPT 1 

t 6.1.5.1 State Diagram for Concept 1 

6.1.5.2 Complete Subfunction State Diagram 

6.1.5.3 Simulation Program Listing 

6.1.5.A Results of Simulation 

| return | | document | | home | 
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This report is a collection of the seven systems engineering 

documents of the Tricotyledon Theory of System Design: 

Document 1: Problem Situation, 

Document 2: Operational Need, 

Document 3: System Requirements, 

Document 4: System Requirements Validation, 

Document 5: Concept Exploration, 

Document 6: System Functional Analysis and 

Document 7: Physical Synthesis. 

These documents define the problem that the new system will 

solve in a structured and rigorous manner. The purpose of 

this introduction is to define the process of systems 

engineering by which these documents are produced and the 

particular aspects of the Tricotyledon Theory of System 

Design used in these documents. 

Systems engineering is defined as the intellectual, academic 

and professional discipline the principal concern of which 

is the responsibility to ensure that all requirements for a 

man/machine/software system are satisfied throughout the 

life cycle of the system. The responsibility of systems 
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engineers for man/machine/software systems must also include 

therefore the design and analysis of such systems. 

SYSTEM REQUIREMENTS 

There are six categories of system requirements the systems 

engineer must define. 

Input/Output and Functional Requirements, 

Technology Requirements, 

Input/Output Performance Requirements, 

Utilization of Resources Requirements, 

Tradeoff Requirements, 

System Test Requirements. 

The Input/Output and Functional requirement consists of 

definitions of the time scale, the set of all admissible 

input trajectories, the set of all eligible output 

trajectories and the required functional relationship 

between the input trajectories and the output trajectories. 

The Technology requirement consists principally of 

limitations, specified by the Customer, of the technologies 

available to build the system. It can list certain 
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components or processes that shall be used to solve the 

problem. 

The Input/Output Performance requirement specifies how well 

the Input/Output and Functional requirement shall be met. 

This may be expressed in terms of expected response time, 

the expected quality of the response, the number of times an 

event must occur, etc. These numbers are called figures of 

merit and for any design under consideration it is necessary 

to be able to estimate the values of these figures of merit. 

The Utilization of Resources requirement specifies how well 

the Technology requirement will be met. It may be expressed 

in terms of expected capital required, expected operations 

and maintenance costs, expected environmental and social 

costs, penalties or rewards for specific component use, etc. 

The Tradeoff requirement specifies how the Input/Output 

Performance requirement is to be weighted with respect to 

(or traded off against) the Utilization of Resources 

requirement. The Tradeoff requirement is a weighted sum of 

the overall Input/Output Performance Index and the overall 

Utilization of Resources Index. 



77 

The System Test requirement specifies how and to what extent 

the final system that is built will be observed and tested 

in order to determine 1) the compliance of the system with 

all the requirements, 2) the conformance of the system to 

the design from which it was built and 3) the acceptance of 

the final system to the customer. The System Test 

requirement typically includes specifications for estimating 

values for all the figures of merit defined as part of the 

Input/Output Performance, Utilization of Resources and 

Tradeoff requirements. These estimates are made on the basis 

of data collected by testing the final system. 

SYSTEM LIFE CYCLE 

The life cycle of a man/machine/software system is defined 

in seven phases. Systems engineering must ensure the system 

requirements are satisfied throughout all of these phases. 

1. Requirements Development, 

2. Concept Development, 

3. Full Scale Engineering Development, 

4. Production, Manufacturing, and Deployment, 

5. Test and Integration, 

6. Operations, Support and Modification, 

7. Retirement and Replacement. 
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In the Requirements Development Phase, Systems Engineering 

must perform the following tasks: 

1) Understand the problem situation, identify the 

customer, and produce the Problem Situation 

document. 

2) Understand the customer's operational need, and 

produce the Operational Need document. 

3) Define the system requirements, and produce the 

Systems Requirements document. 

4) Validate the system requirements, and produce the 

System Requirements Validation document. 

Systems Engineering Document 1, the Problem Situation 

Document, or Executive Summary, is used to 

1) state the overall problem that needs to be solved, 

2) identify groups and individuals who will 

contribute to the development of requirements for 

the system to be designed, 

3) propose techniques for communicating with each 

individual and group in order to develop 

requirements, and 
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4) discuss the system design problem in general terms 

but not discuss the solution. 

Systems Engineering Document 2, the Operational Need 

Document, is used to 

1) define the system requirements in all categories 

in nontechnical terms, 

2) state the human problem to be solved not the 

technical problem, 

3) state the problem as the customer sees it, 

4) define the restrictions on inputs, outputs, 

functions, and technologies in a way the customer 

understands, 

5) define the measures that will be used to judge the 

system, and 

6) describe how the system will be tested. 

Systems Engineering Document 3, the System Requirements 

Document, will 

1) state in complete mathematical and textual detail 

the problem whose solution is a model from which a 

real system can be built that will satisfy the 

operational needs, 



2) define figures of merit in terms of the 

requirements in all categories, 

3) provide a complete and detailed statement of the 

tests to be used, and 

4) include a requirements rationale section which 

traces each requirement to the Operational Need 

Document. 

In Systems Engineering Document 4, the System Requirements 

Validation Document we 

1) examine the mathematical description of the 

Input/Output and Functional requirements presented 

in document 3 to see if they are consistent, 

2) demonstrate that a real world system can be built, 

and 

3) show that such a real world solution could be 

tested to prove that it satisfies all the 

requirements. 
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In the Concept Development Phase, Systems Engineering must 

perform the following tasks: 

1) Choose a system design concept, and produce the 

Concept Exploration document. 

2) Perform system functional analysis, and produce 

the System Functional Analysis document. 

3) Perform physical synthesis, and produce the 

System Physical Synthesis document. 

After the system requirements have been proven valid by 

producing at least one system concept that will solve the 

problem, Systems Engineering proceeds to select the best 

system design concept to pursue for the design of the final 

system. A system design concept, in this context, is a class 

of solutions all with the same general form. It is the 

responsibility of Systems Engineering to select the best 

system design concept from all the perceived alternatives. 

This involves comparing all the alternative system design 

concepts with respect to the satisfaction of the system 

requirements. The system design concepts will guide all 

future system functional analysis and physical synthesis 

activities. The best system design concept is selected on 
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the basis of the estimation of all the figures of merit and 

the tradeoff analysis. 

Document 5, the Concept Exploration Document, 

1) will identify the set of alternative design 

concepts, 

2) will describe a model for each alternative, 

3) will give, for each concept, a value for each 

figure of merit defined in the System Requirements 

document, 

4) will record how the numbers were derived or 

estimated, 

5) will record the tradeoff analysis, 

6) will recommend an alternative to be chosen, and 

7) will include a sensitivity analysis. 

System Functional Analysis begins with the top level system 

function which is the Input/Output and Functional 

requirement as described in document 3, the System 

Requirements Document. 

Step 1 in system functional analysis is to decompose the top 

level system function into an interrelated set of system 

functions each defined in the same format as, and consistent 
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with, the top level system function, based on guidance from 

physical synthesis. 

Step 2 in system functional analysis is to decompose the 

requirements in the other categories described in the System 

Requirements Document and allocate them to the system 

functions defined in Step 1. This step results in a 

resolution of the top level system design problem into an 

interrelated set of smaller system design problems. 

The iterative steps in system functional analysis are to 

apply steps 1 and 2 to each system function defined at the 

previous level. 

System functional analysis resolves iteratively the top 

level system design problem into simpler system design 

problems. The objective is to define simple tasks, called 

system functions, that can be performed by people, machines 

and software which when properly organized will achieve the 

performance of the top level system function. For each 

system function identified at a given stage, Systems 

Engineering defines a complete set of system requirements 

consistent with the system requirements defined at the 

previous stage. This is also called requirements 

decomposition and allocation. The resulting collection of 
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system design problems is called a resolution of the top 

level system design problem. 

Systems Engineering Document 6, the System Functional 

Analysis Document, 

1) will describe each decomposition in three modes: 

in plain English, graphically and in mathematical 

terms, 

3) will describe each system function in terms of its 

time scale, inputs, outputs, input trajectories, 

output trajectories and functions, and 

4) will specify interrelations between the system 

functions by identifying input variables with 

output variables or by specifying connections 

between input ports and output ports. 

Physical Synthesis occurs at the same time as System 

Functional Analysis. The decomposition of the top level 

system function is based on guidance from physical 

synthesis. At each stage of the decomposition, Systems 

Engineering identifies in increasing detail, the people, 

machines and software and their interrelationships that will 

be required to perform each identified system function. This 
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process, called physical synthesis, is distinct from system 

functional analysis. 

Step 1 in physical synthesis is to demonstrate the validity 

of each set of system requirements defined by Step 1 of 

system functional analysis by identifying a system design 

concept for the implementation of each system function. 

Step 2 in physical synthesis is to partition the system 

functions identified in Step 1 of system functional analysis 

and to assign the groups of system functions thus defined to 

physical elements of the design described in the Concept 

Exploration Document. 

Step 3 is to derive further detail in the description of 

each physical element from the system functions assigned to 

that physical element. 

Step 4 is to demonstrate that: 

1) all system functions will be performed, 

2) all system requirements will be satisfied and 

3) all components of the physical design are 

justified by the system requirements. 
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The iterative step in physical synthesis is to apply steps 

1, 2, 3 and 4 to the system functions identified at each 

level by system functional analysis. 

People, machines and software are called the physical 

elements of the system being designed to distinguish them 

from the system functions. To end the Concept Development 

phase, Systems Engineering writes a detailed set of 

specifications for each one of these physical elements in 

such a way that hardware, software and human factors 

engineers can develop the detailed design in the Full Scale 

Engineering Development phase. 

Systems Engineering document 7, the Physical Synthesis 

Document, 

1) will decompose the system design concept into 

physical units, 

2) will assign the system functions in each 

functional area to a system physical element for 

implementation, 

3) will describe each system physical element in 

three modes: in plain English, graphically and in 

terms of system theoretic models, and 
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4) will specify interrelations among the system 

physical elements by connections between input 

ports and output ports. 

At the end of System Life Cycle Phase 2, Concept 

Development, each component design problem is assigned to 

hardware, human or software elements and become the design 

specifications for the engineers to initiate System Life 

Cycle Phase 3, the Full Scale Engineering Development Phase. 

FULL SCALE ENGINEERING DEVELOPMENT PHASE 

In the Full Scale Engineering Design phase, hardware, 

software and human factors engineers, coordinated by Systems 

Engineering, produce the detailed specifications necessary 

for the production and manufacture of the hardware and 

software elements and the training of the human operators 

and users, based on the requirements generated by Systems 

Engineering for each physical element as recorded in the 

System Functional Analysis Document and the Physical 

Synthesis Document. 
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PRODUCTION, MANUFACTURING, AND DEPLOYMENT PHASE 

In the Production, Manufacturing and Deployment Phase 

Systems Engineering oversees and coordinates the efforts of 

industrial and manufacturing engineers who have the primary 

responsibility for the production, manufacture, installation 

and deployment of the system. The basis of this effort is 

the system design and the detailed designs produced during 

the Full Scale Engineering Development phase. 

TEST AND INTEGRATION PHASE 

When the physical elements of the system have been produced, 

the Test and Integration phase begins wherein Systems 

Engineering integrates the physical elements into a system 

whose physical components will work together to satisfy the 

customer's operational need. Systems Engineering is 

furthermore responsible for testing the system and 

documenting the test results. 

OPERATION, SUPPORT AND MODIFICATION PHASE 

During the Operation, Support and Modification phase, 

Systems Engineering is responsible for periodic reevaluation 

of the system and for controlling changes in the system. The 
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original requirements for the system must have allowed for 

logistic support of the system. 

RETIREMENT AND REPLACEMENT PHASE 

In System life cycle phase 7, the Retirement and Replacement 

Phase, the acquisition cycle begins again. Systems 

Engineering is responsible for recommending the retirement 

of the system at the appropriate time and for writing the 

proposal for its replacement. 
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Friday, February 9, 1990 

The Problem Situation document is the executive summary. It 

explains the problem that needs to be solved. It is written 

in plain language and is intended for management. 

1.1 THE TOP LEVEL SYSTEM FUNCTION 

Control two model trains in SIE 370 lab to avoid collisions 

and to maximize the number of trips completed by each train 

during the test period. 

1.2 HISTORY OF THE PROBLEM AND THE PRESENT SYSTEM 

Since 1985, the students of SIE 370 have used a pair of 

trains (see exhibit l.l) to learn more about computers and 

systems engineering. These trains have two crossover points 

where they can collide. The students must build a system to 

detect possible collisions and prevent them from occurring 

while maximizing the number of trips completed by each 

train. Students must use existing detection and power 

control devices. This project is known as the Systems and 

Industrial Engineering RailRoad Assignment (SIERRA). 
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1.3 THE CUSTOMER 

1.3.1 Owners 

The system will be owned by the SIE department of the 

University of Arizona when completed. 

1.3.2 Bill Payers: The Client 

Costs of the system are paid through the SIE departmental 

budget. If students decide to use hardware or software not 

available in the department they will pay for it themselves. 

1.3.3 Users 

The system will be used by the Teaching Assistants (TA's) in 

the SIE 370 class to verify the student's design. 

1.3.4 Operators 

The system will be operated by the student who built the 

system and the TA's in the SIE 370 lab. 
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1.3.5 Beneficiaries 

The students are the beneficiaries of the system due to 

knowledge and experience gained. They will have learned good 

Systems Engineering documentation practices and techniques. 

1.3.6 Victims 

There are no known victims of the system. 

1.3.7 Technical Representatives to Systems Engineering 

Drs. Bahill and Li, Professors of Systems and Industrial 

Engineering at the University of Arizona, and the SIE 370 

TA's will provide the technical interface to the SIE 370 

class. 

1.4 TECHNICAL PERSONNEL AND FACILITIES 

1.4.1 Life Cycle Phase 1 - Requirements Development 

Dr. Bahill is the technical interface to the Systems 

Engineering Department throughout phase 1. All requirements 

data will be supplied by him. Systems Engineering will 
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provide their own supplies and computer equipment throughout 

this phase. 

1.4.2 Life Cycle Phase 2 - Concept Development 

The SIE 370 lab and all of its facilities are available in 

phase 2. The students will be the concept developers with 

help from Dr. Bahill and the TA in charge of the lab. 

1.4.3 Life Cycle Phase 3 - Full Scale Engineering 

Development 

The full scale engineering development effort will be done 

in the lab by the students. Help from Dr. Bahill and the TA 

in charge of the lab will be provided as needed. 

1.4.4 Life Cycle Phase 4 - System Development 

System development will be performed by the student in the 

SIE 370 lab. Help from Dr. Bahill and the TA in charge of 

the lab will be provided as needed. 
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System test will be performed by the TA in charge of the SIE 

370 lab. The student will be required to integrate their 

design with the existing test equipment as detailed in the 

requirements. The test will be conducted in the SIE 370 lab. 

1.4.6 Life Cycle Phase 6 - Operations Support & Modification 

Since the life of the operating system is 30 minutes there 

is no support or modification effort. The system must pass 

the System Test and Integration phase to be considered 

operational. 

1.4.7 Life Cycle Phase 7 - Retirement & Replacement 

The system is retired after a successful test and 

acceptance. The system will be replaced next year when a new 

class does the project. 
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1.5 SYSTEM ENVIRONMENT 

1.5.1 Social Impact 

Dr. Bahill stated that in interviews with alumni of the last 

1 to 25 years he always asks "Of all the tools, techniques, 

and thought processes that we have taught you, which have 

you found to be the most valuable?" The most common answers 

have been 

1) The Tricotyledon Theory of System Design, 

2) Learning to work with other people on a project, and 

3) Learning to write a Systems Engineering report. 

The social impact of this project will be the value in 

learning those three lessons. 

1.5.2 Economic Impact 

Possible economic impact will be the reduced cost of fixing 

trains that have collided. 

1.5.3 Environmental Impact 

A safer model train set. 
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1.5.4 Interoperability 

The system must interface to the existing train power 

controls and train location monitors. The sensors are 

switches SI, S2, S3 and S4 located as shown in Exhibit 1.1. 

1.6 SYSTEMS ENGINEERING MANAGEMENT PLAN 

Systems Engineering will create the design of the project 

with the seven system engineering documents. These documents 

will be updated on a continuing basis as the design 

progresses using the SEDSo software package. In addition the 

students will be responsible for the project throughout the 

life cycle and will supply any additional data requested by 

the instructor needed to determine that the full scale 

engineering was completed correctly. 

1.7 EXHIBITS 

Exhibit l.l - Picture of current model train set up. 

Relative position of trains, track and sensors are shown. 



Exhibit l.l - Picture of current model train set 



1.8 BIBLIOGRAPHY 

A Mathematical Theory of System Design (Manuscript), A.W. 

Wymore, Tucson, Az, 1989 
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Friday, February 9, 1990 

The Operational Need document is a detailed description of 

the problem in plain English. It is intended for management, 

the customer and systems engineers. 

2.1 DEFICIENCY 

Two toy trains are on two circular tracks that intersect at 

two points. At the intersections the trains can collide. 

2.2 INPUT/OUTPUT AND FUNCTIONAL REQUIREMENT 

2.2.1 Time Scale 

The system shall have a time scale in milliseconds. The life 

of the system will be 30 minutes. 

2.2.2 Inputs 

The system will have 4 inputs that indicate train position. 

They are labeled SI, S2, S3, and S4. 
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2.2.3 Input Trajectories 

The input trajectories will be restricted as follows: 

Train A will activate switch SI followed, after an 

indeterminate amount of time, by switch S2. The train's 

length is such that at no time will SI and S2 both be 

activated. 

Train B will activate switch S3 followed, after an 

indeterminate amount of time, by switch S4. The train's 

length is such that at no time will S3 and S4 both be 

activated. 

It can be assumed that at no time will S2 and S4 both be 

activated since the trains must have already collided for 

this to occur. 

It is possible due to bouncing inputs that any switch will 

read ON, then read OFF, then ON again in rapid succession. 

This should be assumed to be a steady ON signal if it 

happens within 10 milliseconds. 
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2.2.4 Outputs 

The outputs are power ON or OFF for each train A and B (PA 

and PB). 

2.2.5 Output Tra j ectories 

The output trajectories will be restricted as follows: 

Power to one or both of the two trains must be ON at all 

times. It is assumed that power will be OFF or ON 1 

millisecond after the output is activated. Power can be 

turned OFF to one train to prevent collisions and turned ON 

again when safe. 

2.2.6 Matching Function 

The required matching between input trajectories and output 

trajectories are as follows: 

If S2 or S4 are activated then power is turned ON to both 

trains. 
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2.3 TECHNOLOGY REQUIREMENT 

2.3.1 Available Money 

All computer time is free and so is student labor and 

engineering time. In addition components available within 

the lab are free of cost. 

2.3.2 Available Time 

Students have 1 month to complete the project. 

2.3.3 Available Components 

TTL components are available in the lab sufficient to design 

a system. If the student decides to use components outside 

the lab they must be purchased at the student's own expense. 

A Motorola 68000-based controller that can be interfaced to 

the inputs and outputs is available. Software developed on 

other system must be downloaded to this device. 
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2.3.4 Available Techniques 

Three techniques must be used on this project. They are: 

1) TTL components - Students must create a circuit able to 

detect the inputs, make the correct decisions and 

control the outputs. 

2) Assembly language programming - Students must write an 

assembly language program on a UNIX PC then download the 

result into a Motorola 68000 controller that is able to 

interface to the input and output devices. 

3) High level programming language (e.g. C, FORTRAN, 

Pascal, etc.) - Students must write a program in a 

higher level computer language on a UNIX PC then 

download the result into a Motorola 68000 controller 

that is able to interface to the input and output 

devices. 
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2.3.5 Required Interfaces 

All units are required to interface to the following: 

1) The 4 location detector switches - The four sensors (SI, 

S2, S3, S4) are available as four bits of one word of the 

microcomputer controller address space at location $10010. 

Use bits 1,2,3 and 4. This is a parallel port on the lab's 

68000 controller. 

2) The power controllers for train A and train B - The two 

outputs (PA and PB) are available as two bits of one word of 

the microcomputer address space at location $10010. Use bits 

5 and 6. This is a parallel port on the lab's 68000 based 

controller. 

3) Six points for attaching the test equipment - These will 

be positioned at the end of any hardware board in the 

following sequence SI, S2, S3, S4, GND, GND, PA, PB. 

