

































































































































































































































































































































































The various methods of computer scheduling (see
appendix, page Al) presently available have been developed out
of a need for a 1ogicai method to analyze the relationshipn
between thousands of activities which go into large manufacturing

and construction projects.

WHY IS CADS NEEDED?

CADS plays an important role in the Department's design
and construction for several reasons, as follows:

1. In order to supply sufficient detall for the
establishment of target dates for such items as material
procurement, engineering, preparation of drawings, orderly
installation of equipment and so forth, it is necessary to
schedule and coordinate several thousand Jjobs or activities.

2. Since there are over 100 design, construction, and
material procurement groups in a major project team, a standard
scheduling and coordination technique administered by a central
authority 1s required.

3. Because of the vastness of the projects and the
continual need for updating schedules, high sveed scheduling
techniques are required to prevent delays in obtaining vital
information.

L, A method is desired which enables the scheduler or
engineer to pinpoint, in advance and with sufficient scope, the
areas of difficulty and to take corrective action months in
advance instead of after the difficulty has been encountered.
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5. A technique is desired which enables a scheduler

or engineer to describe a project in regard to its many
dependent activities or Jobs, with the required start and finish
dates of the project, and which then automatically adjusts thé
resulting schedule by making time corrections on critical Jobs
to produce a final schedule meeting the original requirements
specified.

6. PFinally, a technique or method is required which
enables the scheduler or engineer to see the effect of a
slippage of any one Job or activity in a project with regard to
the overall project target date.

With regard to the last point above, 1t has been
assumed 1ﬁ the past that there are certain key items or
activities in a large project, such as the placement of a maln
power transformer or the arrival of a turbine spindle, which
- could be used to measure the progress of a project and indicate
project completion date slippage.

.Another assumption in the past was that only the
large or key items in a project need be scheduled and that
everything else would automatically fall in place. Both of
these assumptions are false. The two weeks late arrival of
reinforcing steel for a transformer foundation can delay a project
just as long and can be just as serious a problem as the two
weeks late arrival of the transformer to be installed on the

foundation,
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HOW IS CADS USED IN THE DEPARTMENT?

; The Department's version of CPM scheduling is called
] CADS, CADS, which stands for Construction and Design
Scheduling, has been used in the scheduling and the coordination
of all design, material procurement, construction and testing
activities needed to bulld three large bulk power substations,
Recelving Stations S, P, and T, in the Los Angeles area. Two
of these stations, RS-S and RS-T, are conventional, aboveground
138 KV to 34.5 KV Substations with ultimate capacities of 400 MVA
each, RS-P is a 230 KV to 34.5 KV underground station, (in the
downtown area of Los Angeles) with an initially installed transformer
capacity of 320 MVA., All phases of the projects such as site
selection, engineering, drafting, management approval, material
procurement, construction, testing, and energizing of the stations
are scheduled in detail to answer inquiries and problems of the
following types:

An electrical design engineer needs to know when a
set of detalled structural drawings wlill be ready in ordef to
know when he can start design of an electrical equipment
installation.

A land division officer wonders whether a two weeks
delay in obtalning a parcel of land will be acceptable.

A member of engineering management is considering
whether or not enough time 1s left to request a change in system

design.
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A chief draftsman flooded with a deluge of drafting

jobs must assign the order in which the jobs are to be done.

A specificatlion writer 1s faced with deciding what
delivery date will be satisfactory aponroximately two years from
now.

Noting the tremendous expense today for construction
equipment rental and wages, a project engineer has the problem
of declding the exact day on which to begin construction in
order to meet the project completion time and at the same time
minimize cost., These problems, and many more, can be answered
by CADS.

A typical receiving station schedule for the type of
stations indicated above consists of approximately 2500 jobs or
activities, Portions of a typical receiving station schedule
are shown 1n the aprendix of this paper. These comﬁuter listings
will be explained later,

In conjunction with the scheduling of large receiving
stations, it was necessary to schedule the transmission and
underground englineering and construction of the 1lines and cables
entering the stations.

The other main application of CADS in the Department
has been the scheduling of construction and preliminary oneration
activities of Units 1, 2 and 3 at the Department!s new Haynes
Steam Plant. These units will produce 230 MW each. The
construction of these units not only involves the coordination
and scheduling of the Department's own construction groups, but

5

/)¢5




also that of the various contractors responsible for the bollers,
turbines, tank erectibns, and so forth. To date only the
construction and preliminary operation activities have been
scheduled by CADS for the above units.

One of the extra dividends accrued in going to
computer scheduling, and in particular to CADS, was the increased
understanding and knowledge of the detailed activities, with
their interrelationships, required in building a plant. The
benefits from this one point alone have made the program highly
desirable and successful, |

The last major point pertains to the manner in which
the CPM or CADS automated scheduling program was implemented
within the Department. |

The computer program was developed at the suggestion
of several Department senior engineers concerned with the
coordinating and scheduling of large projects. The original
programming group consisted of engineers, having previous plant
design experience and familiar with computers.

In the latter part of 1960, much time was spent in
researching available publications, principally those concerning
the Navy's PERT Program. After analyzing the Department's needs
and the programs then available, it was decided to write an
entirely new program having the input and output features that
the Department required,

The engineers, who wrote the computer orogram,
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prepared, with the help of the Station Design Engineers, the
first recelving station échedulé data., The first steam plant
schedule data were prepared by the preliminary operation,
construction and scheduling engineers because of their greater
familiarity with steam plant construction activities. The

task of originating, organizing, operating and implementing
computer schedules for all projects is now done by the
Department's Design and Construction Division staff englneering
schedulers, who have historically been charged with the
responsibllity for coordinating and scheduling. The original

computer programming group now serves in a consulting capacity.

WHAT CAN CADS DO THAT CONVENTIONAL SCHEDULING TECHNIQUES CANNOT?

As was pointed out above, CADS or CPM can analyze
thousands of detalled activities, as to theilr correct time
relations. Using conventional bar chart techniques, 1t is
physically impossible and impractical to correctly relate
several thousand activities according to calendar dates, to tyve
or print and proof complete schedules for distribution at
regular intervals within a satisfactory period of time, much
less examine the critical and suberitical paths for areas of
possible trouble.

With former conventional techniques, only the major
equlipment and construction activities could be scheduled,
therefore not providing sufficient detail to indicate problem

areas, In addlition, independent schedules for design,
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construction, and materlal procurement were made by Various
subsection schedulers in order to aid their engineering groups.
This resulted in conflicting schedules, each in different
degrees of updating. CADS can update, print, proof, and ready
a complete detailed schedule for distribution in a matter of

minutes after the need for a change has been recognized.

Lastly, CADS, through its automatic rescheduling features,

can adjust a schedule through its ability to find the critical
areas or paths, modify certain time estimates, and recast a
schedule 1lteratively until specific project requirements are

met,

HOW DOES CADS COMMUNICATE OR PORTRAY ITS INFORMATION TO THE

SCHEDULER AND/OR ENGINEER?