2.3.6 Standards, Specifications and Other Restrictions 

» 

Students are expected to follow all guidelines for safety 

and manufacturing protoboards outlined by the TA of the lab. 



105 

2.4 INPUT/OUTPUT PERFORMANCE REQUIREMENT 

1) Number of Collisions - Total number of times the two 

trains come into physical contact. 

2) Trips by train A - Total number of completed trips for 

train A. 

3) Trips for train B - Total number of completed trips for 

train B. 

4) Spurious stops by A - Total number of spurious stops by 

train A. A spurious stop is one that is not needed to 

avoid a collision. 

5) Spurious stops by B - Total number of spurious stops by 

train B. A spurious stop is one that is not needed to 

avoid a collision. 

6) Availability - The system will be available if not in 

failure mode when submitted to the TA for the testing 

period. The system is in failure mode if the system does 

not interface correctly to the input detectors or does 

not have control over the outputs to both trains. 
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7) Reliability - The system will judged reliable if the 

system does not enter failure mode while testing is in 

progress. The system is in failure mode if the system 

does not interface correctly to the input detectors or 

does not have control over the outputs to both trains. 

2.5 UTILIZATION OF RESOURCES REQUIREMENT 

1) Acquisition time - The number of days the project was 

completed before the due date. 

2) Acquisition cost - The total cost of creating the unit. 

This is a combination of the next three requirements. 

2.1) Cost Quantity One - The cost to create 1 unit. 

2.2) Cost Quantity 1,000 - The cost per unit to create 1,000 

units. 

2.3) Cost Quantity 1,000,000 - The cost per unit to create 

1,000,000 units. 
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2.6 TRADEOFF REQUIREMENT 

The tradeoff will give equal weight to the performance and 

resource requirements. 

2.7 SYSTEM TEST REQUIREMENT 

The system created by the student will be tested for a total 

of 10 minutes. Each system will be subjected to five 

separate tests of two minutes each. Varying initial 

positions for the trains and varying speeds will be used as 

defined in Document 3. 

Test 1 will determine if train B stops when train A is in 

the collision area and B tries to enter that area. 

Test 2 will determine if train A stops when train B is in 

the collision area and A tries to enter that area. 

Test 3 will determine if collisions are avoided when A 

enters the danger area and B then tries to enter, followed 

by A leaving and B entering, followed by B leaving then 

going around the entire track and entering the danger area 

before A enters again. 
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Test 4 will determine if collisions are avoided when B 

enters the danger area and A then tries to enter, followed 

by B leaving and A entering, followed by A leaving then 

going around the entire track and entering the danger area 

before B enters again. 

Test 5 will determine what happens when both trains A and B 

enter the danger area (activate SI and S3) simultaneously. 

The system will satisfy the observance criteria if 

1) all performance and resource requirements are 

observed as described in document 3. 

The system will be in compliance if 

1) all performance requirements are within the upper 

and lower thresholds, and 

2) all resource requirements are within the upper and 

lower thresholds. 

The system will be acceptable if 

1) it satisfies the observance requirement, 

2) it is in compliance, and 

3) the trains do not collide during any test. 
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The system that is built and tested will be in conformance 

if 

1) it is acceptable, and 

2) it satisfies the customer. 

2.8 RATIONALE FOR OPERATIONAL NEED 

The data and specifications were provided during an SIE 650 

class and discussions with Dr. Bahill. 
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Friday, February 9, 1990 

The Systems Requirements document is a succinct mathematical 

description of the Input/Output and Functional requirements, 

Technology requirements and Test requirements described in 

document 2. Its audience is Systems Engineering. 

3.1 THE SYSTEM REQUIREMENT 

The System Design Problem consists of the following 

requirements: 

Input/Output and Functional Requirements (IORPO), 

Technology Requirements (TKYPO), 

Input/Output Performance Requirements (IMPO), 

Utilization of Resources Requirements (UMPO), 

Tradeoff Requirements (TMPO), 

System Test Requirements (STPO). 

Each of these requirements will be mathematically detailed 

in the following sections. 
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3.2.1 Time Scale 

TRPO is the time scale of SIERRA expressed in milliseconds. 

This becomes 30 minutes X 60 seconds/minute X 1000 

milliseconds/second = 1,800,000. 

TRPO = IJS [0, 1800000]. 

3.2.2 Inputs 

IRPO represents the set of inputs for SIERRA which are the 

switches that detect the location of the trains. 

IRPO = I1P0 X I2P0 X I3P0 X I4P0 

I1P0 = {0,1} /* where Portl=Sl represents the condition */ 

/* of switch 1 */ 

/* Train A not present = 0, present =1 */ 

I2P0 = {0,1} /* where Port2=S2 represents the condition */ 

/* of switch 2 */ 

/* Train A not present = 0, present =1 */ 

I3P0 = {0,1} /* where Port3=S3 represents the condition */ 

/* of switch 3 */ 
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/* Train B not present = 0, present =1 */ 

I4P0 = {0,1} /* where Port4=S4 represents the condition */ 

/* of switch 4 */ 

/* Train B not present = 0, present =1 */ 

3.2.3 Input Traj ectories 

ITRPO is the set of input trajectories. ITRPO is the set of 

all possible inputs (IRPO) over the time scale (TRPO). 

Formally 

ITRPO = {f: f .E. FNS(TRPO,IRPO); for every t .E. TRPO, 

NOT(PJN1(f(t)) = 1 AND PJN2(f(t)) = 1) AND 

NOT(PJN3(f(t)) = 1 AND PJN4(f(t)) = 1) AND 

NOT(PJN2(f(t)) = 1 AND PJN4(f(t)) = 1)} 

3.2.4 Outputs 

ORPO represents the set of outputs. 

ORPO = OlPO X 02P0 where 

OlPO = {0,1} /* where Portl=PA represents the power to 

/* train A 

/* Power to train A OFF = 0 , ON = 1 

*/ 

*/ 

*/ 



O2P0 = {0,1} /* where Port2=PB 

/* train B 

/* Power to train 
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represents the power to */ 

*/ 

B OFF = 0 , ON = 1 */ 

3.2.5 Output Trajectories 

OTRPO is the set of all output trajectories for SIERRA. 

OTRPO is the set of all possible outputs (ORPO) over the 

time scale (TRPO) with the exception that at no time can 

both trains have power off. Formally 

OTRPO = {f: f .E. FNS(TRPO,ORPO); for every t .E. TRPO, 

if PJN1(f(t)) = 0 then PJN2(f(t)) = 1; 

if PJN2(f(t)) = 0 then PJNl(f(t)) = 1} 

3.2.6 Matching Function 

MRPO is the matching function. 

MRPO = {(f,G): f .E. ITRPO; G ,S. OTRPO; G={g: g .E. OTRPO; 

t .E. TRPO then 

if f(t)=(0,1,0,0) OR f(t)=(0,0,0,1)), then 

g(t+l)=(l,l)}}. 
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3.3 TECHNOLOGY REQUIREMENT 

3.3.1 Available Money 

The computer time on the UNIX PC and the Motorola 68000 are 

free. Student engineering time is also free. Components 

available in the lab are free to the student, but any 

components obtained outside the lab are at the student's 

expense. 

3.3.2 Available Time 

Students have 1 month to complete the project. 

3.3.3 Available Components 

The Motorola 68000 must be used for the software train 

controllers. The UNIX PC in the lab will be used to write 

the software for the Motorola controller. 

There are components available in the SIE 370 lab for the 

protoboard. Exhibit 3.9.1 lists these components. 
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3.3.4 Available Techniques 

1) TTL components - Students must create a circuit able to 

detect the inputs, make the correct decisions and control 

the outputs. Exhibit 3.9.2 provides some hints on creating 

protoboards. 

2) Assembly language programming - Students must create all 

the logic in assembly language software on a UNIX PC then 

download the result into a 68000 based controller that 

interfaces to the input and output devices. Exhibit 3.9.3 

provides some hints on writing assembly language programs. 

3) High level programming (e.g. C, Pascal, FORTRAN, etc.) -

Students must create all the logic in a higher level 

computer language on the UNIX PC then download the result 

into a 68000 based controller that is able to interface to 

the input and output devices. 

3.3.5 Required Interfaces 

All units must interface to the following: 

1) The 4 detector switches for inputs. The four sensors are 

available in the software implementation as four bits of one 
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word of the 68000 address space at location $10010. Use bits 

1,2,3, and 4. This is a parallel port on the 68000 computer. 

2) The power controllers for train A and train B. The 

outputs are available in the software implementation as two 

bits of one word of the 68000 address space at location 

$10010. Use bits 5, and 6. This is a parallel port on the 

68000 computer. 

3) Eight points for attaching the test equipment. On the 

protoboard eight points for attaching the test equipment 

must be provided in the following order SI, S2, S3, S4, GND, 

GND, PA, PB. 

3.3.6 Form, Fit and Other Restrictions 

There are no form or fit restrictions. 

3.3.7 Standards and Specifications 

The student will be limited to using safe engineering 

practices when working with electrical power as per the SIE 

370 laboratory and the state of Arizona restrictions. 
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3.4.1 Definition of Performance Figures of Merit 

The overall performance figure of merit is denoted IFOPO and 

is computed by 

IFOPO = ISF1P0*IW1P0 + ISF2P0*IW2P0 + . . . + ISFnPO*IWnPO 

where n is the total number of I/O Performance figures of 

merit and 

ISFiPO = ISiPO(IFiPO(FSD)) for i = 1 to n. 

3.4.2 Lower, Upper, Baseline, and Scoring Parameters 

In this section the following naming convention for 

variables is used. 

IBiPO Baseline value for th i-th figure of merit. 

IFiPO The i-th figure of merit measured per the test 

plan. 

ILTHiPO Lower threshold for the i-th figure of merit. 

ISFiPO Score for the i-th figure of merit. 

ISiPO Scoring function for the i-th figure of merit 
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ISLiPO Slope for the i-th figure of merit. 

IUTHiPO Upper threshold for the i-th figure of merit. 

IWiPO Weight for the i-th figure of merit. 

SSF Standard scoring function. 

1) Number of Collisions 

IS1P0 = SSF7(ILTH1P0,IB1P0,ISLIPO,IJS++) 

ILTH1P0 = 0 

IB1P0 =0.5 

IUTHIPO = NND 

ISLIPO = -2 

2) Trips by train A 

IS2P0 = SSF1(ILTH2P0,IB2P0,ISL2P0,IJS++) 

ILTH2P0 = 0 

IB2P0 = 5 

IUTH2P0 = NND 

ISL2P0 =0.2 



Trips for train B 

IS3P0 = SSFl(ILTH3P0,IB3P0,ISL3P0,IJS++) 

ILTH3P0 = 0 

IB3P0 = 5 

IUTH3P0 = NND 

ISL3P0 = 0.2 

Spurious stops by A 

IS4P0 = SSF7(ILTH4P0,IB4P0,ISL4P0,IJS++) 

ILTH4P0 = 0 

IB4P0 = 1 

IUTH4P0 = NND 

ISL4P0 = -1.0 

Spurious stops by B 

IS5P0 = SSF7(ILTH5P0,IB5P0,ISL5P0,IJS++) 

ILTH5P0 = 0 

IB5P0 = 1 

IUTH5P0 = NND 

ISL5P0 = -1.0 



Availability 

IS6P0 = SSF3(ILTH6P0,IB6P0,IUTH6P0,ISL6P0,RLS[0,1]) 

ILTH6P0 = 0 

IB6P0 =0.5 

IUTH6P0 = 1 

ISL6P0 = 2 

Reliability 

IS7P0 = SSF3(ILTH7P0,IB7P0,IUTH7P0,ISL7P0,RLS[0,1]) 

ILTH7P0 = 0 

IB7P0 =0.5 

IUTH7P0 = 1 

ISL7P0 = 2 



121 

3.4.3 Weighting Criteria 

On a scale from 1 to 10 the following weights are given to 

each performance figure of merit. The resultant weight, 

IWiPO, is computed by summing all the weights and dividing 

each entry by this total. 

1 to 10 IWiPO 

1) Number of Collisions 

2) Trips by train A 

3) Trips for train B 

4) Spurious stops by A 

5) Spurious stops by B 

6) Availability 

7) Reliability 

8 

7 

7 

3 

3 

2 

1 

0.258065 

0.225806 

0.225806 

0.096774 

0.096774 

0.064516 

0.032258 
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3.5.1 Definition of Resource Figures of Merit 

The overall utilization of resources figure of merit is 

denoted UFOPO and is computed by 

UFOPO = USF1P0*UW1P0 + USF2P0*UW2P0 + ... + USFnPO*UWnPO 

where n is the total number of Utilization of Resources 

figures of merit and 

USFiPO = USiPO(IFiPO(BSD)) for i = 1 to n. 

3.5.2 Lower, Upper, Baseline, and Scoring Parameters 

In this section the following naming convention for 

variables is used. 

UBiPO Baseline value for th i-th figure of merit. 

UFiPO The i-th Utilization of Resources figure of 

merit. 

ULTHiPO Lower threshold for the i-th figure of merit. 

USFiPO Score for the i-th figure of merit. 
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USiPO Scoring function for the i-th figure of 

merit. 

USLiPO Slope for the i-th figure of merit. 

UUTHiPO Upper threshold for the i-th figure of merit. 

UWiPO Weight of the i-th figure of merit. 

SSF Standard scoring function. 

1) Acquisition time 

USIPO = SSF1(ULTH1P0,UB1P0,USLIPO,IJS++) 

ULTH1P0 = -1 

UB1P0 = 0 

UUTHIPO = NND 

USLIPO = 1 

2) Acquisition cost 

US2P0 = SSF3(ULTH2P0,UB2P0,UUTH2P0,USL2P0,RLS) 

ULTH2P0 = 0 

UB2P0 =0.5 

UUTH2P0 = 1 

USL2P0 = 2 



2.1) Cost Quantity One 

US2.1P0 = SSF7(ULTH2.IPO,UB2.IPO,USL2.IPO,RLS) 

ULTH2.1P0 = 0 

UB2.1P0 = 250 

UUTH2.1P0 = NND 

USL2.1P0 = -0.004 

2.2) Cost Quantity 1,000 

US2.2P0 = SSF7(ULTH2.2P0,UB2.2P0,USL2.2P0,RLS) 

ULTH2.2P0 = 0 

UB2.2P0 = 100 

UUTH2.2P0 = NND 

USL2.2P0 = -0.01 

2.3) Cost Quantity 1,000,000 

US2.3P0 = SSF7(ULTH2.3P0,UB2.3P0,USL2.3P0,RLS) 

ULTH2.3P0 = 0 

UB2.3P0 = 20 

UUTH2.3P0 = NND 

USL2.3P0 = -0.05 
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3.5.3 Weighting Criteria 

On a scale from 1 to 10 the following weights are given to 

each Utilization of Resources figure of merit. The resultant 

weight, UWiPO, is computed by summing all the weights and 

dividing the entry by this total. 

1 to 10 UWiPO 

1) Acquisition time 10 0.5 

2) Acquisition cost 10 0.5 

2.1) Cost Quantity One 3 0.333333 

2.2) Cost Quantity 1,000 3 0.333333 

2.3) Cost Quantity 1,000,000 3 0.333333 
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3.6 TRADEOFF REQUIREMENT 

The Tradeoff requirement is computed by the formula 

TFOPO = TW1P0 * IFXOPO(FSD) + TW2P0 * UFXOPO(FSD) 

where TW1P0 is the weight of the Overall I/O Performance 

Index and TW2P0 is the weight of the overall Utilization of 

Resources Index. IFXOPO(FSD) is the extension of IFOPO from 

the Input/Output cotyledon to the Feasibility cotyledon. 

UFXOPO is the extension of UFOPO from the Technology 

cotyledon to the Feasibility cotyledon. 

TW1P0 =0.5 

TW2P0 =0.5 
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3.7 SYSTEM TEST REQUIREMENT 

3.7.1 Test Plan 

3.7.1.1 Explanation of Test Plan 

The tests will be conducted by the TA's in the SIE 370 lab. 

The tests will be used to determine if the system 

requirements have been met. 

A total of 5 tests lasting two minutes each will be 

conducted on each design. The tests will run the given input 

trajectories with the given starting conditions and must 

match the output trajectories. 

For these tests the term "danger zone" means the area after 

a train activates Si or S3 and before it activates S2 or S4. 

3.7.1.2 Test Trajectory 1 

This will test if train B stops when train A is within the 

danger zone, then restarts when train A leaves the danger 

zone. Start both trains in the safe area of the track, but 

position train A closer to the danger zone. Apply power at 

75% to each train. 
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TZ ITZ OTZ Comment 

0 (0,0,0,0) (1,1) /* both start in safe area */ 

t(l) (1,0,0,0) (1,1) /* SI activated */ 

t (2) (0,0,0,0) (1,1) /* train A in danger zone */ 

t (3) (0,0,1,0) (1,1) /* S3 activated */ 

t (4) (0,0,1,0) (1,0) /* train B stops */ 

t (5) (0,1,1,0) (1,0) /* S2 activated */ 

t(6) (0,0,1,0) (1,1) /* train B starts */ 

t (7) (0,0,0,0) (1,1) /* both trains run */ 

t (8) (0,0,0,1) (1,1) /* S4 activated */ 

t (9) (0,0,0,0) (1,1) /* both trains run */ 

(Test continues for two minutes allowing trains to generate 

their own trajectories.) 

The time t(i) is determined at test with for all the above 

time elements t(i+l)>t(i). 

3.7.1.3 Test Trajectory 2 

This will test if train A stops when train B is within the 

danger zone, then restarts when train B leaves the danger 

zone. Start both trains in the safe area of the track, but 



129 

position train B closer to the danger zone. Apply power at 

75% to each train. 

TZ ITZ OTZ Comment 

0 (0,0,0,0) (1,1) /* both start in safe area */ 

t(l) (0,0,1,0) (1,1) /* S3 activated */ 

t (2) (0,0,0,0) (1,1) /* train B in danger zone */ 

t (3) (1,0,0,0) (1,1) /* SI activated */ 

t (4) (1,0,0,0) (0,1) /* train A stops */ 

t (5) (1,0,0,1) (0,1) /* S4 activated */ 

t(6) (1,0,0,0) (1,1) /* train A starts */ 

t (7) (0,0,0,0) (1,1) /* both trains run */ 

t (8) (0,1,0,0) (1,1) /* S2 activated */ 

t (9) (0,0,0,0) (1,1) /* both trains run */ 

(Test continues for two minutes allowing the trains to 

generate their own trajectories.) 

The time t(i) is determined at test with for all the above 

time elements t(i+l)>t(i). 
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3.7.1.4 Test Trajectory 3 

This test will determine what happens when both of the above 

tests are run together. This is done by starting both trains 

in the safe area but position train A closer to the danger 

zone so it will enter the danger zone first. Apply power to 

train A at 25% and train B at 75%. 

TZ ITZ OTZ Comment 

0 (0,0,0,0) (1,1) /* both start in safe area */ 

t(l) (1,0,0,0) (1,1) /* SI activated */ 

t (2) (0,0,0,0) (1,1) /* train A in danger zone */ 

t (3) (0,0,1,0) (1,1) /* S3 activated */ 

t (4) (0,0,1,0) (1,0) /* train B stops */ 

t (5) (0,1,1,0) (1,0) /* S2 activated */ 

t (6) (0,0,1,0) (1,1) /* train B starts */ 

t (7) (0,0,0,0) (1,1) /* both trains run */ 

t (8) (0,0,0,1) (1,1) /* S4 activated */ 

t (9) (0,0,0,0) (1,1) /* both trains run */ 

t(10) (0,0,0,0) (1,1) /* both trains in safe area */ 

t(ll) (0,0,1,0) (1,1) /* S3 activated */ 

t (12) (0,0,0,0) (1,1) /* train B in danger zone */ 

t (13) (1,0,0,0) (1,1) /* SI activated */ 

t (14) (1,0,0,0) (0,1) /* train A stops */ 

t (15) (1,0,0,1) (0,1) /* S4 activated */ 
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t(16) (1,0,0,0) (1,1) /* train A starts */ 

t(17) (0,0,0,0) (1,1) /* both trains run */ 

t(18) (0,1,0,0) (1,1) /* S2 activated */ 

t(19) (0,0,0,0) (1,1) /* both trains run */ 

(Test continues for two minutes allowing trains to generate 

their own trajectories.) 

The time t(i) is determined at test with for all the above 

time elements t(i+l)>t(i). 

3.7.1.5 Test Trajectory 4 

This test will determine what happens when both of the above 

tests are run together. This is done by starting both trains 

in the safe area but position train B closer to the danger 

zone so it will enter the danger zone first. Apply power to 

train B at 25% and train A at 75%. 

TZ ITZ OTZ Comment 

0 (0,0,0,0) (1,1) /* both trains in safe area */ 

t(l) (0,0,1,0) (1,1) /* S3 activated */ 

t(2) (0,0,0,0) (1,1) /* train B in danger zone */ 

t(3) (1,0,0,0) (1,1) /* SI activated */ 
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t (4) 

o
 
o
 

o
 

H
 (0,1) /* train A stops */ 

t (5) 

H
 

O
 

o
 
H
 (0,1) /* S4 activated */ 

t (6) 

O
 

O
 

o
 
H
 ( i , D  /* train A starts */ 

t (7) 

o
 

O
 

o
 * 

o
 ( i , D  /* both trains run */ 

t (8) (0,1,0,0) ( i , i )  /* S2 activated */ 

t (9) 

o
 

o
 
o
 

o
 ( i , D  /* both trains run */ 

t(10) o
 

o
 
o
 

o
 

( i , D  /* both trains in safe area */ 

t(ll) 

o
 
o
 
o
 

H
 ( i , i )  /* SI activated */ 

t (12) 

o
 

o
 

o
 
o
 ( i , i )  /* train A in danger zone */ 

t (13) 

o
 

rH O
 

O
 ( i , i )  /* S3 activated */ 

t (14) (0,0,1,0) (1,0) /* train B stops */ 

t (15) (0,1,1,0) (1,0) /* S2 activated */ 

t (16) 

O
 

i—
1 o
 
o
 ( i , D  /* train B starts */ 

t (17) 

o
 
o
 

o
 

o
 ( i , i )  /* both trains run */ 

t (18) 

1—1 o
 
o
 

o
 ( i , i )  /* S4 activated */ 

t(19) 

o
 
o
 

o
 

o
 ( i , i )  /* both trains run */ 

(Test continues for two minutes allowing trains to generate 

their own trajectories.) 

The time t(i) is determined at test with for all the above 

time elements t(i+l)>t(i). 
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3.7.1.6 Test Trajectory 5 

This will test what happens when both trains enter the 

danger zone simultaneously. This test will have to be 

conducted on the functional model rather than a physical 

model and the results determined by simulation. 

TZ ITZ OTZ Comment 

0 (0,0,0,0) (1,1) /* both start in safe area */ 

t(l) (1,0,1,0) (1,1) /* SI & S3 activated */ 

t (2) (0,0,1,0) (1,0) /* train B stop,train A danger*/ 

t (3) (0,0,1,0) (1,0) /* train A in danger zone */ 

t (4) (0,1,1,0) (1,0) /* S2 activated */ 

t (5) (0,0,1,0) (1,1) /* Both trains go */ 

t (6) (0,0,0,0) (1,1) /* train B in danger zone */ 

t (7) (0,0,0,1) (1,1) /* S4 activated */ 

t (8) (0,0,0,0) (1,1) /* both trains run */ 

(Test continues for two minutes allowing trains to generate 

their own trajectories.) 

The time t(i) is determined at test with for all the above 

time elements t(i+l)>t(i). 
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1) Number of Collisions 

This figure of merit will be observed visually by the TA 

during the test period. Every collision between the trains 

is noted. If the TA observes irregular operation of the 

trains, the track, or the detectors that result in a 

collision then the test results will be voided and the test 

repeated. 

2) Trips by train A 

This figure of merit will be observed visually by the TA 

during the test period. Every complete lap by train A is 

noted. If the TA observes irregular operation of the trains, 

the track, or the detectors that result in fewer trips for 

train A, then the test results will be voided and the test 

repeated. 

3) Trips for train B 

This figure of merit will be observed visually by the TA 

during the test period. Every complete lap by train B is 

noted. If the TA observes irregular operation of the trains, 
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the track, or the detectors that result in fewer trips for 

train B, then the test results will be voided and the test 

repeated. 

4) Spurious stops by A 

This figure of merit will be observed visually by the TA 

during the test period. Every stop by train A that was not 

needed to avoid a collision is noted. If the TA observes 

irregular operation of the trains, the track, or the 

detectors that result in a spurious stop by train A, then 

the test results will be voided and the test repeated. 

5) Spurious stops by B 

The figure of merit will be observed visually by the TA 

during the test period. Every stop by train B that was not 

needed to avoid a collision is noted. If the TA observes 

irregular operation of the trains, the track, or the 

detectors that result in a spurious stop by train B, then 

the test results will be voided and the test repeated. 
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6) Availability 

The figure of merit will be observed visually by the TA at 

the beginning of the test. If the system initially works 

properly by giving obvious signs that it takes input from 

the detectors and sends outputs to the train controllers 

then the system will be available and a figure of merit of 1 

is recorded. If not a figure of merit of 0 is recorded. 

7) Reliability 

The figure of merit will be observed by the TA throughout 

the entire length of the test. If the system works properly 

by giving obvious signs that it takes input from the 

detectors and sends output to the train controllers and the 

system does not lose control of the outputs throughout the 

test then the system will be reliable and a figure of merit 

of 1 is recorded. If not then a figure of merit of 0 is 

recorded. 
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1) Acquisition time 

This figure of merit is observed by the instructor. The 

number of days the project is completed before the due date 

is recorded as the figure of merit. The minimum is -1. This 

implies that the project was completed 1 day late. 

2) Acquisition cost 

This figure of merit is computed based on the results of the 

next 3 figures of merit using the equation 

UF2P0(BSDi) = UW3P0 * US3P0(UF3P0(BSDi)) + 

UW4P0 * US4P0(UF4P0(BSDi)) + 

UW5P0 * US5P0(UF5P0(BSDi)) 

where BSDi is the Buildable System Design for concept i. 

2.1) Cost Quantity One 

This figure of merit is observed by the instructor based on 

an estimation of the cost of producing one of each product 

created in document 7. These estimations are made by the 
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student and if judged reasonable by the instructor, based on 

past estimates, it will be used as the figure of merit. If 

not judged reasonable then the instructor will record what 

is considered reasonable. If no estimates are submitted then 

a figure of merit resulting in a score of 0 is recorded. 

2.2) Cost Quantity 1,000 

This figure of merit is observed by the instructor based on 

an estimation of the cost of producing each product created 

in document 7 in quantities of one thousand. These estimates 

are made by the student and if judged reasonable by the 

instructor, based on past estimates, it will be used as the 

figure of merit. If the estimates are not judged reasonable 

then the instructor will record what is considered 

reasonable. If no estimates are submitted then the 

instructor will record a figure of merit resulting in a 

score of 0. 

2.3) Cost Quantity 1,000,000 

This figure of merit is observed by the instructor based on 

an estimation of the cost of producing each product created 

in document 7 in quantities of one million. These 

estimations are made by the student and if judged reasonable 
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by the instructor, based on past estimates, it will be used 

as the figure of merit. If the estimates are not judged 

reasonable then the instructor will record what is 

reasonable. If no estimates are submitted then a figure of 

merit is entered which will result in a score of 0. 

3.8 RATIONALE FOR OPERATIONAL NEED 

Data for this section was provided by Dr. Bahill and the SIE 

650 class. 

3.9 EXHIBITS 

3.9.1 List of available components in the SIE 370 lab. 

3.9.2 Hints for the hardware controller. 

3.9.3 Hints for the software controller. 
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Exhibit 3.9.1 List of available components in the SIE 370 

lab. 
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Exhibit 3.9.1 List of available components in the SIE 370 

lab. (page 2) 
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Exhibit 3.9.2 Hints for the hardware controller. 

142 

What else do you want to put on your protoboards? You might 

consider a set of DIP switches and a couple of LEDs to serve 

as the four inputs and two outputs while testing and 

debugging your circuit. You might also consider provision 

for a manual clock (for debugging) and an electronic clock. 

Manual Clock 

When the contacts to a switch are closed they bounce several 

times. The output looks like figure 1. This output may be 

undesirable for a sequential circuit, so you should either 

(1) design your state machine to accommodate bouncing 

sensors that produce consecutive pulses, or (2) debounce the 

switches. Figure 2 shows a simple circuit to debounce the 

output of a switch. Note that these switches are different 

from those used in Laboratory 1. You will use this switch 

for the clock only, since they are bulky and we don't have a 

lot of them. The other inputs will settle out before you 

clock them in. Do not force the pins of this switch into the 

protoboard. It will ruin the protoboard. 
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Exhibit 3.9.2 Hints for the hardware controller (cont). 

An Oscillator as a Clock 

After you have checked out the circuit using the debounced 

switch as a clock, you will use a 555 oscillator to generate 

a clock for your circuit. By adjusting the values of 

capacitors and resistors tied to the 555, you may adjust the 

oscillator frequency. See Figure 3. For your circuit 10 Hz 

is the suggested clock rate. The equations are frequency = 

1.44 / (RA+2BR)*C and duty cycle = RB/(RA+2RB). See the 

table in Figure 3 to calculate the values you need. Let 

RA=RB. Convenient values are RA = Rb = 1 MegaOhm, C = 0.1 

microFarad. 

Grounds 

If a system has several power supplies, their grounds must 

be connected. For example, if your protoboard has a power 

supply and our train board has another, it will not work if 

you only string one wire between the circuits. 
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3.9.3 Hints for assembly language programming. 
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The software train controller involves interfacing a 

computer to the real world. To make the job easier an LSI 

chip is included on the ECB which is addressed by the 68000 

and has input and output connections on the edge of the 

circuit board. The LSI chip is the 68230 which has a large 

number of registers which allow it to be programmed to carry 

out many different functions including interfacing to other 

computers such as other ECBs, controlling trains, and 

keeping track of time. For this lab you will have to use 5 

of the 23 registers. All of the registers act like memory 

locations with specific addresses. The trains are connected 

to 6 bits in Port B of the 68230. The sensors S1-S4 are 

connected to bits 1-4, the power to track A is connected to 

bit 5 and the power to track B is connected to bit 6. 

The first register is the General Control Register and is at 

0x10001. You must write a 0 into this register to tell the 

68230 that you want to use port B for input and output. The 

second register is the Port Service Request Register and is 

at 0x10003. You must write a 0 to this register to tell the 

68230 that you are not interested in any sort of interrupts. 

The third register is the Port B Control Register and is at 
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3.9.3 Hints for assembly language programming (continued). 

OxlOOOf. You must write a 0x80 into this register to tell 

the 68230 that you want to use Port B for input and output. 

The fourth register is the Port B Data Direction Register 

and is at 0x10007. You must write a 0x60 to tell the 68230 

that bits 5 and 6 are to be used as outputs and all other 

bits are inputs. 

Once the registers are programmed, the port B register at 

0x100013 can be read and written to check the sensors and 

turn on and off the trains. A train at any of the 4 sensors 

will be seen as a 1 in the corresponding bit of the Port B 

Data Register. Writing a 1 into bits 5 or 6 will turn on the 

corresponding train and writing a 0 to bits 5 or 6 will turn 

off the corresponding train. 

This is an example of the code needed to initialize the 

68230 at the start of your program: 

lea 0x10000, %a0 

mov.b &0,l(%a0) 

mov.b &0,3(%a0) 

mov.b &0x80,15(%a0) 

mov.b &0x60,7(%a0) 
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3.9.3 Hints for assembly language programming (continued). 

Then to control the trains: 

lea 0x10013,%a0 

bset &5,(%a0) 

bclr &6,(%a0) 

Writing Assembly Language for the ECBs 

1. Login as "student" on an AT&T 7300 UNIX PC. 

2. Use "cd" to Change Directory to sie370. 

3. Make your assembly language source program file using 

the vi editor. The file must have a .s suffix; for 

example MyProg.s. 

3a. The source program lines have 3 parts, a label, an 

opcode, and a comment. The label starts in the first 

column of a line and is followed by a colon. Following a 

label is an opcode. At the end of the line can be a 

comment. It should be preceded by a semi-colon. Good 

style dictates writing each line like the following: 

org 0x100 ; tells assembler where to store program 

a: mov %d0,%dl ; a move statement 

bra a ; a branch to a line with a label 
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3.9.3 Hints for assembly language programming (continued). 

Note how tabs are used to line up the different fields for 

easy reading and the extra blank added between sections of 

the program. 

3b. There are a few syntax differences between the assembler 

on the AT&T 7300 UNIX PCs and the simple assembler on 

the ECBs. The following table lists the differences and 

has examples: 

Text: 

ECB UNIX PC EXAMPLE 

all upper case all lower case 

Immediate Data: # 

Hex Indicator $ 

Register Names A or D 

Move Command 

Labels 

MOVE 

B 

Ox 

%a or %d 

mov 

b: and b 

Data DC. W byte 

BTST #1,$10013 

btst &1,0x10013 

see above 

LEA $10001,AO 

lea 0x10001,%a0 

MOVE.B #0,(A)) 

mov.b &0,(%a0) 

B: MOVE ... 

b: mov ... 

BRA B 

bra b 

DC.W $0D0A 
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3.9.3 Hints for assembly language programming (continued). 

OxOd, OxOa 

DC.W $4845 

byte 'H,'E 

3c. When using the assembler on the UNIX PC you should let 

it do the work for finding addresses rather than doing 

it yourself. This is why assemblers were invented. Any 

line of a program can have a label, including byte 

statements,therefore you NEVER need to figure out where 

something will be stored. Just put a label on that line 

and use the label instead of the address. Also note that 

the byte command is much more powerful than the DC.W 

command. You can place whole strings of text in memory 

with 1 command using the byte command, and you don't 

have to translate to ascii hex codes. 

4. Assemble the program. Use the "AssembleECB" command. 

Remember, case of the commands is important. To assemble 

MyProg.s type "AssembleECB MyProg". The assemble process 

actually uses 3 programs to make 3 new files from your 

program. First the program "as" is used for example "as -o 

MyProg.o MyProgr.s". The resulting MyProg.o file is called 

the relocating object code. Next, the program 
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3.9.3 Hints for assembly language programming (continued). 

"Id" is used to link the program. The command is "Id -os 

MyProg MyProg.o". This process makes the executable 

file. Finally the executable file is converted to a form 

the ECB can understand. The program s_rec is used in the 

command "s_rec MyProg > MyProg.x". 

5. Save your program to a floppy disk (standard 5 1/4"). 

First format the disk with the command "FormatFloppy". 

This will take several minutes. After the formatting is 

complete, copy your programs to the floppy with the 

program WriteFloppy with the command "WriteFLoppy MyProg 

MyProg.*". You CANNOT write one file after another on 

the floppy. The floppy can be thought of as a tape that 

always starts at the beginning. If you write a second 

time to the floppy, it writes over the first time. You 

can write as many files as necessary to the floppy in 

one WriteFloppy command. You see the files on the floppy 

with the DirFloppy command. 

6. You are now ready to try running your program on the 

ECB. You will use the UNIX PC as the terminal to the ECB. 

You do this by using the program "cu" for Connect 
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3.9.3 Hints for assembly language programming (continued). 

Unix. The command is "cu -1 /dev/ttyOOO". Hitting return 

after the connected message should bring a TUTOR prompt. 

7. Download the program from the UNIX PC to the ECB. You 

will tell the ECB to get ready to receive the program 

then tell the UNIX PC to send it. Once you hit return 

for the ECB command, you have about 10 seconds to tell 

the UNIX PC to start sending, so read the commands 

through and find the keys in advance. 

7a. Tell the ECB to get ready to receive the program with 

the command "L01 ;X-C", remember case and spacing is 

important and that is an "oh", not a zero. 

7b. Send the program from the UNIX PC with the command 

"~$send MyProg.x", but substitute your program name for 

MyProg and don't forget the .x. You will see lines of 

numbers and such on the screen. Everything is going fine 

unless you keep seeing the TUTOR prompt. If you see the 

TUTOR prompt after every line, wait till the download 

stops and try again from the LOl ;X-C command. 

8. Run the program. Type the command "GO 1000" or the 

address where your program is located. 
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3.9.4 Examples of Standard Scoring Functions 
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DOCUMENT 4 - SYSTEM REQUIREMENTS VALIDATION 

Friday, February 9, 1990 

In the System Requirements Validation document we: 

1) examine the mathematical description of the 

input/output requirements presented in document 3 

to check for consistency, 

2) demonstrate that a real world solution can be 

built, and 

3) show that a real world solution can be tested to 

prove that it satisfies the Input/Output and 

Functional requirements. 

If the client has requested a perpetual motion machine, or a 

system that reduces entropy, this is the place to stop the 

project and save the money. 
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4.1 INPUT/OUTPUT AND FUNCTIONAL DESIGN 

4.1.1 Terminology Used 

Z = (SZ, IZ, OZ, NZ, RZ) 

where Z is the system model of an I/O functional design, 

SZ represent the states of the system, 

IZ represents the inputs to the system, 

OZ represents the outputs of the problem, 

NZ represents the next state function, and 

RZ represents the readout function. 

4.1.2 States 

There are three elements in the set of states: 

1) both trains are in a safe zone (SAFE), 

2) train A is in the intersection and train B is in 

the safe zone (AinBout), and 

3) train B is in the intersection and train A is 

outside of it (BinAout). 

SZ = {SAFE,AinBout,BinAout} 
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4.1.3 Inputs 

There are four input ports to our system representing the 

four location detectors. 

IZ = I1Z X I2Z X I3Z X I4Z 

where 

I1Z = {0,1} /* Input Port 1 represents Switch 1 */ 

/* Train A not present = 0, present =1 */ 

I2Z = {0,1} /* Input Port 2 represents Switch 2 */ 

/* Train B not present = 0, present =1 */ 

I3Z = {0,1} /* Input port 3 represents Switch 3 */ 

/* Train A not present = 0, present =1 */ 

I4Z = {0,1} /* Input port 4 represents Switch 4 */ 

/* Train B not present = 0, present =1 */ 

4.1.4 Outputs 

There are two output ports representing the power to both 

trains. 

OZ = 01Z X 02Z 
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where 

01Z = {0, 1} /* Output port 1, 01Z, represents power to */ 

/* train A. */ 

/* Power to A OFF = o, ON = 1 */ 

02Z = {0, 1} /* Output port 2, 02 Z, represents power to */ 

/* train B. */ 

/* Power to B OFF = o, ON = 1 */ 

4.1.5 Next State Function 

The next state function specifies the next state of the 

system given the present state and the present inputs. It is 

arranged as {((statel,input),nextstatel), 

((state2,input),nextstate2), ...} for every possible 

combination of starting state and input. For the train 

controller we have: 

NZ = {(SAFE,(1,0,0,0),AinBout), 

(SAFE,(0,0,1,0),BinAout), 

(SAFE,(1,0,1,0),AinBout), 

(AinBout,(0,1,0,0),SAFE), 

(BinAout,(0,0,0,1),SAFE)) .U. 

{((SAFE,p),SAFE): p .E. IZ; 

p .NE. {(0,0,0,0),(0,0,1,0),(1,0,1,0)}) .U. 
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{((AinBout,p),AinBout): p .E. IZ; 

p <> {(0,1,0,0)}} .u. 

{((BinAout,p),BinAout): p .E. IZ; 

p <> {(0,0,0,1)}} 

4.1.6 Readout Function 

The Readout function specifies the values of the 

each state. Its form is RZ = {(statel,outputl), 

(state2,output2), ...}. For the train controller 

becomes: 

RZ = {(SAFE,(1,1)),(AinBout,(1,0)),(BinAout,(0,1))} 

NOTE: The requirements state that power must be ON to one of 

the trains at all time, therefore output of (0,0) is not 

allowed. 

4.2 A FEASIBLE SYSTEM DESIGN 

A software system can be designed to emulate the functional 

design. This software system would then interface to the 

train controllers via the Motorola 68000 controller 

mentioned in the System Requirements document. 

outputs for 

this 
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4.3 A REAL SYSTEM 

This system has been implemented by 300 students in the last 

5 years with many solutions that meet the acceptance 

criteria. Therefore, it is reasonable to expect that the 

system can be implemented again. 

4.4 EXHIBITS 

Exhibit 4.4.1 State diagram of a model of a functional 

system design. 
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4.4.1 State diagram of a functional system design. 

1)0,0)0 

Ojl 



DOCUMENT 5 - CONCEPT EXPLORATION 
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Friday, February 9, 1990 

Systems engineering document 5 is the Concept Exploration 

document., It studies several different system designs via 

estimation, simulation and/or prototype synthesis. Figures 

of merit are used to recommend the best design concept. This 

document will be rewritten many times as more information 

becomes available. 