The advent of high speed, large storage digital
computers, with the ability to output information at the rate
of 600 lines per minute and with up to 132 characters on a line,
has provided a temptation for programmers to output too much
information for humans to digest. To be certailn, management,
design engineers, clerks, and construction people need detalled
scheduling information because they work with details., It is
the day-to-day decisions, such as which jobs are to be performed
next, how many people are needed on the design staff during the
next year, and can part of a group be rotated to new assignments,
that plague management. With the abllity to provide detailed
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information and while still recognizing the frailty of human

beings in digesting large amounts of data, the specifications
for the CADS output format were devised.

A person reading a schedule is usually concerned with
the details which pertain to his group only. For instance,
the supervisor of a group of electrical draftsmen 1s concerned
with jobs which require electrical drafting and not with the
number of plumbers needed on a pnarticular date. Hence, the
schedule output is divided into summaries according to actual
Department design and construction grouvs. A partial list of
groups in the Department given individual summary printouts
from the CADS schedule may be found in the appendix, nage AlL.
A supervisor is concerned with decisions such as when jobs
assigned to his group should be started and finished, how many
men should be employed on each, which jobs can be started
early, is overtime required, and are the prerequisites to starting
a job avallable (key drawings, engineering calculations, sketches,
and so on). A supervisor therefore needs an individual summary
for his group which contains the above information.

The two typical approaches can be made when examining a
summary schedule. The first type of inquiry might be as follows:

Has a particular job been completed yet?

And the second type:

Which jobs should be started, finished, or active

today?
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The first type of inquiry requires an alphabetical
listing of activities by summary, while the second requires a
chronological listing of activities by summary. The CADS
output format includes both types of 1listings for each summary.
‘In addition, it is convenient to have the outpnut format for
each summary in both tabular and graphical forms. The
alphabetical listing of activities is printed in tabular form
and the chronological listing is printed in grapvhical form
(bar chart) for each individual group summary.

In order to discuss the outpuf formats, samples of
which are included in the appendix, it is first necessary to
define the terms activity, related (prerequisite) activity,
critical path, slack time, normal and critical time, and normal
and critical manpower.

An activity can be either a task performed or an elapse
of time. Examples of tasks performed are engineering studies,
drafting, installations, and testing. An example of an elapse
of time is the curing of concrete. Before most activities can
be started, certain’prerequisite activities must be completed
first. These prerequisite activities are known as related

activities. As an example, the curing of a concrete foundation

is the related activity to the activity of placing a transformer
on that foundation. To further illustrate the term related
activity, the placing of the transformer on the foundation is

a related activity to the activity of connecting the transformer
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to the station bus work. -

The remaining terms can best be described with the
ald of a diagram., On vage A5 of the appendix a simplified
schedule has been diagrammed (both names and time estimates
aré arbritrary and are intended only to illustrate
terminology and the manner in which CADS schedules). The
diagram shows the relationship of activities to each other with
regard to the sequence in which the activities must be verformed.
A real.time scale is included at the right of the page. On the
side of the page labeled pass 1, the activities TRANSFORMER
FINAL ASSEMBLY and TRANSFORMER WIRING CONNECTION are both shown
as requiring the related activity TRANSFORMER PLACEMENT;
however, since the activity TRANSFORMER FINAI ASSEMBLY requires
more time to perform than the activity TRANSFORMER WIRING

CONNECTION, the related activity TRANSFORMER PLACEMENT must be

‘completed earlier than what is required for the activity

TRANSFORMER WIRING CONNECTION. The time renresented by the
dash line on the diagram is known as slack time. The interval
between having all the related activitiles complete and the
latest possible starting date for an activity is defined as the

slack time of the activity. For the actiVKty TRANSHORMER

WIRING CONNECTION, the slack time referring to the time scale

is one day. A nath is comprised of two or more activities

worked 1n series. The activities TRANSFORMER TEST, TRANSFORMER

FINAL ASSEMBLY, TRANSFORMER PIACEMENT and TRANSFORMER DELIVERY
11
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form a path. Another path is defined by the activities
TRANSFORMER TEST, TRANSFORMER WIRING CONNECTION,_TRANSFORMER
PLACEMENT and TRANSFORMER DELIVERY. It 1s noticed that some

of the same activities occurred in the second‘path as were in

the first path. In the first path there exists no slack time.
The activity TRANSFORMER WIRING CONNECTION has slack time in

the second péth. The criﬁical path is tﬁeylongeét nath in
time and contaihs no slack tiﬁe. Fof the nass 1 diagram, |
the critical path consists of TRANSFORMERNTEST, TRANSFORMER
FINALFASSEMBLY; TRANSFORMER PLACEMENT, TRANSFORMER FOUNDATION
CONCRETE CURE, TRANSFORMER‘FOUNDATION FORM STRIP, TRANSFORMER
FOUNDATION CQNCRETE POUR, and TRANSFORMER FOUNDATION FORM
INSTALLATION. Although the critical path is the longest »ath

in the project, it dictates the shortest time in which the

project may be completed. Only when activities in the critical

path have their time shortened or are worked in parallel rather

than in series can the project time be reduced.

Since in most cases the sequence in which activities

are performed cannot be changed (a concrete foundation must cure

before placing equipment unon it) the common way to shorten a

project is to shorten the allowable time to nerform each activity
in the critical path. This can be accomplished by placing more
manpower on the activity or by working more than one shift ner

day. Activities are therefore given two time estimates, normal

and critical. The normal estimate is givén as the time and

number of men normally allowed to accommlish a given activity.
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The critical estimate is based unon the time and number of men

required to perform an activity when a project must be
completed in minimum time. For most activities the critiecal
time estimate will be smaller than the’normai estimate, and
the critical number of men estimate iarger than,the normal
estimate. For some activities the normal and critical
estimates will be the same (i.e. concfete cure).

If the left side of page A5 of the aﬂ“endix is again
referred to, a number nair can be observed directly below the
name of each activity. The number on the left side ef‘the |
slash (/) represents the normal days estimate, and the number
on the right the critical days estimate. If the activities
represented by the diagram were}scheduled by CADS usihg normal
estimates, the pass 1 schedule output would appear as shown
on the left side of the page. Should the time required to comwlete
this work be greater than acceptable, CADS would attemﬁt to
reschedule as shown for pass 34 e pass 2 schedule was obtained
by replacing the normal esf//ate with the crwtical estwmate for
each activity appearing in the critical path ofkpass'l, |
(transformer test, final assembly, placement, foundation concrete
cure, form stfie and form installation), and rescheduling. Again

if the pass ? schedule requires too many days to comnlete,'the

‘activities apvearing in the critical path of pass ?, (rack area

backfill, grounding mat installation, and rack afea excavation)
would'have their normal estimates reolaeed with eritical
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estimates by the CADS program. With these changes a hew
schedule 1is output as shown under bass 3, page A6. This
recycling process continues until the schedule is shortened
to an acceptable time or until all the'activities’appéaring
in the critical path obtained in the new'pass were
previously reduced to their critical estimates in an earlier
pass or untll the number of passes equals the 1limit for the
maximum allowable number of passes (which can be set by the
individual scheduling with the CADS program). |

In order to describe some of the output features of
CADS, the following definitions and explanations are made.