5.1 SYSTEM DESIGN CONCEPTS 

5.1.1 System Design Concept 1 

5.1.1.1 Explanation of System Design Concept 1 

Concept 1 will implement the functional design using a 

hardware protoboard as described in systems engineering 

document 3 - System Requirements. The board will have 8 pins 

on the edge to input the train location and output the 

power. They will be in the order of Si, S2, S3, S4, GND, 

GND, PA, PB which corresponds to pins 1 through 8 on the 

protoboard, respectively. 
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The functions will be implemented using TTL components 

available in the SIE 370 lab. Boards will be handwired then 

delivered to the TA in the lab for testing. 

5.1.1.2 Model of System Design Concept 1 

5.1.1.2.1 Terminology Used 

Z1 = (SZ1, IZ1, 0Z1, NZ1, RZ1) 

where Z1 is the model of I/O functional design Concept 1, 

SZ1 represent the states of the system, 

IZ1 represents the inputs to the system, 

0Z1 represents the outputs of the problem, 

NZ1 represents the next state function, and 

RZl is the readout function. 

5.1.1.2.2 States 

SZ1 = {SAFE, AinBout, BinAout} 
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5.1.1.2.3 Inputs 

IZ1 = I1Z1 X I2Z1 X I3Z1 X I4Z1 

I1Z1 = {0, 1) /* where 1 indicates SI activated */ 

I2Z1 = {0, 1} /* where 1 indicates S2 activated */ 

I3Z1 = {0, 1} /* where 1 indicates S3 activated */ 

I4Z1 = {0, 1} /* where 1 indicates S4 activated */ 

5.1.1.2.4 Outputs 

OZ1 = 01Z1 X 02Z1 

OlZl = {0,1} /* where 1 indicates power ON to train A */ 

02Z1 = {0,1} /* where 1 indicates power ON to train B */ 

5.1.1.2.5 Next State Function 

NZ1 = {(SAFE,(1,0,0,0),AinBout), 

(SAFE,(0,0,1,0),BinAout), 

(SAFE,(1,0,1,0),AinBout), 

(AinBout,(0,1,0,0),SAFE), 

(BinAout,(0,0,0,1),SAFE)} .U. 

{((SAFE,p),SAFE): p .E. IZ; 

p .NE. {(0,0,0,0),(0,0,1,0),(1,0,1,0)}} .U. 
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{((AinBout,p),AinBout): p .E. IZ; 

p <> {(0,1,0,0)}} .u. 

{((BinAout,p),BinAout): p .E. IZ; 

p <> {(0,0,0,1)}} 

5.1.1.2.6 Readout Function 

RZ1 = {(SAFE,(1,1)), 

(AinBout,(1,0)), 

(BinAout,(0,1))) 

5.1.2 System Design Concept 2 

5.1.2.1 Explanation of System Design Concept 2 

System design concept 2 is to use an assembly language 

program to control the trains. The program will interface to 

the outside world via a parallel port on the back of the 

Motorola 68000 controller available in the lab. The program 

will be initially written on one of the UNIX personal 

computer systems in the lab. When properly debugged the 

program will be downloaded into the Motorola controller. 
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5.1.2.2.1 Terminology Used 

Z2 = (SZ2, IZ2, OZ2, NZ2, RZ2) 

where Z2 is the model of I/O functional design Concept 2, 

SZ2 represent the states of the system, 

IZ2 represents the inputs to the system, 

OZ2 represents the outputs of the problem, 

NZ2 represents the next state function, and 

RZ2 is the readout function. 

Concept 2 is functionally identical to concept 1. The only 

difference is concept 2 is referred to as Z2 instead of Zl. 

5.1.3.1 Explanation of System Design Concept 3 

Concept 3 is to write a computer program in a high level 

computer language. The code will be written in Pascal on one 

of the lab's personal computers. After the code is compiled 

a cross assembler will be used to create an executable 

version that can be downloaded into the Motorola controller. 

The controller will interface to the inputs and outputs via 

a parallel port. 
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5.1.3.2.1 Terminology Used 

Z3 = (SZ3, IZ3, 0Z3, NZ3, RZ3) 

where Z3 is the model of I/O functional design Concept 3, 

SZ3 represent the states of the system, 

IZ3 represents the inputs to the system, 

0Z3 represents the outputs of the problem, 

NZ3 represents the next state function, and 

RZ3 is the readout function. 

Concept 3 is functionally identical to concept 1. The only 

difference is it is referred to as Z3 instead of Zl. 
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5.2 FIGURES OF MERIT 

The figures of merit are calculated using the Test Plan 

described in document 3. The values obtained for these 

figures of merit are entered here then the scores are 

computed using the standard scoring function also defined in 

document 3. The formulas 

IFOPO(FSDi) = IW1P0 * ISF1P0 + ... + IWmPO * ISFmPO 

UFOPO(FSDi) = UW1P0 * USF1P0 + ... + UWnPO * USFnPO 

are used to compute the Overall figures of merit for each 

design where m is the number of Input/Output Performance 

figures of merit and n is the number of Utilization of 

Resources figures of merit and 

ISF1P0 = IS1P0(IFX1P0(FSDi)) 

USF1P0 = US1P0(UFX1P0(FSDi)) 

where i is the concept design number. 

The following tables show the estimates given for the 

figures of merit. The column titled IFXiPO (where i is the 

figure of merit number) is the figure of merit measured per 

the test plan. The column labeled ISFiPO is the calculated 
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score after entering the figure of merit into the standard 

scoring function defined in document 3. The column IWiPO is 

the weight factor given in document 3 for the respective 

figure of merit. The overall scores, IFOPO and UFOPO, are 

determined from the weights and scores. 

Three different methods of determining the figures of merit 

are given. They are Estimation, Simulation, and Prototype. 

These methods reflect the different amounts of data 

available for determining figures of merit throughout the 

initial design. The Estimation values are based on estimates 

the systems engineer makes using experience and historical 

data. The Simulation data is obtained through models built 

to simulate the prototype. The Prototype data is measured 

based on actual measurements of data on a working prototype. 
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5.2.1.1 Estimation Figures of Merit for Concept 1 

I/O FIGURES OF MERIT 

REQUIREMENTS IFXiPO(FSD1) ISFiPO(FSD1) IWiPl 

1) Number of Collisions 0 1 0.258065 

2) Trips by train A 7 0.832 0.225806 

3) Trips for train B 5 0.5 0.225806 

4) Spurious stops by A 0 1 0.096774 

5) Spurious stops by B 1 0.5 0.096774 

6) Availability 1 1 0.064516 

7) Reliability 1 1 0.032258 

IF0P0(FSD1) = 0.801 

U/R FIGURES OF MERIT 

REQUIREMENTS UFXiPO(FSD1) USFiPO(FSD1) UWiPl 

1) Acquisition time 2 1 0.5 

2) Acquisition cost 0.895 0.978 0.5 

2.1) Cost Quantity One 44 0.983 0. 333333 

2.2) Cost Quantity 1, 000 25 0.97 0.333333 

2.3) Cost Quantity 1, 000 ,000 15 0.732 0.333333 

UF0P0(FSD1) = 0.989 
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I/O FIGURES OF MERIT 

REQUIREMENTS IFXiPO(FSD1) ISFiPO(FSD1) IWiPl 

1) Number of Collisions 0 1 0. 258065 

2) Trips by train A 8 0.917 0. 225806 

3) Trips for train B 8 0.917 0. 225806 

4) Spurious stops by A 0 1 0. 096774 

5) Spurious stops by B 0 1 0. 096774 

6) Availability 1 1 0. 064516 

7) Reliability 1 1 0. 032258 

IFOPO(FSD1) = 0.963 

U/R FIGURES OF MERIT 

REQUIREMENTS UFXiPO(FSDl) USFiPO(FSD1) UWiPl 

1) Acquisition time 0 0.5 0.5 

2) Acquisition cost 0.895 0.978 0.5 

2. 1) Cost Quantity One 44 0.983 0.333333 

2. 2) Cost Quantity 1,000 25 0.97 0.333333 

2. 3) Cost Quantity 1,000,000 15 0.732 0.333333 

UF0P0(FSD1) = 0.739 
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5.2.1.3 Prototype Figures of Merit for Concept 1 

I/O FIGURES OF MERIT 

REQUIREMENTS IFXiPO(FSDl) ISFiPO(FSDl) IWiPl 

1) Number of Collisions 0 1 0.258065 

2) Trips by train A 8 0. 917 0.225806 

3) Trips for train B 8 0. 917 0.225806 

4) Spurious stops by A 1 0. 5 0.096774 

5) Spurious stops by B 1 1 0.096774 

6) Availability 1 1 0.064516 

7) Reliability 1 1 0.032258 

IF0P0(FSD1) = 0.914 

U/R FIGURES OF MERIT 

REQUIREMENTS UFXiPO(FSDl) USFiPO(FSD1) UWiPl 

1) Acquisition time 0 0.5 0.5 

2) Acquisition cost 0.895 0.978 0.5 

2. 1) Cost Quantity One 44 0.983 0.333333 

2. 2) Cost Quantity 1,000 25 0.97 0.333333 

2. 3) Cost Quantity 1,000,000 15 0.732 0.333333 

UFOPO(FSD1) = 0.739 
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5.2.2.1 Estimation Figures of Merit for Concept 2 

I/O FIGURES OF MERIT 

REQUIREMENTS 

1) Number of Collisions 

2) Trips by train A 

3) Trips for train B 

4) Spurious stops by A 

5) Spurious stops by B 

6) Availability 

7) Reliability 

IFOPO(FSD2) = 0.963 

IFXiPO(FSD2) ISFiPO(FSD2) IWiP2 

0 

8 

8 

0 

0 

1 

1 

1 

0.917 

0.917 

1 

1 

1 

1 

0.258065 

0. 225806 

0.225806 

0.096774 

0.096774 

0.064516 

0.032258 

U/R FIGURES OF MERIT 

REQUIREMENTS UFXiP0(FSD2) USFiP0(FSD2) UWiP2 

1) Acquisition time 5 1 0.5 

2) Acquisition cost 0.013 0.001 0.5 

2.1) Cost Quantity One 450 0.039 0.333333 

2.2) Cost Quantity 1,000 350 0 0.333333 

2.3) Cost Quantity 1,000,000 200 0 0.333333 

UF0P0(FSD2) =0.5 
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I/O FIGURES OF MERIT 

REQUIREMENTS IFXiPO(FSD2) ISFiPO(FSD2) IWiP2 

1) Number of Collisions 0 1 0.258065 

2) Trips by train A 8 0.917 0.225806 

3) Trips for train B 8 0.917 0.225806 

4) Spurious stops by A 0 1 0.096774 

5) Spurious stops by B 0 1 0.096774 

6) Availability 1 1 0.064516 

7) Reliability 1 1 0.032258 

IFOPO(FSD2) = 0.963 

U/R FIGURES OF MERIT 

REQUIREMENTS UFXiPO(FSD2) USFiPO(FSD2) UWiP2 

1) Acquisition time 0 0.5 0.5 

2) Acquisition cost 0.13 0.001 0.5 

2. 1) Cost Quantity One 450 0. 039 0.333333 

2. 2) Cost Quantity 1,000 350 0 0.333333 

2. 3) Cost Quantity 1,000,000 200 0 0.333333 

UFOPO(FSD2) = 0.251 
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5.2.2.3 Prototype Figures of Merit for Concept 2 

I/O FIGURES OF MERIT 

REQUIREMENTS IFXiP0(FSD2) ISFiP0(FSD2) IWiP2 

1) Number of Collisions 0 1 0.258065 

2) Trips by train A 9 0.961 0.225806 

3) Trips for train B 10 0.982 0.225806 

4) Spurious stops by A 0 1 0.096774 

5) Spurious stops by B 0 1 0.096774 

6) Availability 1 1 0.064516 

7) Reliability 1 1 0.032258 

IFOPO(FSD2) = 0.987 

U/R FIGURES OF MERIT 

REQUIREMENTS UFXiP0(FSD2) USFiP0(FSD2) UWiP2 

1) Acquisition time 5 1 0. 5 

2) Acquisition cost 0.013 0.001 0. 5 

2.1) Cost Quantity One 450 0.039 0. 333333 

2.2) Cost Quantity 1,000 350 0 0. 333333 

2.3) Cost Quantity 1,000,000 200 0 0. 333333 

UF0P0(FSD2) =0.5 



176 

5.2.3 Figures of Merit for Concept 3 

5.2.3.1 Estimation Figures of Merit for Concept 3 

I/O FIGURES OF MERIT 

REQUIREMENTS IFXiP0(FSD3) ISFiPO(FSD3) IWiP3 

1) Number of Collisions 0 1 0.258065 

2) Trips by train A 8 0.917 0.225806 

3) Trips for train B 8 0.917 0.225806 

4) Spurious stops by A 0 1 0.096774 

5) Spurious stops by B 0 1 0.096774 

6) Availability 1 1 0.064516 

7) Reliability 1 1 0.032258 

IFOPO(FSD3) = 0.963 

U/R FIGURES OF MERIT 

REQUIREMENTS UFXiP0(FSD3) USFiP0(FSD3) UWiP3 

1) Acquisition time 5 1 0.5 

2) Acquisition cost 0.013 0.001 0.5 

2.1) Cost Quantity One 450 0.039 0.333333 

2.2) Cost Quantity 1,000 350 0 0.333333 

2.3) Cost Quantity 1,000,000 200 0 0.333333 

UF0P0(FSD3) =0.5 
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5.2.3.2 Simulation Figures of Merit for Concept 3 

I/O FIGURES OF MERIT 

REQUIREMENTS IFXiPO(FSD3) ISFiPO(FSD3) IWiP3 

1) Number of Collisions 0 1 0.258065 

2) Trips by train A 8 0.917 0.225806 

3) Trips for train B 8 0. 917 0.225806 

4) Spurious stops by A 0 1 0.096774 

5) Spurious stops by B 0 1 0.096774 

6) Availability 1 1 0.064516 

7) Reliability 1 1 0.032258 

IFOPO(FSD3) = 0.963 

U/R FIGURES OF MERIT 

REQUIREMENTS UFXiPO(FSD3) USFiPO(FSD3) UWiP3 

1) Acquisition time 0 0.5 0.5 

2) Acquisition cost 0.013 0.001 0.5 

2.1) Cost Quantity One 450 0.039 0.333333 

2.2) Cost Quantity 1,000 350 0 0.333333 

2.3) Cost Quantity 1,000,000 200 0 0.333333 

UF0P0(FSD3) = 0.251 
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I/O FIGURES OF MERIT 

REQUIREMENTS IFXiP0(FSD3) ISFiP0(FSD3) IWiP3 

1) Number of Collisions 0.258065 

2) Trips by train A 0.225806 

3) Trips for train B 0.225806 

4) Spurious stops by A 0.096774 

5) Spurious stops by B 0.096774 

6) Availability 0.064516 

7) Reliability 0.032258 

IFOPO(FSD3) = 

U/R FIGURES OF MERIT 

REQUIREMENTS UFXiP0(FSD3) USFiP0(FSD3) UWiP3 

1) Acquisition time 0.5 

2) Acquisition cost 0.5 

2.1) Cost Quantity One 0.333333 

2.2) Cost Quantity 1,000 0.33333 3 

2.3) Cost Quantity 1,000,000 0.333333 

UF0P0(FSD3) = 
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5.3 TRADEOFF ANALYSIS 

The Tradeoff Analysis is done to compare the different 

design concepts. After the figures of merit are collected 

and the scores computed the Overall Performance figure of 

merit and the Overall Utilization of Resources figure of 

merit are used to compute the Tradeoff score. The Tradeoff 

scores are used to compare the designs. Tradeoff scores for 

each category of figures of merit are computed. Comparisons 

are made for the Estimation, Simulation and Prototype data. 

5.3.1 Estimation Tradeoff Analysis 

TW1P0 * IFOPO(FSD1) + TW2P0 * UFOPO(FSDl) = TFOPO(FSDl) 

0.5 * 0.801 + 0.5 * 0.989 = 0.895 

TW1P0 * IFOPO(FSD2) + TW2P0 * UF0P0(FSD2) = TF0P0(FSD2) 

0.5 * 0.963 + 0.5 * 0.5 = 0.7315 

TW1P0 * IFOPO(FSD3) + TW2P0 * UF0P0(FSD3) = TF0P0(FSD3) 

0.5 * 0.963 + 0.5 * 0.5 = 0.7315 



5.3.2 Simulation Tradeoff Analysis 
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TW1P0 * IF0P0(FSD1) + TW2P0 * UFOPO(FSDl) = TFOPO(FSDl) 

0.5 * 0.963 + 0.5 * 0.739 = 0.851 

TW1P0 * IFOPO(FSD2) + TW2P0 * UF0P0(FSD2) = TF0P0(FSD2) 

0.5 * 0.963 + 0.5 * 0.251 = 0.607 

TW1P0 * IFOPO(FSD3) + TW2P0 * UF0P0(FSD3) = TF0P0(FSD3) 

0.5 * 0.963 + 0.5 * 0.251 = 0.607 

5.3.3 Prototype Tradeoff Analysis 

TW1P0 * IFOPO(FSD1) + TW2P0 * UFOPO(FSDl) 

0.5 * 0.914 + 0.5 * 0.739 

TFOPO(FSD1) 

0.8265 

TW1P0 * IFOPO(FSD2) + TW2P0 * UF0P0(FSD2) 

0.5 * 0.987 + 0.5 * 0.5 

TFOPO(FSD2) 

0.7435 

TW1P0 * IFOPO(FSD3) + TW2P0 * UF0P0(FSD3) 

0.5 * + 0.5 * 

TFOPO(FSD3) 

0 . 0  
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5.4 ALTERNATIVE RECOMMENDED 

The scores are summarized as follows 

CONCEPT ESTIMATION SIMULATION PROTOTYPE 

1 0.895 0.851 0.8265 

2 0.7315 0.607 0.7435 

3 0.7315 0.607 0 . 0  

Concept 1 had an overall prototype score of .8265, concept 2 

had a score of .7435 and concept 3 had a score of 0.Results 

indicate that the hardware version of the system will be the 

best. The hardware version was the best in all the analysis 

because of the low cost of the resources. The software unit 

had to deliver the ECB computer controller seriously 

degrading the score. Concept 3 did not complete a prototype 

so no analysis was done. 

5.5 SENSITIVITY ANALYSIS 

The scores for all the concepts for the I/O Performance 

requirements were similar with the software units having a 

slight advantage. However, the cost of the software system 

is just too high since the controller must be delivered with 

each software unit sold. The performance criteria shows the 
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software is more effective at completing laps than the 

hardware version, but this could not make up for the cost 

differential. Even a significant decrease in the cost of the 

ECB controller would not allow it to compete with the 

hardware design. 

5.6 RATIONALE FOR ALTERNATIVES, MODELS & METHODS 

Functionally there is little difference in the models. The 

technology of each is different, but the functional end 

result of controlling the trains is almost identical with 

the software version being slightly better. 

The weights were determined in document 3 and if the 

acquisition cost were given considerably less priority the 

recommended system would have been different. After looking 

at these numbers again they were considered valid since the 

cost of the system is a significant consideration of any 

potential consumer. Therefore, the recommended alternative 

remains the hardware version. 
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The cost for one manufactured piece of the hardware was 

estimated as follows: 

Protoboard 30 

Transformer 5 

IC's 5 

Wire 2 

LED's 1 

Supplies 1 

TOTAL $44.00 

The cost for the creation of one copy of the software was 

estimated as follows: 

ECB 450 

TOTAL $450.00 

Estimates for the quantities of 1,000 and 1,000,000 were 

based on volume purchases. 
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DOCUMENT 6 - SYSTEM FUNCTIONAL ANALYSIS 

Friday, February 9, 1990 

The System Function Analysis document is used to decompose 

the I/O and Functional requirements into a functional system 

design. Its intended audience is systems engineering. 

6.1 SYSTEM FUNCTIONAL ANALYSIS OF CONCEPT 1 

6.1.1 Top Level System Functional Analysis of Concept 1 

Concept 1 uses hardware to implement the requirements. Based 

on document 3 requirements and the states defined in 

Document 5 Concept 1 the major functions are: 

1) SAFE - Both trains are in safe zone. Power will be 

ON to both trains. 

2) AinBout - Train A in danger zone, train B outside. 

Power will be ON to train A and OFF to train B. 

3) BinAout - Train B in danger zone, train A outside. 

Power will be ON to train B and OFF to train A. 

The system will start in SAFE. See exhibit 6.1.5.1 for the 

top level state diagram. 