Activity Index Number, This is a computer generated

activity identification number, which is unique for each
particular activity. This activity number is assigned when all
activities are sorted, alphamerically by summary, during
processing. The activity index number will normally chahge for
subsequent schedule recasting. It is usually used in 1ocating

a specific activity when the schedule outputs are being |
examined.

File Number., This is an arbitrarily chosen activity

identification number assigned by the scheduler, and is used for
identifying an activity external to the computer. This number
does not change for subsequent schedule recasting and is

therefore useful for activity data modifications.
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The output features of CADS are:

‘Summary - Activity Table., This table is printed as the

first item in the schedule and 1lists all the summary numbers and
summary names uséd, with the number of activities assigned to each
summary. The heading contains the date at which the schedule is
made, the project name, and the page number, Next, listed in
numerically ascending order are the summary numbers with their
respective summary names and assigned activities (see appendix,

page All).

Critical - Path Table, This table provides a list
of all actiﬁities in the critical path for the specified pass
number., The heading shows the date at which the schedule is
made, the name of the project, the pass and the page number.

Next, a total indicates the number of activities comprising

- the critical path, as well as the number of working days for

the critical path. If the computer generated schedule does not
terminate within the required completion time period, a message
is printed out showing the pass number and the number of working
days by which the schedule "Overshoots" the project completion
date., In addition to the activity name, the index number, fille
number and time estimate are also listed. The critical path
activities are arranged so that activities occurring towards the
beginning of the project are listed first. (See appendix, pages
A12-A13),

If rescheduling occurs, then subsequent critical-path

tables will be printed for each pass.
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Alphabetic Schedule, The alphabetic schedule

alphamerically 1ists all activities, with their related activities, VQSD
for each summary. ' The heading includes the date at which the

schedule is made, the name of”the-prdject,'thé'svmmary néﬁe, the

pass number, and the page number. Information included for each
activity'in”thié schedule 1s the activity index number, the |

activity name, the filée number, the‘normal‘time and manpower

estimates, the ¢ritical time and manpower estimates,_thé ébmputed,

if not initially estimated, total man-hour requirements, the slack
time, the start date, and the finish date. Information pertaining

to related activities is indented. Time and manpower estimates

actﬁally used in the schedule are marked with an asterisk. Any

»actiVity previously completed or finished will be indicated by

the word»"CQmpleted"'in the start and finish columns. (See

appendix, pages A14-A16). : @39

Chronological (Bar Chart) Schedule. The graphical

type of sghedule lists activit;es chronologically by starting

date for each summary. The heading includes the date at which

the schedule is made, the name of the project, the summar -

name, and the page number., The maximum period for wh

. ‘scheduling information can bé'provided on ohe;page‘is four months.
In addition to the activity'name,’the activity manpower requirement
and sléck time are also shown. Near the top‘of the page; the
months -and years under consideration are indicated. The neXt two

lines show actual calendar work days. Weekends and holidays are
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omitted. The first line is the first-digiy,‘or5tegslposition of
the calendar day, and the second line is the second digit or
units position of the calendar day. The "X's" span the timé~_:
interval during which the activity is to be performed. A "C"
occurring on the last calendar day of a page indicates that the
"X" sequence is continued into a subsequent time period. Therefore,
the same activity will occur on another page of the schedule, .
An activity which has been completed will not: appear in the
chronological schedule, \

At the end of the list of a summary containing all.
activities for a specific time interval, usually four months,
a "total manpower requirements" chart is printed. The values
indicate the total number of men required by the group represented
in the summary, for any particular date during the interval.
The first, second, and third lines indicate the hundreds, tens,
and units positions, respectively, of the’manpower(value.
(See appendix, pages Al7-A18).
HOW DOES THE SCHEDULER AND/OR ENGINEER DESCRIBE THE PROJECT TO

THE CADS SYSTEM?

The schematic approach (arrow diagramming) for
collecting schedule data for the CADS program was avolded because
of the difficultlies in showing the sequence relationships
between activities, and because of theylimited number of
activities which can be shown on a single sﬁeet of paper.

The}collection of data for a project schedule is
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begun by examining the finished product ahd asking the
questions: Which components make up the finished product,
and what 1s the last activity performed on each of these
coﬁponentsybefbre they are declared complete? '

This initial 1list of activities is called the end-
‘of-project activity 1list., It is not necessary to include in
this list any activity which is a prerequisite to any other

activity.
Each end-of-project activity is then examined to

determine its immediate prerequisite activities. Then the

immediate prerequisite activities to thé activities preceding
the end-of-project activities are sought, etec. The activities

which must immedlately precede an activity are called that
activity's related activities.

The order of performance of activities (starting
with a particular end-of-project activity) for most
installations 1s as shown below, Indented activitles are
related (immediate prerequisites) to the non-indented
activity directly above,

COMPONENT TEST
COMPONENT INSTALLATION

COMPONENT INSTALLATION .
COMPONENT MATERIAL DELIVERY
COMPONENT INSTALLATION DRAWING REVIEW BY
CONSTRUCTION '
COMPONENT AREA PREPARATION

COMPONENT MATERIAL DELIVERY
'COMPONENT BID AWARD TO DELIVERY TIME

18
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COMPONENT BID AWARD TO DELIVERY TIME
COMPONENT AWARD OF CONTRACT, APPROVAL

COMPONENT AWARD OF CONTRACT, APPROVAL
COMPONENT BID EVALUATIONS

COMPONENT BID EVALUATIONS }
COMPONENT BID ADVERTISEMENT TIME

COMPONENT BID ADVERTISEMENT TIME
COMPONENT SPECIFICATION APPROVAL

COMPONENT SPECIFICATION APPROVAL
COMPONENT SPECIFICATION PREPARATION

COMPONENT SPECIFICATION PREPARATION
(The prerequisite of preparing any specification
i1s generally the engineering of some key
drawing (i.e., one line wiring, design
equipment, or structural stee13 and/or the
preparation of an authorization.)

COMPONENT INSTALLATION DRAWING REVIEW BY
CONSTRUCTION
COMPONENT INSTALLATION DRAWING APPROVAL

COMPONENT INSTALLATION DRAWING APPROVAL
COMPONENT INSTALLATION DRAWING REVIEW BY DESIGN
ENGINEERING

COMPONENT INSTALLATION DRAWING REVIEW BY DESIGN
ENGINEERING
COMPONENT INSTALLATION DRAWING DRAFTING CHECK

COMPONENT INSTALLATION DRAWING DRAFTING CHECK
COMPONENT INSTALLATION DRAFTING

COMPONENT INSTALLATION DRAFTING
- COMPONENT INSTALLATION DESIGN ENGINEERING

COMPONENT INSTALLATION DESIGN ENGINEERING
(The prerequisite of engineering varies. It can
be one or all of the following: authorization
prepared, other engineering complete, other
drawings prepared, and manufacturer's drawing
prepared,

COMPONENT AREA PREPARATION
(e.g. installation of equipment board, erection
of a building, concrete cure, etc.)