6.1.2 Subfunction Decomposition 
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6.1.2.1 Subfunction 1 

Function 1 is the SAFE state. Based on document 3 the 

following initial conditions must be set. 

1) Location outside of danger zone. This means initial 

input is: 

IRPl = (0,0,0,0). 

2) Power ON to both trains. This means that initial output 

is: 

ORP1 = (1,1). 

Therefore, output from this function is power to both 

trains. This function is left if either switch 1 is 

triggered (I1P1 = 1) or switch 3 is triggered (I3P1 = 1). No 

further decomposition of this function is necessary. 

6.1.2.2 Subfunction 2 

Function 2 is the train A in danger zone, train B in safe 

zone state. This state is entered from the SAFE state when 

train A triggers SI (I1P1 = 1). 
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To prevent collisions power to train B is OFF in this 

function. To increase the I/O Performance requirement for 

the number of laps train B completes it is desirable to 

decompose this function into two subfunctions that allow 

train B to have power until it attempts to enter the danger 

zone. The function AinBout will be decomposed into AinBsafe 

and AinBoff. See exhibit 6.1.5.2 for the new state diagram. 

The input to SAFE of (1,0,0,0) drives the system into the 

new state AinBsafe. Power is maintained to both trains in 

this state. This state is left and the state AinBoff is 

entered if train B triggers S3 (input of (0,0,1,0) is 

detected). State AinBoff goes to state BinAsafe if S2 is 

triggered (input (0,1,0,0) is detected). Power in state 

AinBoff is ON for train A but OFF for train B. See Exhibit 

6.1.5.2. 

6.1.2.3 Subfunction 3 

Function 3 is the train B in danger zone, train A in safe 

zone state. It is entered from the SAFE state triggered when 

train B triggers switch 3 (I3P1 = 1) indicating train B 

wants to enter the danger zone also. 

To prevent collisions power to train A is turned OFF. To 

increase the Performance requirement for the number of trips 
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train A completes it is desirable to decompose this function 

into two subfunctions that allow train A to have power until 

it attempts to enter the danger zone. The function BinAout 

will be decomposed into BinAsafe and BinAoff. See exhibit 

6.1.5.2 for the new state diagram. The input to SAFE of 

(0,0,1,0) drives the system into the new state BinAsafe. 

Power is maintained to both trains in this state. This state 

is left and the state BinAoff is entered if train A triggers 

SI (input of (1,0,0,0) is detected). State BinAoff goes to 

state AinBsafe if S4 is triggered (input (0,0,0,1) is 

detected). Power in state BinAoff is ON for train B and OFF 

for train A. See exhibit 6.1.5.2. 

6.1.3 Complete Subfunction Model 

6.1.3.1 Terminology 

Zl' = (SZ1', IZ1', OZ1', NZ1', RZ1') 

where Zl' is the model of a complete I/O Functional Design, 

SZ1' represents the states of the system, 

IZ1' represents the inputs to the system, 

0Z1' represents the outputs of the system, 

NZ1' represents the next state function, and 

RZ1' represents the readout function. 
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6.1.3.2 States 

SZ1' = {SAFE,AinBsafe,AinBoff,BinAsafe,BinAoff} 

6.1.3.3 Inputs 

IZ1' = IZ1 

6.1.3.4 Outputs 

0Z1' = 0Z1 

6.1.3.5 Next State Function 

NZ1' = {(SAFE,(1,0,0,0),AinBsafe), 

(SAFE,(0,0,1,0),BinAsafe), 

(AinBsafe,(0,1,0,0),SAFE), 

(AinBsafe,(0,0,1,0),AinBoff), 

(AinBoff,(0,1,0,0),BinAsafe), 

(BinAsafe,(0,0,0,1),SAFE), 

(BinAsafe,(1,0,0,0),BinAoff), 

(BinAoff,(0,0,0,1),AinBsafe)} 

Any input combination not listed causes the system to remain 

in the same state. 
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6.1.3.6 Readout Function 

RZ1' = {(SAFE,(1,1)),(AinBsafe,(1,1)), 

(AinBoff,(1,0)),(BinAsafe,(1,1)), 

(BinAoff,(0,1))} 

6.1.4 Rationale for Analysis of Concept 1 

Concept 1 is based on the requirements from document 3 and 

concept 1 described in document 5. A simulation was run on 

the complete subfunctional decomposition using the test 

items described in document 3. Exhibit 6.1.5.3 is the 

simulation program listing and Exhibit 6.1.5.4 is the result 

of the simulation. The simulation verified the correctness 

of the complete state diagram. The model worked well and all 

the tests were passed correctly. 

6.1.5 Exhibits for Concept 1 

6.1.5.1 State Diagram for Concept 1 

6.1.5.2 Complete Subfunction State Diagram 

6.1.5.3 Simulation Program Listing 

6.1.5.4 Results of Simulation 



6.1.5.1 State Diagram for Concept 1 
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6.1.5.2 Complete Subfunction State Diagram 
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O,o,i,0 

•0,1,0,0 



6.1.5.3 Simulation Program Listing 
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/* SIMULATION OF THE HARDWARE FUNCTIONAL DESIGN */ 

/* */ 

#include <stdio.h> 

test_num, /* Test Number */ 

i, /* Test Item */ 

time, /* Elapsed Time of Test */ 

train_a, /* Location of train A */ 

train_b; /* Location of train B */ 

/* Test Trajectory 1 */ 

static int test[100] = { 0, 1000, 0, 10, 10, 110, 10, 0, 1, 

0, 9999, 9999, 9999, 9999, 9999, 9999, 9999, 9999, 9999, 

9999, 

/* Test Trajectory 2 */ 

0, 10, 0, 1000, 1000, 1001, 1000, 0, 100, 0, 9999, 9999, 

9999, 9999, 9999, 9999, 9999, 9999, 9999, 9999, 

/* Test Trajectory 3 */ 

0, 1000, 0, 10, 10, 110, 10, 0, 1, 0, 0, 10, 0, 1000, 1000, 

1001, 1000, 0, 100, 0, 

/* Test Trajectory 4 */ 

0, 10, 0, 1000, 1000, 1001, 1000, 0, 100, 0, 0, 1000, 0, 10, 

10, 110, 10, 0, 1, 0, 
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/* Simulation program listing (continued). */ 

/* Test Trajectory 5 */ 

0, 1010, 10, 10, 110, 10, 0, 1, 0, 9999, 9999, 9999, 9999, 

9999, 9999, 9999, 9999, 9999, 9999, 9999 }; 

main() 

{ 

int 11,12,13,14; /* 11,12,13,14 are input ports */ 

int DONE; /* DONE indicates test complete */ 

extern int test_num, i; 

test_num = 0; 

DONE = 1; 

time = 0; 

i = 0; 

train_a = 0; 

train_b = 0; 

printf("Begin test of Hardware conceptual design"); 

printf(" simulation. \n \n "); 

printf("Test Trajectory %d\n\n",test_num+l); 

printf(" ITZ STATE INPUT OUTPUT"); 

printf(" TRAIN A TRAIN B\n"); 

SAFE: /* SAFE State */ 

set_state("SAFE"); 

if (get_input(&I1,&12,&13,&14) == DONE) goto SAFE; 
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/* Simulation program listing (continued) */ 

set_output(1,1); 

if (Il==l) /* SI triggered */ 

goto AinBsafe; 

else if (Il==3) /* S3 triggered */ 

goto BinAsafe; 

else 

goto SAFE; 

AinBsafe: 

set_state("AinBsafe"); 

if (get_input(&I1,&12,&13,&14) 

set_output(1,1); 

if (I2==l) 

goto SAFE; 

else if (I3==l) 

goto AinBoff; 

else 

goto AinBsafe; 

AinBoff: /* AinBoff State */ 

set_state("AinBoff"); 

if (get_input(&I1,&I2,&I3,&I4) == DONE) goto SAFE; 

set_output(1,0); 

/* AinBsafe State */ 

== DONE) goto SAFE; 

/* S2 triggered */ 

/* S3 triggered */ 
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/* Simulation program listing (continued) */ 

if (I2==l) /* S2 triggered */ 

goto BinAsafe; 

else 

goto AinBoff; 

BinAsafe: /* BinAsafe State */ 

set_state("BinAsafe"); 

if (get_input(&I1,&I2,&I3,&I4) == DONE) goto SAFE; 

set_output(1,1); 

if (I4==l) /* S4 triggered */ 

goto SAFE; 

else if (Il==l) /* si triggered */ 

goto BinAoff; 

else 

goto BinAsafe; 

BinAoff: 

set_state("BinAoff"); 

if (get_input(&I1,&I2,&I3,&I4) 

set_output(0,1); 

if (I4==l) 

goto AinBsafe; 

else 

goto BinAoff; 

/* BinAoff State */ 

== DONE) goto SAFE; 

/* SI triggered */ 



/* Simulation program listing (continued) 

/* Show the current state */ 

set_state(name) 

char name[]; 

{ 

extern int time; 

char hold[20]; 

int j; 

printf(" %2d",time++); 

for (j=0; j<20; ++j) 

{ 

if (name[j] != 0) 

hold[j] = name[j]; 

else 

break; 

} 

for (; j<20; ++j) 

hold[j] = ' '; 

hold[19] = 0? 

printf(" %s",hold); 

} 
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/* Simulation program listing (continued) */ 

/* get the test item input */ 

get_input(il,i2,i3,i4) 

int *il,*i2,*i3,*i4; 

{ 

extern int i, test_num; 

static input_hold = 2; 

if (++input_hold ==3) /* hold the inputs steady for 

*/ 

{ /* 3 time periods */ 

input_hold = 0; 

*il = test[test_num*20+i]/1000; 

if (*il ==9 || i == 20) 

{ 

input_hold = 2; 

i = 0; 

++test_num; 

if (test_num == 5) 

{ 

printf("\n\nEnd of test.\n"); 

exit(); 

} 

printf("\n\nTest Trajectory # %d\n\n",test_num+l); 

printf(" ITZ STATE INPUT "); 

printf(" OUTPUT\n"); 
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/* Simulation program listing (continued) */ 

time = 0; 

return 1; 

} 

*i2 = (test[test_num*20+i]-(*il)*1000) / 100; 

*i3 = (test[test_num*20+i]-(*il)*1000 - (*i2)*100) / 10; 

*i4 = (test[test_num*20+i]-(*il)*1000 - (*i2)*100) -

(*i3)*10; 

if (*il == 1) 

train_a=l; 

if (*i2 == 1) 

train_a=3; 

if (*i3 == 1) 

train_b=l; 

if (*i4==l) 

train_b=3; 

if (*il==0 && *i2==0 && train_a%2==l) 

train_a=++train_a%4; 

if (*i3==0 && *i4==0 && train_b%2==l) 

train_b=++train_b%4; 

++i? 

} 

printf(" (%d,%df%d,%d)",*il,*i2,*i3,*i4); 

return 0; 

} 
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/* Simulation program listing (continued) */ 

/* set the output for this state */ 

set_output(ol,o2) 

int ol,o2; 

{ 

static char *loc_a[4]={" SAFE SI "DANGER"," S2 

static char *loc_b[4]={" SAFE ", " S3 ","DANGER"," S4 "); 

printf(" (%d,%d) %s %s", 

ol,o2,loc_a[train_a],loc_b[train_b]); 

if (train_a==2 && train_b==2) 

printf(" ***COLLISION***\n"); 

else 

printf("\n"); 

} 



6.1.5.4 Results of Simulation 
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Begin test of Hardware conceptual design simulation. 

Test Trajectory 1 

ITZ STATE INPUT OUTPUT TRAIN A TRAIN B 

0 SAFE 
o
 
o
 

o
 

o
 (1,1) SAFE SAFE 

1 SAFE 

o
 
o
 

o
 

o
 (1,1) SAFE SAFE 

2 SAFE 

o
 
o
 
o
 

o
 (1,1) SAFE SAFE 

3 SAFE (1,0,0,0) (1,1) SI SAFE 

4 AinBsafe (1,0,0,0) (1,1) SI SAFE 

5 AinBsafe 

o
 
o
 

o
 

rH 

(1,1) SI SAFE 

6 AinBsafe 

O
 
O
 
O
 

O
 (1,1) DANGER SAFE 

7 AinBsafe 

O
 

O
 
o
 

o
 (1,1) DANGER SAFE 

8 AinBsafe 

o
 
o
 

o
 
o
 (1,1) DANGER SAFE 

9 AinBsafe 

o
 

H
 

O
 

O
 (1,1) DANGER S3 

10 AinBoff (0,0,1,0) (1,0) DANGER S3 

11 AinBoff (0,0,1,0) (1,0) DANGER S3 

12 AinBoff 

O
 

rH O
 

O
 (1,0) DANGER S3 

13 AinBoff (0,0,1,0) (1,0) DANGER S3 

14 AinBoff O
 

O
 

H
 
o
 

(1,0) DANGER S3 

15 AinBoff (0,1,1,0) (1,0) S2 S3 

16 BinAsafe (0,1,1,0) (1,1) S2 S3 

17 BinAsafe (0,1,1,0) (1,1) S2 S3 
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Hardware Simulation (continued). 

18 BinAsafe (0,0,1,0) (1,1) SAFE S3 

19 BinAsafe (0,0,1,0) (1,1) SAFE S3 

20 BinAsafe (0,0,1,0) (1,1) SAFE S3 

21 BinAsafe (0,0,0,0) (1,1) SAFE DANGER 

22 BinAsafe (0,0,0,0) (1,1) SAFE DANGER 

23 BinAsafe (0,0,0,0) (1,1) SAFE DANGER 

24 BinAsafe (0,0,0,1) (1,1) SAFE S4 

25 SAFE (0,0,0,1) (1,1) SAFE S4 

26 SAFE (0,0,0,1) (1,1) SAFE S4 

27 SAFE (0,0,0,0) (1,1) SAFE SAFE 

28 SAFE (0,0,0,0) (1,1) SAFE SAFE 

29 SAFE (0,0,0,0) (1,1) SAFE SAFE 

30 SAFE 
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Hardware Simulation (continued). 

Test Trajectory # 2 

ITZ STATE INPUT OUTPUT TRAIN A TRAIN B 

0 SAFE o
 

o
 

o
 

o
 

(1,1) SAFE SAFE 

1 SAFE 

o
 
o
 

o
 

o
 (1,1) SAFE SAFE 

2 SAFE 
o
 
o
 

o
 

o
 (1,1) SAFE SAFE 

3 SAFE o
 

o
 

H
 

O
 

(1,1) SAFE S3 

4 SAFE (0,0,1,0) (1,1) SAFE S3 

5 SAFE (0,0,1,0) (1,1) SAFE S3 

6 SAFE 

o
 
O
 

O
 

O
 (1,1) SAFE DANGER 

7 SAFE 

O
 

O
 

O
 

O
 (1,1) SAFE DANGER 

8 SAFE 

O
 

O
 

O
 

O
 (1,1) SAFE DANGER 

9 SAFE (1,0,0,0) (1,1) SI DANGER 

10 AinBsafe H
 

O
 

O
 

O
 

(1,1) SI DANGER 

11 AinBsafe 

O
 

O
 

O
 

H
 (1,1) SI DANGER 

12 AinBsafe (1,0,0,0) (1,1) SI DANGER 

13 AinBsafe 

O
 

O
 

o
 

H
 (1,1) SI DANGER 

14 AinBsafe O
 

O
 

o
 

(1,1) SI DANGER 

15 AinBsafe (1,0,0,1) (1,1) SI S4 

16 AinBsafe (1,0,0,1) (1,1) SI S4 

17 AinBsafe (1,0,0,1) (1,1) SI S4 

18 AinBsafe (1,0,0,0) (1,1) SI SAFE 

19 AinBsafe H
 

O
 

o
 

o
 

(1,1) SI SAFE 
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Hardware Simulation (continued). 

20 AinBsafe (1,0,0,0) (1,1) SI SAFE 

21 AinBsafe (0,0,0,0) (1,1) DANGER SAFE 

22 AinBsafe (0,0,0,0) (1,1) DANGER SAFE 

23 AinBsafe (0,0,0,0) (1,1) DANGER SAFE 

24 AinBsafe (0,1,0,0) (1,1) S2 SAFE 

25 SAFE (0,1,0,0) (1,1) S2 SAFE 

26 SAFE (0,1,0,0) (1,1) S2 SAFE 

27 SAFE (0,0,0,0) (1,1) SAFE SAFE 

28 SAFE (0,0,0,0) (1,1) SAFE SAFE 

29 SAFE (0,0,0,0) (1,1) SAFE SAFE 

30 SAFE 
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Hardware Simulation (continued). 

Test Trajectory # 3 

ITZ STATE INPUT OUTPUT TRAIN A TRAIN B 

0 SAFE (0,0,0,0) (1,1) SAFE SAFE 

1 SAFE (0,0,0,0) (1,1) SAFE SAFE 

2 SAFE (0,0,0,0) (1,1) SAFE SAFE 

3 SAFE (1,0,0,0) (1,1) SI SAFE 

4 AinBsafe (1,0,0,0) (1,1) SI SAFE 

5 AinBsafe (1,0,0,0) (1,1) SI SAFE 

6 AinBsafe (0,0,0,0) (1,1) DANGER SAFE 

7 AinBsafe (0,0,0,0) (1,1) DANGER SAFE 

8 AinBsafe (0,0,0,0) (1,1) DANGER SAFE 

9 AinBsafe (0,0,1,0) (1,1) DANGER S3 

10 AinBoff (0,0,1,0) (1,0) DANGER S3 

11 AinBoff (0,0,1,0) (1,0) DANGER S3 

12 AinBoff (0,0,1,0) (1,0) DANGER S3 

13 AinBoff (0,0,1,0) (1,0) DANGER S3 

14 AinBoff (0,0,1,0) (1,0) DANGER S3 

15 AinBoff (0,1,1,0) (1,0) S2 S3 

16 BinAsafe (0,1,1,0) (1,1) S2 S3 

17 BinAsafe (0,1,1,0) (1,1) S2 S3 

18 BinAsafe (0,0,1,0) (1,1) SAFE S3 

19 BinAsafe (0,0,1,0) (1,1) SAFE S3 
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Hardware Simulation (continued). 

20 BinAsafe (0,0,1,0) (1,1) SAFE S3 

21 BinAsafe 

o
 
o
 

o
 

o
 (1,1) SAFE DANGER 

22 BinAsafe 

o
 
o
 
o
 

o
 (1,1) SAFE DANGER 

23 BinAsafe 

o
 

o
 
o
 

o
 (1,1) SAFE DANGER 

24 BinAsafe (0,0,0,1) (1/1) SAFE S4 

25 SAFE o
 

o
 

o
 

H
 

(1,1) SAFE S4 

26 SAFE 

rH O
 

O
 

O
 (1,1) SAFE S4 

27 SAFE 

O
 
O
 

O
 
O
 
W
 (1,1) SAFE SAFE 

28 SAFE 

o
 
o
 

o
 
o
 (1,1) SAFE SAFE 

29 SAFE 

o
 
o
 
o
 

o
 (1,1) SAFE SAFE 

30 SAFE 

o
 
o
 

o
 

o
 (1,1) SAFE SAFE 

31 SAFE 

o
 

o
 

o
 

o
 (1,1) SAFE SAFE 

32 SAFE 

o
 
o
 
o
 

o
 (1,1) SAFE SAFE 

33 SAFE (0,0,1,0) (1,1) SAFE S3 

34 SAFE (0,0,1,0) (1,1) SAFE S3 

35 SAFE 

o
 

H
 

O
 
o
 (1,1) SAFE S3 

36 SAFE 

o
 

o
 
o
 

o
 (1,1) SAFE DANGER 

37 SAFE 

o
 
o
 s. o 

o
 (1,1) SAFE DANGER 

38 SAFE 

o
 
o
 

O
 
o
 (1,1) SAFE DANGER 

39 SAFE 

o
 
o
 

o
 

H
 (1,1) SI DANGER 

40 AinBsafe 

O
 
O
 
o
 

H
 (1,1) SI DANGER 

41 AinBsafe 

O
 
o
 

o
 

H
 (1,1) SI DANGER 

42 AinBsafe (1,0,0,0) (1,1) SI DANGER 
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Hardware Simulation (continued). 