19
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The collection of data as shown in the above section
for a project schedule is accomplished by describing in order @:w
starting with the end-of-project activities, step by step, the
activitles necessary for the cthtruction of a project. Once
the construction phase of the data collection has been’completed
far enough to require thé delivery of material or drawings,
the steps for material procurement and obtaining drawings are
almost always the same for each item in most organizations.

After fhe data breakdown has‘been declided, time
estimates are given to each activity. The time estimate 1is
based on how long 1t will take to complete a given activity
if all of its related (or prerequisite) activities are completed
first. The time estimate can be given in working days with the
manpower (number of men) estimate optional or as a total man-
hour estimate with the manpower estimate required. If an qﬁw
activity has previously been completed, that information can
also be eﬁtered.

The above data collection method‘is based on the
following hypotheses: A group or‘person’charged with the
responsibility for performing a given activity (particularly
if the‘activity is similar to 6ne'performed previously) can
reasonably answer at least two questions about the activity.
First, what is needed (related or prerequisite activity list)
before the activity can be started? Second, 1if everything
that is needed to start the activity is available, how long

20
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will it take to perform the activity?

Once each activity making up the project has been defined

(given a time estimate and a related activity list) and
keypunched on IBM cards, the scheduler only needs to specify the
starting date (normally today) and the target date for the
project. This information, together with the project title,
summary names (all on IBM cards) and the CADS program are all
that is necessary for running the program on the IBM 1620
computer and obtaining a schedule.

Some of the characteristics of the CADS program are as
follows:

If an activity is not listed as a related activity to
any other activity, it will become an end-of-project activity
and have a completion date equal to that of the completion date
of the entire project.

If an activity 1s listed as a related activity of
several other activities, its completion date will precede the
starting date of the earliest starting activity requiring it as
a related activity.

Every related activity must appear as a defined
activity.

CADS places the begin date of all activities as close
to the end-of-project date as possible within the limits set by

the actilvity time estimates and their prerequisites.

In the process of collecting data for a project schedule,

one might wonder how fine of a data breakdown i1s necessary. The

21
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answer to this question is that the detailed breakdown of data
should be made fine enough to allow time estimates to be made
without having to estimate dead time for each activity. Dead
time as referred to here means the time wasted on an activity,
stopped because of lack of information and/br material
necessary to complete the activity. If the input data is
collected in sufficlent detail, each activity's related
(prerequisite) activities are scheduled to be completed before
the activity requiring them i1s scheduled‘to be started. Thus,
assuming reasonably accurate data and an adherence to schedule
dates, the situatlion where an activity could have been completed
earlier had it only been known that it was needed by a certain
date can be prevented.

Again, as a defense agalnst the argument that too
much data Just confuses the schedule and makes 1t impossible
to follow, it must be pointed out that the individual groups
performing the activities are given individual summary schedules
containing only the activities assigned to their particular
group and not the entire schedule output. Furthermore, once
the data collected for a project schedule has been. thoroughly
checked out and the target date established, it is not necessary
for management to try to follow the entire schedule output.

Management, in order to keep watch over a project,
needs to know whether or not the schedule is being adhered to.

Schedulers and coordinators also need thils information in order
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to know if a schedule needs to be updated. This can be

accomplished by having the schedulers collect periodically
(i.e., monthly) from the individual groups the progress of all
activities completed, active or started during the month. The
number of activitles completed, active or started during the
month is very small. The number of these activities which are
not progressing according to the schedule is even smaller,
Therefore, with an efféctive reporting system, management needs
only to be concerned with a few aétivities during any month,
To further simplify the problem when one or more
activitiles deviate\ggfreciably from the schedule, the updated
data can be automatically rescheduled by the CADS program in a
matter of minutes. The. CADS program adjusts the schedule
through .its ability to find the critical path, modify the
critical path activity time estimates, and recast a schedule
iteratively until ﬁge project is brought back to the original
target date. The steps taken by the program to adjust the

~schedule are printed out in concise form., CADS updates prints,

proofs and readlies the complete, detailed schedule for

distribution automatically.

WHAT ARE THE SUPPORTING SYSTEMS AND ERROR CHECKING FEATURES

OF THE SYSTEM?

Since the Department has an IBM 1620 computer, several
programs have been written for the machine which provide a

convenlent method for CADS data preparation and checking. One
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program of this type can generate prerequisite activities in
a sequence for input to the CADS program when given certain
Specific activities whose sequence or trace is a known or
fixed procedure in the Department. Three“commonly used
sequénces are drawing, specification, and bill of material
preparation. Given an equipment delivery because of formal bidv
~or bill of material requisition, or a drawing delivery, this
program will generate activities in the proper sequence down
to and including engineering. Other programs can delete,
change, or 1list specific cards in a CADS data file., 1In order
to provide a rapid method for producing data for similar
projects programs have been written which will réproduce and
renumber CADS input data files. |
A 1620 program is also availlable which will generate
block diagrams of the projeqt showing the activity relationships.
This program uses the CADS input data to generate these diagrams.
Some error checking features have been developed in
the CADS computer program in order to facilitate data debugging.
One feature provides a check on activities which have either
not been defined or have been improperly defined. When this
occurs, a message "Found no J num for----—--eeemcemcea- ", is
printedvout. Another common error is feedback. Feedback 1is
an improperly defined relationship between two or more activities,

When thils occurs two or more activities are prerequisites of
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each other, eilther directly or indirectly. Feedback 1s noted

when a list of affected activitles is printed out with no
subsequent schedule informatibng A sub-program has been
written which will handle the feedback-affected activities and
produce a list of activities show;ng the paths which are
directly involved in the féedback, As can be seen, these
features provide means by which data handling and correction

can be reduced to a minimum,

EDUCATION REQUIREMENTS FOR IMPLEMENTING CADS

The problem in securing and training personnel to
implement an automated scheduling program deserves comment.

As was stated above, the original programming and schedule
preparation was carried out by special studies engineers
familiar with computers, but the staff scheduling engineers
who now run the system had little or no knowledge of computers.
The engineering scheduling personnel have been sent to short
computer orientation and training sessions to acquire basic
operating knowledge. In addition, good success has been
obtained from brief tralning periods of clerical help in a
step-by~-step process over a period of months., In the operation
of any computing system, the main key to success is finding
interested, careful personnel.

Since the special studies group provides consulting
service when difficult or unusual circumstances afe encountered,
little knowledge is requifed by the schedulers concerning the
operating characteristics of the IBM 1620 which is used for
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the major portion of the Department's automated scheduling program.
EQUIPMENT

A typicai 1500 activity CADS schedule requires about
two hours Qf IBM 1620 time., In addition to the IBM 1620,
another computer, the IBM 1401, is used for report writing.
These two machlnes are avallable within the Department. Also,
the Department has a well-equipped card tabulating section,
which provides services for reproducing,_sorting, collating, and
other preliminary card handling procedures for CADS.

FUTURE |

Planned modifications and additions for the CADS

system are as follows:

~ 1., 'The inclusion of job or activity cost data with
the aim of devel&ping a program which would schedule a project
for a minimum overall cost.

2. The establishment of an automated division-wide
manpower allocation system for scheduling of major projects
simultaneously.

3. The inclusion of features for special job progress

reports, to be provided for management use.

CONCLUSIONS

The Department has applied an automated scheduling
system to the task of scheduling and coordinating the design/

and construction of several large substations and to the tagk
: , y

!
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of scheduling and coordinating the construction and preliminary

operations of several large steam generating units currently
under construction. This scheduling system has been operating
successfully since the early part of 1961 and is now an

integral part of the Design and Construction Division's operations.
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. CADS MARK I1 SCHEOULE FOR MALIBU NUGLEAR UNWLY 1

SUMMARY NUMBER
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EXCAVATION & GRADING
ELECTRICAL INSTALLATION

 NONSENSE

CONSTRUCTION FACILTFIES
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NUCLERADIOLOGICAL TNSTR INSTL
NUCLEAR START-UP OPERATIONS
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NUCLEAR FUEL DELIVERY
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18

n
116
.2

]

“
N
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9

s

6
170

13

28
13
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Jut 1, 21963
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5

CADS MARK I1 SCHEDULE FOR MALIBU NUCLEAR UNITY 1 , , PASS 1 PAGE " 1
CRITICAL PATH
- 35 ACTIVITIES COMPRISE THE CRITICAL PATH TOTALING 1395 WORKING DAYS
PASS NO. 1 SCHEDULE OVERSHOOTS DESIRED PROJECT COMPLETION DATE 8Y 14 WORKING DAYS
INDEX NO. ACTIVITY NAME FILE NO«  DAYS
463 AEC PUBLIC HEARING RECONVENES 570044 15
346 TINE SPACER,CP EFF TO PUB HRNG 510045 104
486 CONSTRUCTION PERMIT EFFECTIVE 570046 1

604 SIGN WEST CONTRACT FOR SEW ENG 570039 1
464 AUTHORIZE TITLE 1 ENGINEERING 570040 66
585 S&W CONTAIN STRUCTURE DESIGN 570041 88
470 DBL LINERSBID TO PURCHASE OROR 570042 66
4«69 DBL LINER PLATE FABRICATION 510043 132
576 RX CONTA STRUC FOUN MAT IN 570001 44
540 REACCONTASTRU B80T DBL LINER IN 570003 55
665 REACCONTA BOT LINER FREON TEST $70004 L]
543 REACONTAVR TOBLLNREPOPCRNCONCIN 570011 66
552 REACT CONTA INTERIORCONC PHBIN 570013 52
569 REACTOR CRANE IN 660011| 11

539 REACCUNTADMEDBLLNREPOPCRNCONIN 5310014 198

667 REACT CONTA FREON TEST 570015 {1
545 REACT AUX SYS €Q & PPG PHA IN 520002 154
666 REACT CONTA AIR TEST 570032 11
519 RC PPG HANGERS LOOPA PHB IN 580018 33
531 RCPPGFITEWELDEPRECLEANLOOPAPHS 580015 33
524 RCP MTR LOOP A IN $00007 &
514 RC PPG COLD SPRINGEFINAL WELD 500004 55
664 RC SYSTEM FILL & COLD FLUSH 500053 ()
663 RC SYS INITIAL HYDRO TEST 500054 6
623 THERM INSULA FIELD JOINTS IN © 500003 6

658 NUCL SYSTEMS HOT FUNCY TESTING 650003 22




0,{ /

JUL 1y 1965

ey

INOEX NO. ..
668

488
515

KL

ACTIVITY NAME.

_ REMOVE R¥ HD CLEAN € FLUSH SY$

_CORE LOADING & ASSEMBLY
RV TQP INTERNALS IN

650 CONTROL ROD TESTING ]

654 INITIAL CRITICALE O PHRTESTING

442 STEAM LINES STEAM BLOM

329 TIME SPACER .

652  PWR GENERATION TESTING 10-1000
c

RV HO IN 2 & FINAL HYORQ TEST

660007
660008

680010
650002

2000564
200102

650001

6e0009

| CADS MARK 11 SCHEOULE FOR MALIBG NUCLEAR UNIT 1
_ FIUE NO.
660006

DAYS

6
s

11

&

19
5.

14
93

u.