43 AinBsafe 

o
 

o
 

o
 
H
 (1,1) SI DANGER 

44 AinBsafe 

o
 

o
 

o
 
H
 (1,1) si DANGER 

45 AinBsafe (1,0,0,1) (1,1) si S4 

46 AinBsafe (1,0,0,1) (1,1) si S4 

47 AinBsafe (1,0,0,1) (1,1) si S4 

48 AinBsafe 
O
 

O
 

O
 
H
 (1,1) si SAFE 

49 AinBsafe 

O
 

O
 

O
 
H
 (1,1) si SAFE 

50 AinBsafe 

O
 
o
 

o
 
H
 (1,1) si SAFE 

51 AinBsafe 

O
 

O
 

o
 
o
 (1,1) DANGER SAFE 

52 AinBsafe 

o
 

o
 

o
 

o
 (1,1) DANGER SAFE 

53 AinBsafe 

o
 

o
 

o
 

o
 (1,1) DANGER SAFE 

54 AinBsafe (0,1,0,0) (1,1) S2 SAFE 

55 SAFE (0,1,0,0) (1,1) S2 SAFE 

56 SAFE o
 

H
 

O
 

O
 

(1,1) S2 SAFE 

57 SAFE o
 

o
 

o
 

o
 

(1,1) SAFE SAFE 

58 SAFE 

o
 

o
 
o
 

o
 
w
 (1,1) SAFE SAFE 

59 SAFE o
 

o
 

o
 
o
 

(1,1) SAFE SAFE 

60 SAFE 
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Hardware Simulation (continued). 

Test Trajectory # 4 

ITZ STATE INPUT OUTPUT TRAIN A TRAIN B 

0 SAFE (0,0,0,0) (1,1) SAFE SAFE 

1 SAFE (0,0,0,0) (1,1) SAFE SAFE 

2 SAFE (0,0,0,0) (1,1) SAFE SAFE 

3 SAFE (0,0,1,0) (1,1) SAFE S3 

4 SAFE (0,0,1,0) (1,1) SAFE S3 

5 SAFE (0,0,1,0) (1,1) SAFE S3 

6 SAFE (0,0,0,0) (1,1) SAFE DANGER 

7 SAFE (0,0,0,0) (1,1) SAFE DANGER 

8 SAFE (0,0,0,0) (1,1) SAFE DANGER 

9 SAFE (1,0,0,0) (1,1) SI DANGER 

10 AinBsafe (1,0,0,0) (1,1) SI DANGER 

11 AinBsafe (1,0,0,0) (1,1) SI DANGER 

12 AinBsafe (1,0,0,0) (1,1) SI DANGER 

13 AinBsafe (1,0,0,0) (1,1) SI DANGER 

14 AinBsafe (1,0,0,0) (1,1) SI DANGER 

15 AinBsafe (1,0,0,1) (1,1) SI S4 

16 AinBsafe (1,0,0,1) (1,1) SI S4 

17 AinBsafe (1,0,0,1) (1,1) SI S4 

18 AinBsafe (1,0,0,0) (1,1) SI SAFE 

19 AinBsafe (1,0,0,0) (1,1) SI SAFE 
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Hardware Simulation (continued). 

20 AinBsafe 

o
 
o
 

o
 

H
 

»— 

(1,1) SI SAFE 

21 AinBsafe 

O
 
o
 

o
 

o
 (1,1) DANGER SAFE 

22 AinBsafe o
 

o
 

o
 

o
 

(1,1) DANGER SAFE 

23 AinBsafe 

o
 
o
 

o
 

o
 (1,1) DANGER SAFE 

24 AinBsafe o
 

H
 
o
 

o
 

(1,1) S2 SAFE 

25 SAFE o
 

H
 
o
 

o
 

(1,1) S2 SAFE 

26 SAFE 

O
 
O
 

rH O
 (1,1) S2 SAFE 

27 SAFE 

O
 
o
 

o
 
o
 (1,1) SAFE SAFE 

28 SAFE 

o
 

o
 
o
 

o
 (1,1) SAFE SAFE 

29 SAFE 

o
 
o
 

o
 
o
 (1,1) SAFE SAFE 

30 SAFE 

o
 
o
 

o
 

o
 (1,1) SAFE SAFE 

31 SAFE 

o
 
o
 •h o 

o
 (1,1) SAFE SAFE 

32 SAFE 

o
 
o
 

o
 
o
 (1,1) SAFE SAFE 

33 SAFE (1,0,0,0) (1,1) SI SAFE 

34 AinBsafe (1,0,0,0) (1,1) SI SAFE 

35 AinBsafe (1,0,0,0) (1,1) SI SAFE 

36 AinBsafe 

o
 

o
 
o
 

o
 (1,1) DANGER SAFE 

37 AinBsafe 

o
 
o
 
o
 

o
 (1,1) DANGER SAFE 

38 AinBsafe 

o
 
o
 

o
 

o
 (1,1) DANGER SAFE 

39 AinBsafe 

o
 

H
 

o
 

o
 (1,1) DANGER S3 

40 AinBoff (0,0,1,0) 

o
 

H
 DANGER S3 

41 AinBoff 

o
 

H
 
o
 

o
 (1,0) DANGER S3 

42 AinBoff (0,0,1,0) (1,0) DANGER S3 



Hardware Simulation (continued). 

43 AinBoff (0,0,1,0 

44 AinBoff (0,0,1,0 

45 AinBoff (0,1,1,0 

46 BinAsafe (0,1,1,0 

47 BinAsafe (0,1,1,0 

48 BinAsafe (0,0,1,0 

49 BinAsafe (0,0,1,0 

50 BinAsafe (0,0,1,0 

51 BinAsafe (0,0,0,0 

52 BinAsafe (0,0,0,0 

53 BinAsafe (0,0,0,0 

54 BinAsafe (0,0,0,1 

55 SAFE (0,0,0,1 

56 SAFE (0,0,0,1 

57 SAFE (0,0,0,0 

58 SAFE (0,0,0,0 

59 SAFE (0,0,0,0 

60 SAFE 
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(1,0) DANGER S3 

(1,0) DANGER S3 

(1,0) S2 S3 

(1,1) S2 S3 

(1,1) S2 S3 

(1,1) SAFE S3 

(1,1) SAFE S3 

(1,1) SAFE S3 

(1,1) SAFE DANGER 

(1,1) SAFE DANGER 

(1,1) SAFE DANGER 

(1,1) SAFE S4 

(1,1) SAFE S4 

(1,1) SAFE S4 

(1,1) SAFE SAFE 

(1,1) SAFE SAFE 

(1,1) SAFE SAFE 
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Hardware Simulation (continued). 

Test Trajectory # 5 

ITZ STATE INPUT OUTPUT TRAIN A TRAIN B 

0 SAFE (0,0,0,0) (1,1) SAFE SAFE 

1 SAFE (0,0,0,0) (1,1) SAFE SAFE 

2 SAFE (0,0,0,0) (1,1) SAFE SAFE 

3 SAFE (1,0,1,0) (1,1) SI S3 

4 AinBsafe (1,0,1,0) (1,1) SI S3 

5 AinBoff (1,0,1,0) (1,0) SI S3 

6 AinBoff (0,0,1,0) (1,0) DANGER S3 

7 AinBoff (0,0,1,0) (1,0) DANGER S3 

8 AinBoff (0,0,1,0) (1,0) DANGER S3 

9 AinBoff (0,0,1,0) (1,0) DANGER S3 

10 AinBoff (0,0,1,0) (1,0) DANGER S3 

11 AinBoff (0,0,1,0) (1,0) DANGER S3 

12 AinBoff (0,1,1,0) (1,0) S2 S3 

13 BinAsafe (0,1,1,0) (1,1) S2 S3 

14 BinAsafe (0,1,1,0) (1,1) S2 S3 

15 BinAsafe (0,0,1,0) (1,1) SAFE S3 

16 BinAsafe (0,0,1,0) (1,1) SAFE S3 

17 BinAsafe 

o
 

H
 
o
 

o
 (1,1) SAFE S3 

18 BinAsafe (0,0,0,0) (1,1) SAFE DANGER 

19 BinAsafe 

o
 

o
 

o
 

o
 (1,1) SAFE DANGER 
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Hardware Simulation (continued). 

20 BinAsafe (0,0,0,0) (1,1) SAFE DANGER 

21 BinAsafe (0,0,0,1) (1,1) SAFE S4 

22 SAFE (0,0,0,1) (1,1) SAFE S4 

23 SAFE (0,0,0,1) (1,1) SAFE S4 

24 SAFE (0,0,0,0) (1,1) SAFE SAFE 

25 SAFE (0,0,0,0) (1,1) SAFE SAFE 

26 SAFE (0,0,0,0) (1,1) SAFE SAFE 

27 SAFE 

End of test. 



6.2 SYSTEM FUNCTIONAL ANALYSIS OF CONCEPT 2 
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6.2.1 Top Level System Functional Analysis of Concept 2 

Concept 2 uses an assembly language program to implement the 

requirements. Based on document 3 requirements and the 

states defined in document 5 concept 2 the major functions 

are: 

1) SAFE - Both trains are in safe zone. 

2) AinBout - Train A in danger zone, train B outside. 

3) BinAout - Train B in danger zone, train A outside. 

The system will start in SAFE. See exhibit 6.2.5.1 for the 

top level state diagram. 

6.2.2 Subfunction Decomposition 

6.2.2.1 Subfunction 1 

Function 1 is the SAFE state. Based on document 3 the 

following conditions must be set. 
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1) Location outside of danger zone. This means initial 

input is: 

IRP2 = (0,0,0,0). 

2) Power ON to both trains. This means that initial output 

is: 

ORP2 = (1,1). 

Therefore, output from this function is power ON to both 

trains. This function is left if either switch 1 is 

triggered (I1P2 =1) or switch 3 is triggered (I3P2 = 1). An 

assembly language program senses the inputs sequentially 

rather than in parallel like the protoboard. Because of this 

it is helpful to further break this function into two 

subfunctions. The first subfunction tests for SI and the 

second for S3. If the test fails the other subfunction is 

entered. They oscillate back and forth until SI or S3 is 

detected. The reason this is a better model is that when 

testing for SI the software does not care what the other 

switches are which prevents the system from entering an 

unknown state. The SAFE state test of SI will be called 

SAFEl and the safe state test of S3 will be called SAFE2. 

Power will remain ON to both trains in these states. See 

exhibit 6.2.5.2. 
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6.2.2.2 Subfunction 2 

Function 2 is the train A in danger zone, train B in safe 

zone state. It is entered when in the SAFE state train A 

triggers SI (I1P2 = 1). 

To prevent collisions power to train B is OFF in this 

function. To increase the I/O Performance requirement for 

the number of laps train B completes it is desirable to 

decompose this function into two subfunctions that allow 

train B to have power until it attempts to enter the danger 

zone. The function AinBout can be decomposed into AinBsafe 

and AinBoff. In addition it is a better model if AinBsafe is 

further decomposed into two states each of which test for a 

different switch. These will become AinBsafel to test for 

switch 3 and AinBsafe2 to test for switch 2. AinBsafel 

enters state AinBsafe2 if it does not see switch 3 

triggered. AinBsafe2 enters the SAFE1 state if it detects S2 

triggered else it returns to state AinBsafel. See exhibit 

6.2.5.2 for the new state diagram. The input to SAFE1 of 

(1,0,0,0) drives the system into the new state AinBsafel. 

Power is maintained to both trains in these states. 

AinBsafel is left and the state AinBoff is entered if train 

B triggers S3 (input of (0,0,1,0) is detected). State 

AinBoff goes to state BinAsafel if S2 is triggered (input 
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(0,1,0,0) is detected), otherwise it remains in that state-

Power in state AinBoff is ON for train A but OFF for train 

B. 

6.2.2.3 subfunction 3 

Function 3 is the train B in danger zone, train A in safe 

zone state. It is entered when in the SAFE state train B 

triggers S3 (I3P2 = 1). 

To prevent collisions power to train A is OFF in this 

function. To increase the Performance requirement for the 

number of laps train A completes it is desirable to 

decompose this function into two subfunctions that allow 

train A to have power until it attempts to enter the danger 

zone. The function BinAout can be decomposed into BinAsafe 

and BinAoff. In addition it is a better model if BinAsafe is 

further decomposed into two states each of which test for a 

different switch. These will become BinAsafel to test for 

switch 1 and BinAsafe2 to test for switch 4. BinAsafel 

enters state BinAsafe2 if it does not see switch 1 

triggered. BinAsafe2 enters the SAFE1 state if it detects S4 

triggered else it returns to state BinAsafel. See exhibit 

6.2.5.2 for the new state diagram. The input to SAFE2 of 

(0,0,1,0) drives the system into the new state BinAsafel. 
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Power is maintained to both trains in these states. 

BinAsafel is left and the state BinAoff is entered if train 

B triggers SI (input of (1,0,0,0) is detected). State 

BinAoff goes to state AinBsafel if S4 is triggered (input 

(0,0,0,1) is detected), otherwise it remains in that state. 

Power in state BinAoff is ON for train B but OFF for train 

A. 

6.2.3 Complete Subfunction Model 

6.2.3.1 Terminology 

Z2' = (SZ2', IZ2', 0Z2', NZ2', RZ2') 

where Z2' is the model of a complete I/O Functional Design, 

SZ2' represents the states of the system, 

IZ2' represents the inputs to the system, 

OZ2' represents the outputs of the system, 

NZ2' represents the next state function, and 

RZ2' represents the readout function. 

6.2.3.2 States 

SZ2' = {SAFEl,SAFE2,AinBsafel,AinBsafe2, 

AinBoff,BinAsafel,BinAsafe2,BinAoff) 
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6.2.3.3 Inputs 

IZ2' = IZ2 

6.2.3.4 Outputs 

OZ2' = OZ2 

6.2.3.5 Next State Function 

NZ2' = {(SAFEl,(1,0,0,0),AinBsafel), 

(SAFEl,other,SAFE2), 

(SAFE2,(0,0,1,0),BinAsafel), 

(SAFE2,Other,SAFEl), 

(AinBsafel,(0,0,1,0),AinBoff), 

(AinBsafel,other,AinBsafe2), 

(AinBsafe2,(0,1,0,0),SAFE), 

(AinBsafe2,other,AinBsafel), 

(AinBoff,(0,1,0,0),BinAsafel), 

(AinBoff,other,AinBoff), 

(BinAsafel,(1,0,0,0),BinAoff), 

(BinAsafel,other,BinAsafe2), 

(BinAsafe2,(0,0,0,1),SAFE), 

(BinAsafe2,other,BinAsafel), 

(BinAoff,(0,0,0,1),AinBsafel), 



(BinAoff,other,BinAoff)} 
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where "other" as an input means any other valid input not 

listed in the NZ2' function. 

6.2.3.6 Readout Function 

RZ2' = {(SAFE1, (1,1) ) , (SAFE2, (1,1)), 

(AinBsafel,(1,1)),(AinBsafe2,(1,1)), 

(AinBoff,(1,0)),(BinAsafel,(1,1)), 

(BinAsafe2,(1,1),(BinAoff,(0,1) ) ) 

6.2.4 Rationale for Analysis of Concept 2 

Concept 2 functional decomposition was based on the 

requirements of document 3 and concept 2 described in 

document 5. A simulation was run to test the complete 

subfunctional model. Exhibit 6.2.5.3 is the program listing 

and Exhibit 6.2.5.4 is the output listing. All tests were 

passed and the model satisfied all functional requirements. 



6.2.5 Exhibits for Concept 2 

Exhibit 6.2.5.1 Top Level State Diagram 

Exhibit 6.2.5.2 Complete Subfunctional State Diagram 

Exhibit 6.2.5.3 Simulation Program Listing 

Exhibit 6.2.5.4 Simulation Results 



Exhibit 6.2.5.1 Top Level State Diagram 
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1)0,0,0 

0,1, OjO 
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Exhibit 6.2.5.2 Complete Subfunctional State Diagram 

4-

oo 

K 
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Exhibit 6.2.5.3 Simulation Program Listing 

/* SIMULATION OF THE SOFTWARE FUNCTIONAL DESIGN */ 

/* */ 

#include <stdio.h> 

int test_num, /* Test Number */ 

train_a, /* Location of train A */ 

train_b, /* Location of train B */ 

time, /* Elapsed time of test */ 

i; /* Test Item */ 

/* Test Trajectory 1 */ 

static int test[100] = { 0, 1000, 0, 10, 10, 110, 10, 0, 1, 

0, 9999, 9999, 9999, 9999, 9999, 9999, 9999, 9999, 9999, 

9999, 

/* Test Trajectory 2 */ 

0, 10, 0, 1000, 1000, 1001, 1000, 0, 100, 0, 9999, 9999, 

9999, 9999, 9999, 9999, 9999, 9999, 9999, 9999, 

/* Test Trajectory 3 */ 

0, 1000, 0, 10, 10, 110, 10, 0, 1, 0, 0, 10, 0, 1000, 1000, 

1001, 1000, 0, 100, 0, 

/* Test Trajectory 4 */ 

0, 10, 0, 1000, 1000, 1001, 1000, 0, 100, 0, 0, 1000, 0, 10, 

10, 110, 10, 0, 1, 0, 
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/* Simulation program listing (continued) */ 

/* Test Trajectory 5 */ 

0, 1010, 10, 10, 110, 10, 0, 1, 0, 9999, 9999, 9999, 9999, 

9999, 9999, 9999, 9999, 9999, 9999, 9999 }; 

main() 

{ 

int 11,12,13,14; 

int DONE; 

extern int test_num, 

test_num = 0; 

DONE = 1; 

time = 0; 

i = 0; 

train_a =0; 

train_b = 0; 

printf("Begin test of Software conceptual design 

simulation.\n\n"); 

printf("Test Trajectory %d\n\n",test_num+l); 

printf(" ITZ STATE INPUT OUTPUT"); 

printf(" TRAIN A TRAIN B\n"); 

/* 11,12,13,14 are input ports */ 

/* DONE indicates test complete */ 

i; 

SAFE1: 

set_state("SAFEl"); 

/* SAFE1 State */ 



/* Simulation program listing (continued) */ 

if (get_input(&I1,&I2,&I3,&I4) == DONE) goto SAFE1; 

set_output(1,1); 

if (Il==l) /* SI triggered 

goto AinBsafel; 

else 

goto SAFE2; 

SAFE2: 

set_state("SAFE2"); 

if (get_input(&ll,&12,&13 

set_output(1,1); 

if (I3==l && I1==0) 

goto BinAsafel? 

else 

goto SAFE1; 

/* SAFE2 State 

) == DONE) goto SAFE1; 

/* S3 triggered 

AinBsafel: /* AinBsafel State 

set_state("AinBsafel"); 

if (get_input(&ll,&12,&13,&14) == DONE) goto SAFE1; 

set_output(1,1); 

if (I3==l) /* S3 triggered 

goto AinBoff; 

else 

goto AinBsafe2; 



/* Simulation program listing (continued) */ 

AinBsafe2: /* AinBsafe2 State 

set_state("AinBsafe2"); 

if (get_input(&I1,&I2,&I3,&I4) == DONE) goto SAFE1; 

set_output(1,1); 

if (I2==l) /* S2 triggered 

goto SAFE1; 

else 

goto AinBsafel; 

AinBoff: /* AinBoff State 

set_state("AinBoff") ; 

if (get_input(&I1,&I2,&I3,&I4) == DONE) goto SAFE1; 

set_output(1,0); 

if (I2==l) 

goto BinAsafel? 

else 

goto AinBoff; 

/* S2 triggered 

BinAsafel: /* BinAsafel State 

set_state("BinAsafel"); 

if (get_input(fill,&I2,&I3,&I4) == DONE) goto SAFE1? 

set_output(1,1); 

if (Il==l) /* SI triggered 

goto BinAoff; 



/* Simulation program listing (continued) */ 

else 

goto BinAsafe2; 

BinAsafe2: /* BinAsafe2 State 

set_state("BinAsafe2"); 

if (get_input(&I1,&I2,&I3,&I4) == DONE) goto SAFE1; 

set_output(1,1); 

if (I4==l) /* S4 triggered 

goto SAFE1; 

else 

goto BinAsafel; 

BinAoff: /* BinAoff State 

set_state("BinAoff"); 

if (get_input(&I1,&I2,&I3,&I4) == DONE) goto SAFEl; 

set_output(0,1); 

if (I4==l) /* SI triggered 

goto AinBsafel; 

else 

goto BinAoff; 

/* Show the current state */ 

set_state(name) 

char name[]; 



/* Simulation program listing (continued) 

{ 

extern int time; 

char hold[20]; 

int j ; 

printf(" %2d",time++); 

for (j=0; j<15; ++j) 

{ 

if (name[j] != o) 

hold[j] = name[j]; 

else 

break; 

} 

for (; j<15; ++j) 

hold[j] = ' '; 

hold[15] = 0; 

printf(" %s",hold); 

} 

/* get the test item input */ 

get_input(il,i2,i3,i4) 

int *il,*i2,*i3,*i4; 

{ 

extern int i, test_num, time; 
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* Simulation program listing (continued) */ 

static int input_hold=2; 

if (++input_hold ==3) /* hold input steady for 3 time */ 

{ /* units */ 

input_hold = 0; 

*il = test[test_num*20+i]/1000; /* input port 1 */ 

if (*il ==9 || i == 20) /* end of test check */ 

{ 

i = 0; 

++test_num? 

if (test_num == 5) 

{ 

printf("\n\nEnd of test.\n")? 

exit(); 

} 

printf("\n\nTest Trajectory # %d\n\n",test_num+l); 

printf(" ITZ STATE INPUT OUTPUT"); 

printf(" TRAIN A TRAIN B\n"); 

time = 0; 

return 1; 

} /* Input Port */ 

*i2 = (test[test_num*20+i] - (*il)*1000) / 100; /* 2 */ 

*i3 = (test[test_num*20+i] - (*il)*1000 - (*i2)*100)/10; 

/* 3 */ 
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/* Simulation program listing (continued) */ 

*i4 = test[test_num*20+i] - (*il)*1000 - (*i2)*100 -

(*i3)*10; /* 4 */ 

if (*il == 1) 

train_a=l; 

if (*i2 == 1) 

train_a=3; 

if (*i3 == 1) 

train_b=l; 

if (*i4==l) 

train_b=3; 

if (*il==0 && *i2==0 && train_a%2==l) 

train_a=++train_a%4 ? 

if (*i3==0 && *i4==0 && train_b%2==l) 

train_b=++train_b%4; 

++i? 