PASS

1

PAGE 2
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JUL 1, 1965 CADS MARK II SCHEDULE FOR MALIBU NUCLEAR UNIT 1 PASS 1 PAGE 28.004 |1
ELECTRICAL INSTALLATION _ .,“,.“._._
|
OPREREQUISETE ACTIVITIES ARE INDENTEDm neINDICATES ESTIMATE USEDD o N
INDEX NO. ACTIVITY NAME FILE NOQ. NORMAL CRITICAL  TOTAL  DAYS START DATE  FINISH DATE 11
DAYS MEN UAYS MEN MANHRS SLACK ¥
252 ISOLATED PH 22KV BUS SUPPORTIN 040030 10¢ o 10 0 0 0 22 MAY 1970 4 JUN 1970 ‘
68 ISOLATED PH 22KV BUS SUPPORTOL 040031
253 ISOLATED PHMASE 22KV BUS IN 040028 66w Oe 66 0 0 0 5 JUN 1970 4 SEP 1970 i
69 ISOLATED PHASE 22KV BUS DL 040029 -
252 ISGLATED PH 22KV BUS SUPPORTIN 040030
; i
254 LUBE OIL PMP MTR CNDSWIR IN 040238 10s 4o 9 4 320 0 29 JUL 1970 11 AUG 1970
160 LUBE OIL PMPERESERVOIR INSTL 180007 )
{
255 MTR HTR DISTR EQUIP 'INEWIR 040137 22e Oa 22 0 0 0 29 JUL 1970 27 AUG 1970
188 NUCSERVICELCONTROL HOUSE CONST 010199 L
76 MTR HTR DISTR PNL OL 040138
77 MTR HTR RELAY CABINET oL 040139
78 MTR HTR RELAYS DL 040140 “’
79 MTR HTR SUPPLY TRANSF DL 060141 1'
256 NSC BLDG CABLE RISER IN " 040056 10e Oe 10 0 0 0 14 AUG 1969 27 AUG 1969 i
185 NUCSERVICEECONTROL HOUSE CONST 010199
80 NSC BLDG CABLE RISER MATL DL 060057
257 NSC BLOG CABLE TRAY SYS IN 0640050 330 Os 33 0 0 0 14 JUL 1969 27 AUG 1969 |
185 NUCSERVICEECONTROL HOUSE CONST 010199
81 NSC BLDG CABLE TRAY DL 040051 B
f
> 258 NSC 8L0G GRD GRIDEELEC TRODE IN 040064 Sa Ou 5 0 o 0 23 SEP 1968 27 SEP 1968
e 184 NSC BLDG CABLE VAULT IN 010200
82 NSC BLDG GRD GRIDEELECTRODE DL 040045
259 NSC 8LDG LIGHTING CONDUIT IN 040046 10+ Oe 10 (i} 0 0 21 JuL 1969 1 AUG 1969
185 NUCSERVICELCONTRAL HOUSE CONST 010199 'i
83 NSC 8LDG LIGHTING CONDUIT DL 040047
260 NSC BLOG LIGHTING INEWIR 040048 22+« O« 22 0 0 0 4 AUG 1969 3 SEP 1969 i
259 NSC BLOG LIGHTING CONDUIT IN 040046
a4 NSC BLOG LIGHTING EQUIP OL 040049 ]
]
261 NSC BLOG TERM RM CABLE TRAY IN 040054 22+ Oe 22 0 0 0 4 AUG 1969 3 SEP 1969
185 NUCSERVICEECONTROL HOUSE CONST 010199 : '
85 NSC 6LDG TERM RM CABLE TRAY DL 040055 0
262 NSC BLDG TEST CIRC PLEEQINEWIR 040060 33e O 33 0 0 0 14 JUL 1970 27 AUG 1970 i
185 NUCSERVICEECONTROL HOUSE CONST 010199 7
86 NSC BLDG TEST CIRC PLEEQ DL 040061
263 NST 8LOG VAULT CABLE TRAY SYIN 040052 22e 0% 22 0 0 0 27 JAN 1970 26 FEB 1970 i
185 NUCSERV ICECCONTROL HOUSE CONST 010199
184 NSC BLDG CABLE VAULT IN 010200 '
87 NSC BLDG VAULT CABLE TRAY OL 040053 v
264 NSC CABLE TERMINAL EQ INEWIR 0640064 22 i 22 0 0 0 27 JAN 1970 26 FEB 1970 4"
185 NUCSERVICELCONTROL HOUSE CONST 010199
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JUL 1l 1965 CADS MARK Il SCHEDULE FOR MALIBYU NUCLEAR UNIT 1 PASS 1 PAGE 28.005 | !
 ELECTRICAL INSTALLATION t‘
|
OPRERBQUISEITE ACTIVITIES ARE INDENTEDR OsINDICATES ESFIMATE USEDW l
AINREX NG, ACTIVITY NAME FILE NO. NORNAL CRITICAL  TOTAL  DAYS START DATE FINISH DATE '|
, DAYS MEN  0AYS  MEN MANHRS SLACK
a8 NSC CABLE TERMINAL EQ OL 040065 fu
1
265 QFFICECGUARD BLOG LIGHT CON IN 040208 15 O« 15 o 0 (] 20 FEB 1969 12 MAR 1969
91 OFFICEGGUARD BLDG LIGHT CON OL 040209
164 OFF BLOGGGUARD HOUSE CONST 020030 )
266 OFF(CEGGUARD BLDG LIGHTY INGMWIR 040210 44 L] 44 o 0 a 13 MAR 1969 13 MAY 1969 '5
265 OFF IGEGGUARD BLOG LEGHT CON (N 040208 !
92 OFF ICEGGUARD BLDG LIGHT EQ OL 040211 v )
R67 PAEWDR UTILITY SERVICE FA IN 580022 15+ 0« 15 ] ] 952 23 APR 1969 13 MAY 1969 |
268 PRESSURIZER HTR £A CTLEPWR WIR 040199 100 0s 10 ¢ 0 o 27 FEB 197C 12 MAR 1970
263 NSC BLDG VAULT CABLE TRAY SYIN 040052 i
261 NSC BLDG TERM RM CABLE TRAY IN 040054 [
256 NSC BLDG CABLE RISER IN 040056
217 CABLE TUNNEL CABLE TRAY IN 040058 i
264 NSC OABLE TERMINAL EQ INEWIR 040064 ’ '
509 PRESSURIZER 1IN 500058 B
. f
269 PRIMARYCONTA ELEC SERV FA IN 570034 1e os 1 0 ] 1114 12 MAR 1970 12 MAR 1970 |
= 270 PWR CONTROL RELIEF VALVE INGWI 040172 10e (2 10 0 0 ] 14 AUG 197C 27 AUG 1970 \
& 93 PWR CONTROL RELIEF VALVE EQ OL 040173 3
271 REACT COOL PP1A FA CTLEPWR WIR 040181 10+ oe 10 ¢ ] 0 27 FEB 1970 12 MAR 1970 i
263 NSC BLDG VAULT CABLE TRAY SYIN 040052
261 NSC BLDG TERM RM CABLE TRAY IN 040054
256 NSC BLDG CABLE RISER IN 040056 {
217 CABLE TUNNEL CABLE TRAY IN 040058 B'
264 NSC CABLE TERMINAL EQ INEWIR 040064 i
524 - RCP MTR LOOP A IN 500007 {
212 REACT COOL PP18 FA CTLEPWR WIR 040182 10w L 10 e ] 187 27 FEB 1970 12 MAR 1970 ] -
525 RCP MTR LOGOP B IN 500045 . ¢
273 REACT COOL PPLC FA CTLEPWR WIR 040183 10+ o 10 0 0 155 27 FEB 1970 12 MAR 197C
526 RCP MTR LOOP C IN $00034 (
274 REACT COOL PP10 FA CTLEPWR WIR 040184 10« O» 10 0 0 17 27 FEB 1970 12 MAR 1970 »
s27 RCP MTR LOOP D IN 500024 1y
215 SAFETYINJ PP MTRLA CTLEPWR WIR 040189 10+ 0+ 10. ] o 36 4 MAY 1970 15 MAY 1970 d
586 SAFETY INJECTION PMP 1A INSTL 530001 {
276 SAFETYINJ PP MTR1B CTLEPWR WIR 040190 10% O 10 36 4 MAY. 1970 15 MAY 1970 '
587 SAFETY INJECTION PMP 18 INSTL 530002 (
217 SAFETYINJ PP MTRIC CTLEPWR WIR 040191 10e Oa 10 36 4 MAY 1970 15 MAY 197C jﬁ
508 SAFETY INJECTION PMP 1IC INSTL 530003 . ' {
2178 SHOPEWREHSE B LIGHT CONDUIT IN 040204 22» ow 22 0 17 APR 1969 16 MAY 1969 !
411 SHOPEWREHSE SUPERSTRUCTURE IN 020006 : l {
L
K
T
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JUL 1o 1968 CADS MARK Tl SCHEDULE FUR MALIBU NUCLEAR UNIT 1 PASS 1 PAGE  28.006
i _ELECTRICAL INSTALLATION
_ UPREREQUISITE ACTIVITIES ARE INOENTEOm =~~~ OsINDICATES ESTIMAZE USEOm

INDEX NG« ACTIVITY NAME FILE NO. NORMAL CRITICAL  TOTAL  DAYS START OATE  FINISH DATE
“ L e DAYS  MEN DAYS MEN MANHRS SLACK o e
~ 200 SHOPGWHEHSE B LIGHT CONDUIT OL 040205 , S
279 SHOPEWRENSE BLOG LIGHT INEWIR 040206 33« 0 33 0 0 0 19 MAY 1969 3 JuL 1969
T 278 T SHOPCUREHSE B L IGHT CONDUIT TN - Cosozes oo M. 00 19 may L) :
101 _ SHOPEWHEHSE BLDG LIGHT EQ DL 040207 v - _ ,
280 STATOR COOLING SYSTEM INGWIR 040015 33+ 0« 33 0 0 0 22 JUL 1970 & SEP 1970
108 * STATOR COOLING SYS EQUIP OL - 040016 '
281 °  STEAM TEMP INSTRECUNTROL ‘INEWI =~ 040170 TTTUake DT &% 00 194 11 JUN 1570 11 AUG 1970
08 STEAM TEMP INSTRGCONTROL €Q OL 040171 i
282 TURE INSTR WIR-TURS TERWCAB IN 040239 300 4 27 4 960 0 17 JuL 1970 27 AUG 1970
au TURE INSTR WIR=TURB TERMCAB OL 040240
178 TURE TERMINAL CAB INSTL . 1e0018 v . o
203 TURE INSTRUNENTECONTROL INGWIR 040004 44 Oe  4s 0 ) ) 29 JUN 1970 27 AUG 1970
112 TURE INSTRUMENTECONTROL EQ DL 040005 T N o e e
264 TURB-GEN CABLE TRAY SYS IN 040060 68 o8 66 0 0 0 26 MAY 1969 27 AUG 1969
192 TURBPLT ELEV 35 CONC DECK IN 010113
118 TURB-GEN CABLE TRAY DL 040041
285 TURBGEN GRD GRIDSELECTRODE IN 040042 3¢ 0¢ 33 0 a 0 25 JUL 1968 10 SEP 19&8°
> 119 TURBGEN GRO GRTDEELECTRODE DL 040043 ,
=y ‘
286" TURBINE REGULATING CAB INGWIR 040021 22¢ o0« 22 0 ] ! 20 JUL 197C 18 AUG 1970
62 GENERATOR MAJOR PARTS OL - 040001
297 TURBPLT BLOG LIGHT CONDUIT IN 040036 5+ 0 78 0 0 0 22 JAN 1970 7 MAY 1970
121 TUREPLT BLBG LIGHT CONOUIT OL 040037 :
414 TURBPLT SUPERSTR WALLSEROBF IN 180039
208 TURBPLT 8LDG LIGHTING INEWIR 040038 180+ 0« 180 0 0 0 8 MAY 1970 22 JAN IST1
287 TURBPLT BLOG LIGHT CONDUIT IN 040036
122 TURBPLT 8LOG LTGHT EQUIP DL 040039
289 TURBPLT GROGRID IN 040222 15«  0e 15 0 0 ] 15 FEB 1968 7 MAR 1968
355 TURBPLT EX UNWATERING SYS IN 000006
125 TURBPLYT GROGRIG DL 040225
290 YARD CONOUITEMANHOLE SYSTEM IN 040214 792% 0« 792 0 o 0 31 MAY 1967 15 JUL 1970
130 YARD CONDUIT DUCT MATL DL 040215
291 120V INSTR SUPPLY PLEEQ INEWIR 040134 22« o0 22 0 0 0 8 JAN 1970 6 FEB 1970
165 NUCSERVICESCONTROL HOUSE CONST 010199
131 120V INSTR SUPPLY PLGEQ OL 040135
122 120V INSTRSUPAUTOTRANSFERSH DL 040136
262 125V DC BATT CHARGER 1A INGWIR 040147 3¢ 0s 3 o 0 0 2 FEB 1976 4 FEB 1970
185 NUGSERVICEGCONTROL HOUSE CONST 010199

133 125V DC BATT CHARGER 1AE18 DL 040149
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U 1e 1968

ACTIVITY
N

TURB~GEN CABLE TRAY SY§ IN
SHOPEWREHSE BLOG LIGRY INSWIR

F4.5KV UG SHRK B CONETRUCTION

YARD CONOUITEMANHOLE SYSTEM IN
230KV SWAK CUNSTRUCTIOR

34,5V SWRK A CONSTRUCYION
QABLE TUNNEL CABLE TRAY IN
NSC 8LOG CABLE TRAY SY§ IN

'NSC 8LOG LIGHTING CONOWIT IN

CONTROLREBCH LUMINGUS CEILINEW!
ORY TYPE LIGHTEINSTR TR INGWIR
NSC BLOG LIGHTING INEWIR

NSC 8LDC TERM RM CABLE TRAY IN
NSC €LDG CABLE RISER IN

480V LIGHT OISTR BO INGWIR

4KV SWITCHGEAR LA INEWIR

4KV SWITCHGEAR 18 INEWIR

4KV SWITCHGEAR IC INGWIR

AKV SWETCHGEAR 10 INEWIR

CONTROL 6CARD INEWIRING

EWP FOUND GRDGRID OL

FEEDWATER PMPS GROGR1D IN

CHEM FEED INSTRECONTR EQ INEW!
TOTAL NANPOWER REQUIREMENTS

O
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CRITICAL PATH METHOD/COSTING/GRAPHIC PLOT SYSTEM
The System

A unique computer-generated network diagram plot will be utilized to show the
logic and interdependency of all scheduled jobs and their associated resources.
(See Exhibit B and Exhibit F). The network diagram consists of each job labeled,
time-scaled and dated for quick reference, providing an excellent base for cost
and manpower planning, optimization and control.

Essentially, the system consists of four major subprograms:

1. A subprogram to generate a schedule based on a precise diagram-
matic representation of a project. The diagramming is a simpli-
fied modification of the arrow and precedence network techniques.

2. A subprogram to evaluafe available resources (labor, money,
materials, etc.) against the above schedule. This process will
partially optimize and revise the Critical Path previously calcu-
lated. -

3. A subprogram to automatically interpret and output graphically in
time scaled form, all elements of a project. The plotting is per-
formed on an X-Y plotter controlled by computer programming.
The end result, is a graphic document which can be used with
little or no supplemental tabulations to evaluate progress, task
inter-relationships, etc.

4. A fourth and optional subprogram is the job costing. This program
was designed to allow for flexibility in cost coding and made part
of a disk monitored system. Once the unique accounting function
codes for a client are reduced to card records, large blocks of data
may be easily processed. Detail of the generated reports can also

be designed to meet the requirements of different management levels. ‘

(See Exhibit H for a typical client oriented variance report).

The System's Detailed Components

Time-scaling of the project schedule results in benefit to the planners and makes
the schedule represented by the plot more easily visualized, so that it is more
usable at all levels. The plot pictorially represents the complex interaction of
each scheduled job and its required resources; i.e., skill and quantity of man-
power, type and quantity of equipment or material. The plots eliminate the nor-

mal costly hunting through tabulations to find the effect of changes in the schedule.