} 

printf(" (%df %d,%d,%d)",*il,*i2,*i3,*i4); 

return 0; 

} 
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/* Simulation program listing (continued) */ 

/* set the output for this state */ 

set_output(ol,o2) 

int ol,o2; 

{ 

static char *loc_a[4]={" SAFE "," SI "DANGER"," S2 

static char *loc_b[4]={" SAFE "," S3 "/'DANGER"," S4 

printf(" (%d,%d) %s %s", 

ol,o2,loc_a[train_a],loc_b[train_b]); 

if (train_a==2 && train_b==2) 

printf(" ***C0LLlSI0N***\n"); 

else 

printf("\n"); 

} 



Exhibit 6.2.5.4 Simulation Results 
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Begin test of Software conceptual design simulation. 

Test Trajectory 1 

ITZ STATE INPUT OUTPUT TRAIN A TRAIN B 

0 SAFE1 (0,0,0,0) (1,1) SAFE SAFE 

1 SAFE2 (0,0,0,0) (1,1) SAFE SAFE 

2 SAFE1 (0,0,0,0) (1,1) SAFE SAFE 

3 SAFE2 (1,0,0,0) (1,1) SI SAFE 

4 SAFE1 (1,0,0,0) (1,1) SI SAFE 

5 AinBsafel (1,0,0,0) (1,1) SI SAFE 

6 AinBsafe2 (0,0,0,0) (1,1) DANGER SAFE 

7 AinBsafel (0,0,0,0) (1,1) DANGER SAFE 

8 AinBsafe2 (0,0,0,0) (1,1) DANGER SAFE 

9 AinBsafel (0,0,1,0) (1,1) DANGER S3 

10 AinBoff (0,0,1,0) (1,0) DANGER S3 

11 AinBoff (0,0,1,0) (1,0) DANGER S3 

12 AinBoff (0,0,1,0) (1,0) DANGER S3 

13 AinBoff (0,0,1,0) (1,0) DANGER S3 

14 AinBoff (0,0,1,0) (1,0) DANGER S3 

15 AinBoff (0,1,1,0) (1,0) S2 S3 

16 BinAsafel (0,1,1,0) (1,1) S2 S3 

17 BinAsafe2 (0,1,1,0) (1,1) S2 S3 
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Software Simulation (continued) 

18 BinAsafel (0,0,1,0) (1,1) SAFE S3 

19 BinAsafe2 (0,0,1,0) (1,1) SAFE S3 

20 BinAsafel (0,0,1,0) (1,1) SAFE S3 

21 BinAsafe2 (0,0,0,0) (1,1) SAFE DANGER 

22 BinAsafel (0,0,0,0) (1,1) SAFE DANGER 

23 BinAsafe2 (0,0,0,0) (1,1) SAFE DANGER 

24 BinAsafel (0,0,0,1) (1,1) SAFE S4 

25 BinAsafe2 (0,0,0,1) (1,1) SAFE S4 

26 SAFE1 (0,0,0,1) (1,1) SAFE S4 

27 SAFE2 (0,0,0,0) (1,1) SAFE SAFE 

28 SAFE1 (0,0,0,0) (1,1) SAFE SAFE 

29 SAFE2 (0,0,0,0) (1,1) SAFE SAFE 

30 SAFE1 
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Software Simulation (continued) 

Test Trajectory # 2 

ITZ STATE INPUT OUTPUT TRAIN A TRAIN B 

0 SAFE1 (9,0,0,0) (1/1) SAFE SAFE 

1 SAFE2 (9,0,0,0) (1/1) SAFE SAFE 

2 SAFE1 (0,0,0,0) (1/1) SAFE SAFE 

3 SAFE2 (0,0,0,0) (1/1) SAFE SAFE 

4 SAFE1 (0,0,0,0) (1/1) SAFE SAFE 

5 SAFE 2 

O
 

r
H
 O
 

O
 (1/1) SAFE S3 

6 BinAsafel (0,0,1,0) (1/1) SAFE S3 

7 BinAsafe2 (0,0,1,0) (1/1) SAFE S3 

8 BinAsafel 

O
 

O
 
O
 

O
 (1/1) SAFE DANGER 

9 BinAsafe2 (0,0,0,0) (1/1) SAFE DANGER 

10 BinAsafel 

O
 

O
 
o
 

o
 (1/1) SAFE DANGER 

11 BinAsafe2 (1,0,0,0) (1/1) SI DANGER 

12 BinAsafel (1,0,0,0) (1/1) SI DANGER 

13 BinAoff (1,0,0,0) (0,1) SI DANGER 

14 BinAoff (1,0,0,0) (0,1) SI DANGER 

15 BinAoff (1,0,0,0) (0,1) SI DANGER 

16 BinAoff (1,0,0,0) (0,1) SI DANGER 

17 BinAoff (1,0,0,1) (0,1) SI S4 

18 AinBsafel (1,0,0,1) (1/1) SI S4 

19 AinBsafe2 (1,0,0,1) (1/1) SI S4 
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Software Simulation (continued) 

20 AinBsafel (1,0,0,0) (1,1) SI SAFE 

21 AinBsafe2 (1,0,0,0) (1,1) SI SAFE 

22 AinBsafel (1,0,0,0) (1,1) SI SAFE 

23 AinBsafe2 (0,0,0,0) (1,1) DANGER SAFE 

24 AinBsafel (0,0,0,0) (1,1) DANGER SAFE 

25 AinBsafe2 (0,0,0,0) (1,1) DANGER SAFE 

26 AinBsafel (0,1,0,0) (1,1) S2 SAFE 

27 AinBsafe2 (0,1,0,0) (1,1) S2 SAFE 

28 SAFE1 (0,1,0,0) (1,1) S2 SAFE 

29 SAFE2 (0,0,0,0) (1,1) SAFE SAFE 

30 SAFE1 (0,0,0,0) (1,1) SAFE SAFE 

31 SAFE2 (0,0,0,0) (1,1) SAFE SAFE 

32 SAFE1 
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Software Simulation (continued) 

Test Trajectory # 3 

ITZ STATE INPUT OUTPUT TRAIN A TRAIN B 

0 SAFE1 (1,0,0,0) (1,1) SAFE SAFE 

1 SAFE2 H
 

O
 
O
 
o
 

(1,1) SAFE SAFE 

2 SAFE1 
o
 

o
 

o
 
o
 (1,1) SAFE SAFE 

3 SAFE2 

o
 

o
 

o
 

o
 (1,1) SAFE SAFE 

4 SAFE1 

o
 

o
 

o
 

o
 (1,1) SAFE SAFE 

5 SAFE2, H
 
o
 
o
 

o
 

(1,1) SI SAFE 

6 SAFE1 (1,0,0,0) (1,1) SI SAFE 

7 AinBsafel H
 

O
 
O
 
o
 

(1,1) SI SAFE 

8 AinBsafe2 

o
 

o
 

o
 

o
 (1,1) DANGER SAFE 

9 AinBsafel o
 

o
 

o
 

o
 

(1,1) DANGER SAFE 

10 AinBsafe2 

o
 

o
 

o
 

o
 (1,1) DANGER SAFE 

11 AinBsafel (0,0,1,0) (1,1) DANGER S3 

12 AinBoff (0,0,1,0) (1,0) DANGER S3 

13 AinBoff (0,0,1,0) (1,0) DANGER S3 

14 AinBoff (0,0,1,0) (1,0) DANGER S3 

15 AinBoff o
 

o
 

H
 

O
 

(1,0) DANGER S3 

16 AinBoff (0,0,1,0) (1,0) DANGER S3 

17 AinBoff O
 
H
 
H
 
o
 

(1,0) S2 S3 

18 BinAsafel (0,1,1,0) (1,1) S2 S3 

19 BinAsafe2 (0,1,1,0) (1,1) S2 S3 
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Software Simulation (continued) 

20 BinAsafel (0,0 

o
 

r
H
 

(1,1) SAFE S3 

21 BinAsafe2 (0,0 1,0) (1,1) SAFE S3 

22 BinAsafel 

o
 

o
 1,0) (1,1) SAFE S3 

23 BinAsafe2 (0,0 0,0) (1,1) SAFE DANGER 

24 BinAsafel (0,0 0,0) (1,1) SAFE DANGER 

25 BinAsafe2 (0,0 0,0) (1,1) SAFE DANGER 

26 BinAsafel (0,0 0,1) (1,1) SAFE S4 

27 BinAsafe2 (0,0 0,1) (1,1) SAFE S4 

28 SAFE1 (0,0 0,1) (1,1) SAFE S4 

29 SAFE2 (0,0 0,0) (1,1) SAFE SAFE 

30 SAFE1 (0,0 

o
 

o
 (1,1) SAFE SAFE 

31 SAFE2 (0,0 0,0) (1,1) SAFE SAFE 

32 SAFE1 (0,0 0,0) (1,1) SAFE SAFE 

33 SAFE 2 

o
 

o
 0,0) (1,1) SAFE SAFE 

34 SAFE1 (0,0 0,0) (1,1) SAFE SAFE 

35 SAFE2 (0,0 1,0) (1,1) SAFE S3 

36 BinAsafel 

o
 

o
 1,0) (1,1) SAFE S3 

37 BinAsafe2 

o
 

o
 1,0) (1,1) SAFE S3 

38 BinAsafel (0,0 0,0) (1,1) SAFE DANGER 

39 BinAsafe2 (0,0 

o
 

o
 (1,1) SAFE DANGER 

40 BinAsafel (0,0 0,0) (1,1) SAFE DANGER 

41 BinAsafe2 (1,0 o
 

o
 

(1,1) SI DANGER 

42 BinAsafel (1,0 0,0) (1,1) SI DANGER 
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Software Simulation (continued) 

43 BinAoff (1,0,0,0) (0,1) SI DANGER 

44 BinAoff (1,0,0,0) (0,1) SI DANGER 

45 BinAoff 

o
 
o
 

o
 

1—1 

(0,1) SI DANGER 

46 BinAoff 

o
 
o
 

o
 

H
 (0,1) SI DANGER 

47 BinAoff (1,0,0,1) (0,1) SI S4 

48 AinBsafel (1,0,0,1) (1,1) SI S4 

49 AinBsafe2 (1,0,0,1) (1,1) SI S4 

50 AinBsafel (1,0,0,0) (1,1) SI SAFE 

51 AinBsafe2 

o
 
o
 

o
 *>. H (1,1) SI SAFE 

52 AinBsafel (1,0,0,0) (1,1) SI SAFE 

53 AinBsafe2 

O
 

O
 

o
 

o
 (1,1) DANGER SAFE 

54 AinBsafel 

o
 
o
 

o
 
o
 (1,1) DANGER SAFE 

55 AinBsafe2 

o
 

o
 

o
 

o
 (1,1) DANGER SAFE 

56 AinBsafel (0,1,0,0) (1,1) S2 SAFE 

57 AinBsafe2 o
 
H
 

O
 

O
 

(1,1) S2 SAFE 

58 SAFE1 O
 

H
 

O
 

O
 

(1,1) S2 SAFE 

59 SAFE2 

O
 

O
 

O
 

O
 (1,1) SAFE SAFE 

60 SAFE1 o
 

o
 

o
 

o
 

(1,1) SAFE SAFE 

61 SAFE 2 

o
 

o
 

o
 
o
 (1,1) SAFE SAFE 

62 SAFE1 
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Software Simulation (continued) 

Test Trajectory # 4 

ITZ STATE INPUT OUTPUT TRAIN A TRAIN B 

0 SAFE1 (0,0,0,0) (1,1) SAFE SAFE 

1 SAFE2 
«—•

s o
 

o
 

o
 

o
 (1,1) SAFE SAFE 

2 SAFE1 N 
o
 

o
 

o
 

o
 (1,1) SAFE SAFE 

3 SAFE2 

o
 

o
 
o
 

o
 (1,1) SAFE SAFE 

4 SAFE1 

o
 

o
 

o
 

o
 (1,1) SAFE SAFE 

5 SAFE2 o
 
o
 

H
 
o
 

(1,1) SAFE S3 

6 BinAsafel (0,0,1,0) (1,1) SAFE S3 

7 BinAsafe2 o
 
o
 
H
 

O
 

(1,1) SAFE S3 

8 BinAsafel 

O
 

O
 

O
 

O
 (1,1) SAFE DANGER 

9 BinAsafe2 

O
 

O
 
o
 

o
 (1,1) SAFE DANGER 

10 BinAsafel 

o
 

o
 

o
 

o
 (1,1) SAFE DANGER 

11 BinAsafe2 (1,0,0,0) (1,1) SI DANGER 

12 BinAsafel H
 

O
 

O
 

O
 

(1,1) SI DANGER 

13 BinAoff H
 

O
 

o
 
o
 

(0,1) SI DANGER 

14 BinAoff H
 

O
 

o
 

o
 

(0,1) SI DANGER 

15 BinAoff (1,0,0,0) (0,1) SI DANGER 

16 BinAoff 

O
 

o
 

o
 

H
 (0,1) SI DANGER 

17 BinAoff (1,0,0,1) (0,1) SI S4 

18 AinBsafel (1,0,0,1) (1,1) SI S4 

19 AinBsafe2 (1,0,0,1) (1,1) SI S4 



239 

Software Simulation (continued) 

20 AinBsafel 

o
 »» o 
o
 

rH
 (1,1) SI SAFE 

21 AinBsafe2 

o
 

o
 

O
 t

a
t
 H
 (1,1) SI SAFE 

22 AinBsafel (1,0,0,0) (1,1) SI SAFE 

23 AinBsafe2 

o
 

o
 
o
 

o
 (1,1) DANGER SAFE 

24 AinBsafel 

o
 

o
 

o
 

o
 (1,1) DANGER SAFE 

25 AinBsafe2 o
 

o
 

o
 

o
 

(1,1) DANGER SAFE 

26 AinBsafel 

o
 

o
 

H
 
o
 (1,1) S2 SAFE 

27 AinBsafe2 (0,1,0,0) (1,1) S2 SAFE 

28 SAFE1 (0,1,0,0) (1,1) S2 SAFE 

29 SAFE2 

O
 

o
 

o
 

o
 (1,1) SAFE SAFE 

30 SAFE1 

o
 

o
 

o
 

o
 (1,1) SAFE SAFE 

31 SAFE2 

o
 

o
 

o
 

o
 (1,1) SAFE SAFE 

32 SAFE1 

o
 

o
 

o
 

o
 (1,1) SAFE SAFE 

33 SAFE2 

o
 

o
 
o
 

o
 (1,1) SAFE SAFE 

34 SAFE1 

o
 

o
 
o
 

o
 (1,1) SAFE SAFE 

35 SAFE2 

o
 

o
 

o
 

rH
 (1,1) SI SAFE 

36 SAFE1 (1,0,0,0) (1,1) SI SAFE 

37 AinBsafel 

O
 

O
 

O
 

H
 (1,1) SI SAFE 

38 AinBsafe2 

O
 

o
 

o
 

o
 (1,1) DANGER SAFE 

39 AinBsafel o
 

o
 

o
 
o
 

(1,1) DANGER SAFE 

40 AinBsafe2 

o
 

o
 
o
 

o
 (1,1) DANGER SAFE 

41 AinBsafel (0,0,1,0) (1,1) DANGER S3 

42 AinBoff (0,0,1,0) (1,0) DANGER S3 
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Software Simulation (continued) 

43 AinBoff (0,0,1,0) (1,0) DANGER S3 

44 AinBoff (0,0,1,0) (1,0) DANGER S3 

45 AinBoff (0,0,1,0) (1,0) DANGER S3 

46 AinBoff (0,0,1,0) (1,0) DANGER S3 

47 AinBoff (0,1,1,0) (1,0) S2 S3 

48 BinAsafel (0,1,1,0) (1,1) S2 S3 

49 BinAsafe2 (0,1,1,0) (1,1) S2 S3 

50 BinAsafel (0,0,1,0) (1,1) SAFE S3 

51 BinAsafe2 (0,0,1,0) (1,1) SAFE S3 

52 BinAsafel (0,0,1,0) (1,1) SAFE S3 

53 BinAsafe2 (0,0,0,0) (1,1) SAFE DANGER 

54 BinAsafel (0,0,0,0) (1,1) SAFE DANGER 

55 BinAsafe2 (0,0,0,0) (1,1) SAFE DANGER 

56 BinAsafel (0,0,0,1) (1,1) SAFE S4 

57 BinAsafe2 (0,0,0,1) (1,1) SAFE S4 

58 SAFE1 (0,0,0,1) (1,1) SAFE S4 

59 SAFE2 (0,0,0,0) (1,1) SAFE SAFE 

60 SAFE1 (0,0,0,0) (1,1) SAFE SAFE 

61 SAFE 2 (0,0,0,0) (1,1) SAFE SAFE 

62 SAFE1 
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Software Simulation (continued) 

Test Trajectory # 5 

ITZ STATE INPUT OUTPUT TRAIN A TRAIN B 

0 SAFE1 (0,0,0,0) (1,1) SAFE SAFE 

1 SAFE2 (0,0,0,0) (1,1) SAFE SAFE 

2 SAFE1 (0,0,0,0) (1,1) SAFE SAFE 

3 SAFE2 (0,0,0,0) (1,1) SAFE SAFE 

4 SAFE1 (0,0,0,0) (1,1) SAFE SAFE 

5 SAFE2 (1,0,1,0) (1,1) SI S3 

6 SAFE1 (1,0,1,0) (1,1) SI S3 

7 AinBsafel (1,0,1,0) (1,1) SI S3 

8 AinBoff (0,0,1,0) (1,0) DANGER S3 

9 AinBoff (0,0,1,0) (1,0) DANGER S3 

10 AinBoff o
 

o
 

H
 

o
 

(1,0) DANGER S3 

11 AinBoff (0,0,1,0) (1,0) DANGER S3 

12 AinBoff x—
"S

 

o
 

o
 

H
 

o
 

(1,0) DANGER S3 

13 AinBoff 

o
 

H
 

O
 

o
 (1,0) DANGER S3 

14 AinBoff (0,1,1,0) (1,0) S2 S3 

15 BinAsafel (0,1,1,0) (1,1) S2 S3 

16 BinAsafe2 

o
 

H
 

H
 

O
 
w
 (1,1) S2 S3 

17 BinAsafel (0,0,1,0) (1,1) SAFE S3 

18 BinAsafe2 (0,0,1,0) (1,1) SAFE S3 

19 BinAsafel (0,0,1,0) (1,1) SAFE S3 
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Software Simulation (continued) 

20 BinAsafe2 (0,0,0,0) (1,1) SAFE DANGER 

21 BinAsafel (0,0,0,0) (1,1) SAFE DANGER 

22 BinAsafe2 (0,0,0,0) (1,1) SAFE DANGER 

23 BinAsafel (0,0,0,1) (1,1) SAFE S4 

24 BinAsafe2 (0,0,0,1) (1,1) SAFE S4 

25 SAFE1 (0,0,0,1) (1,1) SAFE S4 

26 SAFE2 (0,0,0,0) (1,1) SAFE SAFE 

27 SAFE1 (0,0,0,0) (1,1) SAFE SAFE 

28 SAFE2 (0,0,0,0) (1,1) SAFE SAFE 

29 SAFE1 

End of test. 
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6.3 SYSTEM FUNCTIONAL ANALYSIS OF CONCEPT 3 

6.3.1 Top Level System Functional Analysis of Concept 3 

Concept 3 uses Pascal software to implement the 

requirements. Based on document 3 requirements and the 

states defined in document 5 concept 3 the major functions 

are: 

SAFE - Both trains are in safe zone. 

AinBout - Train A in danger zone, train B outside. 

BinAout - Train B in danger zone, train A outside. 

6.3.2 SUBFUNCTION DECOMPOSITION 

6.3.2.1 Subfunction 1 

This system is functionally the same as concept 2 and 

decomposes into the same functions. 



6.3.3 Complete Subfunction Model 
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6.3.3.1 Terminology 

Z3' = (SZ3', IZ3', 0Z3', NZ3', RZ3') 

where Z3' is the model of a complete I/O Functional Design, 

SZ3' represents the states of the system, 

IZ3' represents the inputs to the system, 

OZ3' represents the outputs of the system, 

NZ3' represents the next state function, and 

RZ3' represents the readout function. 

6.3.4 Rationale for Analysis of Concept 3 

Concept 3 is functionally identical to concept 2. They both 

will be downloaded into the Motorola 68000 controller and 

the software breaks down into the same functional areas. The 

simulation will give identical results as concept 2. 



DOCUMENT 7 - PHYSICAL SYNTHESIS 
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Friday, February 9, 1990 

The Physical Synthesis document develops and explains the 

relationships between the models of the previous documents 

and the physical components that will comprise the final 

system. It is created in conjunction with document 6. 

7.1 PHYSICAL SYNTHESIS OF CONCEPT 1 

7.1.1 Top Level System Design of Concept 1 

Concept 1 is the hardware implementation of the train 

controller. TTL components from the SIE 370 lab must be used 

to connect the train location detectors and the power 

controllers to both boards. The system is broken into the 

following physical units 

1) DETECTOR 

2) ANALYZER 

3) OUTPUT CONTROLLER 

Each unit is described in further detail in the following 

sections. 



7.1.2 Subunit Physical Synthesis 
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7.1.2.1 Subunit # 1 

Unit #1 is the DETECTOR. Input is scanned by this unit. It 

is implemented by providing 4 pins at the end of the 

protoboard in the following order SI, S2, S3, S4. The pins 

will interface to AND gates which connect to the ANALYZER. 

See exhibit 7.1.5.1 for the state table and exhibit 7.1.5.2 

for the schematic. 

7.1.2.2 Subunit # 2 

Unit #2 is the ANALYZER. This unit takes the inputs from the 

DETECTOR and places them into three flip flops. The state of 

all 3 flip flops concurrently correspond to the functional 

states of section 6.1.2.2 to create the outputs. See section 

for 7.1.3 for the homomorphisms. This unit sends data to the 

OUTPUT CONTROLLER. See exhibit 7.1.5.1 for the schematic. 

7.1.2.3 Subunit # 3 

Unit #3 is the OUTPUT CONTROLLER and is used to set the 

power for the trains. It is implemented by connecting the 

output from the ANALYZER to 2 pins at the end of the 
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protoboard. There are a total of 8 pins on the protoboard. 

The first 4 are the inputs (See section 7.1.2.1), the next 2 

are ground (GND) and the last 2 are power to train A (PA) 

and power to train B (PB). 

7.1.3 Homomorphisms 

This section describes the relationships between the 

physical protoboard and the functional design of concept 1 

given in document 6. HS is the state homomorphism. It tells 

us that state SAFE (defined in document 6 section 6.1.3) is 

called 000 in the description of the protoboard (defined in 

document 7 section 7.1.5.1). 

HS = {(SAFE,000),(AinBsafe,100),(AinBoff,010), 

(BinAsafe,110),(BinAoff,111) ) 

where the state 000 corresponds to the flip flops having 

outputs of 0 for all 3 flip flops in the order A, B, C. 

HI is the input homomorphic relationship. It says that the 

input called SI in document 7 is called IlPl in document 6 

section 6.1.2.1. Similarly HO is the output homomorphism 

relating PA from section 7.1.2.3 with 01P1 from section 

5.1.2.5. 



HI = {(S1,I1P1),(S2,I2P1),(S3,I3P1),(S4,I4P1)> 

HO = {(PA,01P1),(PB,02P1)} 
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7.1.4 Rationale for Synthesis of Concept 1 

The design requires 5 integrated circuits (ICs). Two ICs are 

for the flipflops and 3 ICs are for the AND and OR gates. 

This design approach was derived by using the state diagram 

created from document 6 - Functional Analysis. 

7.1.5 Exhibits for Concept 1 

7.1.5.1 State Table for Concept 1. 

7.1.5.2 Schematic for Concept 1. 



7.1.5.1 State table for Concept 1. 

Present Inputs | Next Flip Flop Inputs 

State State 

ABC 1 s Is 2S 3S4 1 ABC JA KA | JB KB JC KC 

000 1 1 0 0 0 | 100 1 X 1 0 X 0 X 

000 1 0 0 1 0 | 010 0 X 1 1 X 0 X 

100 1 0 1 0 0 | 000 X 1 1 0 X 0 X 

100 1 0 0 1 0 | 110 X 0 | 1 X 0 X 

010 1 0 0 0 1 1 000 0 X 1 x 1 0 X 

010 | 1 0 0 0 | 111 1 X 1 x 0 1 X 

110 1 0 1 0 0 | 010 X 1 1 x 0 0 X 

111 1 0 0 0 1 | 100 X 0 1 x 1 X 1 

JA = A'B'C'Sl + A'BC'Sl = A'C'S1(B+B') = A'C'Sl 

KA = AB'C'S2 + ABC'S2 = AC'S2(B+B') = AC'S2 

JB = A'B'C'S3 + AB'C'S3 = B'C'S3(A+A') = B'C'S3 

KB = A'BC'S4 + ABCS4 

JC = A'BC'Sl 

KC = S4 



7.1.5.2 Schematic for Concept 1. 
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7.2 PHYSICAL SYNTHESIS OF CONCEPT 2 
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7.2.1 Top Level System Design of Concept 2 

Concept 2 is to use an assembly language program to 

implement the controller. The physical unit is the Motorola 

68000 controller available in the lab. It will be broken 

into 2 units. 

1) INPUT/OUTPUT 

2) ANALYZER 

Each will be explained below. 

7.2.2 Subunit Physical Synthesis 

7.2.2.1 Subunit # 1 

The Input/Output unit is a parallel port on the Motorola 

68000 controller. The TA will connect the equipment to the 

controller. The result of this unit is the presentation of 

the Input/Output data in memory location $10010 of the 

Motorola's memory. Bits 1,2,3, and 4 correspond to SI, S2, 

S3, and S4. Bits 5 and 6 correspond to PA and PB. 
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7.2.2.2 Subunit # 2 

Unit # 2 is the ANALYZER which consists of the Motorola 

68000 controller available in the SIE 370 lab and the 

software loaded in it. It is required equipment as per the 

Operational Need document. Software written in the 68000 

assembly language must be downloaded into this unit. The 

software will be written on a UNIX PC in the lab in assembly 

language then downloaded into the ECB controller. The 

ANALYZER software can be further decomposed to follow the 

subfunctions described for concept 2 in the Functional 

Analysis document. This has been done in the flow diagram. 

See Exhibit 7.2.5.1 for the flow diagram and Exhibit 7.2.5.2 

for the software listing. 

7.2.3 Homomorphisms 

This section describes the relationships between the 

physical software and the functional system for concept 2 

described in document 6. 

HS = {(a line 3,SAFEl),(a line 5,SAFE2), 

(c line l,AinBsafel),(c line 3,AinBsafe2), 

(b line 1,BinAsafel),(b line 3,BinAsafe2), 

(d,AinBoff),(e,BinAoff)} 
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HI = {($10010 BIT 1,I1P2), ($10010 BIT 2,I2P2), 

($10010 BIT 3,I3P2),($10010 BIT 4,I4P2)> 

HO = {($10010 BIT 5,01P2),($10010 BIT 6,02P2)} 

7.2.4 Rationale for Synthesis of Concept 2 

Concept 2 was derived from the Technology Requirements in 

document 3, the Concept Exploration document and the 

Functional Analysis document. The states that were 

decomposed in the Functional Analysis document for concept 2 

translated easily into software. 

7.2.5 Exhibits for Concept 2 

Exhibit 7.2.5.1 Software Flow Diagram 

Exhibit 7.2.5.2 Assembly Language Software Listing. 



Exhibit 7.2.5.1 Software Flow Diagram 

( S L "l f V 

! _ 



Exhibit 7.2.5.2 Assembly 

org 0x1000 

mov.b &0,l(%a0) 

mov.b &0,3(%a0) 

mov.b &0x80,15(%a0) 

mov.b &0x60,7(%a0) 

lea 0x10013,%a0 

bset &5,(%a0) 

bset &6,(%a0) 

btst &1,(%a0) 

bne c 

btst &3,(%a0) 

bne b 

bra a 

btst &2,(%a0) 

bne a 

btst &3,(%a0) 

bne d 

bra c 

Language Software Listing. 

* initialization work 

* initialization work 

* initialization work 

* initialization work 

* initialization work 

* initialization work 

* turn on power of train A 

* turn on power of train B 

* check for SI (bit 1) 

* if SI then goto c 

* if no SI then check for S3 

* if S3 then goto b 

* if no S3 then goto a 

* check for S2 (bit 2) 

* if S2 then goto a 

* if no S2 then check for S3 

* if S3 then goto d 

* if no S3 then goto c 

btst &l,(%a0) * check for SI (bit 1) 



Assembly language listing (continued). 
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bne e 

btst &4,(%a0) 

bne a 

bra b 

d: 

bclr &6,(%a0) 

btst &2,(%a0) 

bne g 

bra d 

e: 

bclr &5,(%a0) 

btst &4,(%a0) 

bne h 

bra e 

g: 

bset &6,(%a0) 

bra b 

h: bset &5,(%a0) 

bra c 

* if SI then goto e 

* if no SI then check S4 

* if S4 then goto a 

* if no S4 then goto b 

* turn power of train B OFF 

* check for S2 (bit 2) 

* if S2 then goto g 

* if no S2 then goto d 

* turn power to train A OFF 

* check for S4 (bit 4) 

* if S4 then goto h 

* if no S4 then goto e 

* turn power of train B ON 

* goto b 

* turn power to train A ON 

* goto c 
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7.3 PHYSICAL SYNTHESIS OF CONCEPT 3 

7.3.1 Top Level System Design of Concept 3 

When physical synthesis for concept 3 began it was 

discovered that no cross compiler for the UNIX PC was 

available for the Motorola 68000. Since the program cannot 

be written in a high level programming language using the 

equipment in the lab this concept was not completed. 
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APPENDIX - TRICOTYLEDON THEORY OF SYSTEM DESIGN 

The Tricotyledon Theory of System Design (T3SD) uses the 

following set notation. 

x .E. A asserts that x is an element of A, or, x is in A. 

x .NE. A asserts that x is not an element of A. 

A .S. B asserts that A is a subset of B if and only if x .E. 

A implies x .E. B. 

.PS.A denotes the power set of A, or, the set of all subsets 

of A. 

A .U. B denotes A union B, A .U. B = {x .E. A or x .E. B}. 

A .I. B denotes A intersect B, A .1. B= {x .E. A and x .E. 

B > .  

•U. S denotes the union of the sets in the set S of sets, 

.U. S = {x: x .E. A for some A .E. S}. 

.I. S denotes the intersection of the sets in the set S of 

sets, .I. S = {x: x .E. A for every A .E. S}. 
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T3SD Notation (continued) 

A - B denotes the complement of B in A, A - B = {x: x .E. A; 

x .NE. B). 

W[a, b] = {x: x .E. W; a .LE. x and x .LE. b} for W .S. RLS, 

{a, b} . S. RLS. 

W(a, b] = {x: x .E. W; a .LT. x and x .LE. b} for W .S. RLS, 

{a, b} .S. RLS. 

W[a, b) = {x: x .E. W; a .LE. x and x .LT. b) for W .S. RLS, 

{a, b} .S. RLS. 

W(a, b) = {x: x .E. W; a .LT. x and x .LT. b} for W .S. RLS, 

{a, b} .S. RLS. 

W+ denotes the set of all positive reals in W for W .S. RLS. 

W++ denotes the set of all nonnegative reals in W for W .S. 

RLS. 

W- denotes the set of all negative reals in W for W .S. RLS. 

#A denotes the number of elements in the set A. 
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T3SD Notation (continued) 

A1 ><...>< An denotes the set product of the sets Al,...,An 

and is defined as follows: 

A1 ><...>< An = {x: x = (xl,...,xn) where xi .E. Ai 

for 

every i .E. IJS[1, n]}; 

the elements of Al ><...>< An are called n-tuples. 

A An denotes the set product of the set A with itself n times 

for n .E. IJS[2, NND). 

The following abbreviations are used in T3SD. 

HI is the homomorphic image of the inputs. If Z1 is a 

homomorphic image of Z2 with respect to HI then 

HI .E. FNS(IZ2, ONTO, IZ1), 

HO is the homomorphic image of the output. If Z1 is a 

homomorphic image of Z2 with respect to HO then 

HO (RZ2(x)) = RZ1(HS(x)) for every X .E. SZ2. 
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HS is the homomorphic image of the states. If Z1 is a 

homomorphic image of Z2 with respect to HS then 

HS .E. FNS(SZ2,ONTO,SZ1), HO .E. FNS (OZ2,ONTO,OZ1), 

HS(NZ2 (x, p)) = NZ1(HS(x), HI(p)) for every x .E. SZ2 

and p .E. IZ2. 

IBnP denotes the baseline value for PnP and IFnP for n .E. 

IJS[1, #IFMP]. 

IFMP denotes the set of Input/Output Performance figures of 

merit. 

IFnP denotes the nth Input/Output Performance figure of 

merit for the system design problem SDP for n .E. 

IJS[1, #IFMP]. 

IJS denotes the set of all integers. 

IJS+ denotes the set of all positive integers. 

IJS++ denotes the set of all positive integers including 

zero. 
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ILTHnP denotes the lower threshold for IFnP for 

n .E. IJS[1, #IFMP]. 

IOR (or IORP if associated with a system design problem SDP) 

denotes an Input/Output requirement: 

IOR = (TR,IR,ITR,OR,OTR,MR). 

IR is the set of inputs of the Input/Output requirement IOR. 

ISLnP denotes the slope of ISnP at the point IBnP. 

ITR is the set of input trajectories of the Input/Output 

requirement IOR, ITR .S. FNS(TR, IR). 

ITZ denotes the set of all input trajectories of the system 

Z and is defined as follows: ITZ = FNS(TZ, IZ). 

IUTHnP denotes the upper threshold for IFnP for 

n .E. IJS[1, #IFMP]. 

IWnP denotes the weight assigned to IFnP for 

n .E. IJS[1, #IFMP]: IWnP .E. RLS[0, 1] and 

SUM{IWnP: n .E. IJS[1, #IFMP]). 
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IZ is the set of inputs of the system Z. 

LCR is the length of the life cycle of the Input/Output 

requirement IOR, LCR .E. IJS+ or LCR = NND. 

MR is the matching function of the Input/Output requirement. 

MR .E. FNS(ITR, .PS. OTR - {{}}). 

MR(f) is the set of output trajectories eligible to be 

produced from the input trajectory f for every f .E. 

ITR. 

NND denotes infinity. -NND denotes negative infinity. 

NZ is the next state function of the system Z. 

NZ .E. FNS(SZ >< IZ, SZ). 

OR is the set of outputs of the Input/Output requirement 

IOR. 

OTR is the set of output trajectories of the Input/Output 

requirement IOR, OTR .S. FNS(TR, OR). 
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OZ is the set of outputs of the system Z. 

RLS denotes the set of all real numbers. 

RZ is the readout function of the system Z. 

RZ .E. FNS(SZ, OZ). 

SCR denotes a system coupling recipe and is defined as 

follows: 

SCR = (VSCR, CSCR) where 

VSCR is a vector of systems and 

CSCR is the connectivity function, 

that is, either CSCR = {) or CSCR is a 1T01 

function whose domain of definition is a proper 

subset of the set of all output ports of 

systems in VSCR .U. {OPZ: Z .E. VSCR), 

and whose range is a proper subset of the set 

of all input ports of systems in VSCR 

.U. {IPZ: Z .E. VSCR), such that, if (B, A) .E. 

CSCR, then the output port whose name is B must 

represent the same set as the input port whose 

name is A. The sets of names of the systems in 

VSCR must be pairwise disjoint so that the 
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names of input ports and output ports are 

unique. 

SSF(Lower,Baseline,Upper,Slope)(FigureMerit) denotes the 

standard scoring function that converts the 

FigureMerit into a standard score between 0 and 1, 

where: 

Lower denotes the lower threshold of the figure of 

merit and will receive the score of 0 if the 

slope is positive and a score of 1 if the slope 

is negative. 

Baseline is the figure of merit value that will 

receive a score of .5. 

Upper denotes the upper threshold of the figure of 

merit and will receive a score of 1 if the slope 

is positive and a score of 0 if the slope is 

negative. 

FigureMerit is the figure of merit that was measured 

in accordance with the test plan. 

SSF is the standard scoring function defined as 

follows: 
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If Slope .GT. 0 and FigureMerit .LE. Baseline then 

SSF(Lower,Baseline,Upper,Slope)(FigureMerit) 

= 0, if FigureMerit .E. (-NND, Lower]; 

= SSFl(Lower,Baseline,Slope)(FigureMerit) = 

1/(1+((Baseline - Lower)/(FigureMerit -

Lower))A(2 * Slope * (Baseline + FigureMerit 

- 2 * Lower))),if FigureMerit .E. (Lower, NND); 

If Slope .GT. 0 and FigureMerit .GT. Baseline then 

= 1 - (SSF1(2 * Baseline - Upper, Baseline, 

Slope))(2 * Baseline - FigureMerit); 

If Slope .LT. 0 and FigureMerit .LE. Baseline then 

=1, if FigureMerit .E. [Upper, NND); 

= 1 - SSF1(Lower,Baseline,-Slope)(FigureMerit) 

if FigureMerit < Baseline; 

If Slope .LT. 0 and FigureMerit .GT. Baseline then 

=0, if FigureMerit .E. [Upper,NND) 

= 1 - SSF1(2 * Baseline - Upper, Baseline, 

- Slope))(2 * Baseline - FigureMerit) if 

FigureMerit > Baseline; 

SZ is the set of states of the system Z. 
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TFnP denotes the nth Tradeoff figure of merit for the system 

design problem SDP for n .E. IJS[1, #TFMP]. 

TR is the time scale of the Input/Output requirement IOR, 

TR = IJS [0, LCR). 

TWnP denotes the weight assigned to TFnP for 

n .E. IJS[1, #TFMP]: TWnP .E. RLS[0, 1] and 

SUM{TWnP:n .E. IJS[1, #TFMP]}. 

TZ denotes the time scale of the system Z and is defined as 

follows: TZ = IJS++. 

UFnP denotes the nth Utilization of Resources figures of 

merit for the system design problem SDP for 

n .E. IJS[1, #UFMP]. 

ULTHnP denotes the lower threshold for UFnP for 

n .E. IJS[1, #UFMP]. 

UBnP denotes the baseline value for UFnP for 

n .E. IJS[1, #UFMP]. 
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UFMP denotes the set of all Utilization of Resources figures 

of merit. 

USLnP denotes the slope of USnP at the point UBnP. 

USnP denotes the scoring function for UFnP for 

n .E. IJS[1, #UFMP]. 

UUTHnP denotes the upper threshold for UFnP for 

n .E. IJS[1, #UFMP]. 

UWnP denotes the weight assigned to UFnP for 

n .E. IJS[1, #UFMP]: 

UWnP .E. RLS[0, 1] and SUM{UWnP: n .E. IJS[1, #UFMP]}. 

Z is the name of a system, or system model or state machine 

model, is a 5-tuple denoted Z = (SZ, IZ, OZ, NZ, RZ). 
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