The effect due to schedule changes are readily seen, since jobs are '"chained" in
a logical sequence, determined by precedence. This technique provides the de-
sired information in a form that the men working at the job site can understand
and use easily and effectively. Updatmg and revisions are exped1t1ously pro-
cessed with the system.
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The network diagram plots (See Exhibit F) are supplemented with computer-
generated detailed tabular information sorted in the desired sequences, (See
‘Exhibit D) including the following for each job:

Job Number

Activity Description
Node Identification
Time Estimate

Early Start Date

Early Finish Date
Late Start Date :
Late Finish Date

Free Float Time

Total Float Time
Estimated Cost
Resource Codes and Quantities
Critical Path Indicator

The resources required plots (See Exhibit G) are also supplemented with com-
puter-generated detailed tabular information, (See Exhibit E) and include the

following:

Project Time each job or activity starts

Job Number

Description

Time Estimate

Start and Finish Times

Float Time

Cost

Quantity of Resource Available (Men, Machines, Material)
Quantity of Resource Required for particular job

Cumulative Quantity of Resource being utilized at any point in time
Message if and when Resource Requirements exceed that available
Items on the Critical Path are indicated

The System's Advantages

Planning and scheduling using CPM/COST/PLOT offers the following advantages:

10

Portrays graphically the work to be done in a manner which easily
reveals the relationships between its separate parts. Also, it
provides an easy means of communication between all functions of
a business, such as estimating, purchasing, receiving, scheduling
and construction. ‘

For each job or activity, limits on the range of possible start dates

gives the planner information for coordinating specific phases of
the job with sub-contractors and material suppliers.

145




10.

11.

Reveals whether or not delays in doing specific activities will influence

total job time.

Pinpoint the portions of the job that should be examined by the planner
if he needs to reduce the expected job time. This is usually a sub-
stantial portion of the total number of activities and a total re-exam-
ination of the job is necessary. The graphical resource evaluation
technique greatly treduces this time consuming phase of analysis.

Reveal to the planner instances where activities to be performed at
the same time are in conflict or require the same resources. This
type of situation may lead to replanning portions of the project.

Because the syétem is sufficiently flexible, the problem of relating
project accounting functions to progress has been greatly simplified.

Allows scheduling and planning to be done in two distinct phases.
This avoids duplication of effort and allows a more coherent approach
to the problem.

By having an easy way to describe the job, (utilizing the computer-
generated time-scaled network plot) examination of alternate methods

‘and their impact on the total job has resulted in large savings in many

instances.

No restriction on the number of jobs or activities that are to be
scheduled.

Any number of starting or ending jobs can be simultaneously indicated.

The system is not restricted to just one starting and ending node like
other CPM Programs.

Jobs are identified by Job Number rather than Node Numbers. If a
job is rescheduled, the Node Number may change; whereas, the Job
Number will remain the same. This will provide for easy following
of all scheduled jobs, regardless of schedule changes.

149
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NETWORK DIAGRAMMING

The Omnimetrics CPM/COST/PLOT System has been designed to handle
all three variations of network diagramming:

© REBUILD SIDEWALK _DUMMY
@ CAST RETAING ® 1
EXCAVATE . WALLS ) -ERECT SIGNS :
DUMMY ®_I?-9I‘-’I-M-Y- -~
(&)

' i b e
® ® . ‘ N
PROCURE PILES @ DRIVE PILES 7 _.CAST FOOTINGS (8 )

Conventional Arrow Diagram

O—&
v .

-
©

Precedence Diagram

Modified Arrow Diagram

/50




SAMPLE OF NETWORK PLAN FOR

Paint Certificate & Sompﬁ/‘\ Govt. Approve

Procure & Deliver

BOOSTER PUMP STATION

Bl U7 Gl Y &
Electr Materials _/"5\ Govt. Approve 15 Procure & Deliver
| Lights, [S[Panels, etc. 2/ L5 O/ of .
‘ Plumbing Materials _,/'2\ Govt. Approve —(13 Procure & Deliver
: Pump, | 5] Controls, etc. N2/~ [H] "/ LSJ
5l 20 24aD 24D ‘
@] Prefab Metal Bldg. () Govt. Approve o Procure & Deliver
Details |4] N\ u NS {9 28
S -~ 2z qum s
Conc. Marls. & Mix Design Govt. Approv -Complete Piping ump
T () =(22
~ LsJ A°¢~ ZAr AER
: ZAD  JCA BLA 1€A 2LA FeA 2+A4 2 em 240 3R install Rooking \lnstall Lights
\)] Grade SitMeﬂch Footings —7 Form & Place /e\ Cure " Erect. Str. Stl. —0 Siding & Panels
< Iy Oyu opaemO B WG W]
S 2P LA
a Cut & Stub-up
m’ Pipe |3] Main m
LEGEND
Activity
Description

Set Pump @
] “~Event No

Time Estimate~

AD = Administration
- ER = Erector

EL = Electrician

PL = Plumber

CA = Carpenter

LA = Laborer

PA = Painter

tEL {:0
S L
A";': Pt et
o ad&n

nspect.
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Date 8.1-65

CRITICAL PATH/COSTING/GRAPHIC PLOT SYSTEM
Project : . .

INPUT FORM

_BY Qmnimetrics

Time ) -
J |EST JOB DESCRIPTION

N
aralldl
pC

g Est. | Code/ | Code/| Code/| Code/ | Code/[SRT/|JOP | &

Cost Qnt. Qnt. Qnt. Qnt. Qnt. [Cost | No. \8
Code a

on-

19 . SUBMI PAINT CERT + SAMPLES

is] - s|lsuBMIT ELECT MATLS

SISUBMIT PLBG MATLS

b e

4SUBMIT PRE-FAB MET BLDGS D

SISUBMIT CONC MATIS + MIX DES

2AMOBILIZE

GRADE S1IZFE

SURVEY

TRENCH FOOTINGS

o P [N e L

RESTRAIN

CUT + STUB-UP PIPE MAIN

CQVT QK

< G/

b s N e N N s e

PROCURE

O 1O W

.
(=

3

GOVT OK

-
o~

GOV.T OK

ot
o~

COVT OK

joo

FORM + PLACE

oo

-
-

CURE

1
1
0
Q
3
1
4GOVT OK
5
5
5
3
5
0

—
[

10| PROCURE + DELIVER




Date

CRITICAL PATH/COSTING/GRAPHIC PLOT SYSTEM

£/

Project /
, INPUT FORM
By e ‘
Time _ }%g Est. .| Code/| Code/| Code/| Code/ | Code/|[SRT/[{Job |
I J EST JOB DESCRIPTION 558 Cost Qnt. Qnt, Qnt. Qnt. Qnt. |[Cost | No. \8
o, Code : a
13l 11 5 PROCURE + DELIVER 21500 21l
16 171 10 PROCURE + DELIVER 4000 ' 22
200 21 5 PROCURE + DELIVER 2100 23
11} 18 | SET PUMP 7000 2 2! 4 2 24
11 14 3 ERECT STR STL 3000 1 2l 2 3 25
18] 22 5 COMPLETE PIPING 4000] 4 2l 6 1 26
14] 17 A INSTALI ROOFING + SIDING 5000 1 2] 2 4] 6 1 27
17l 21 2 INSTALL LIGHTS + PANELS 2200 1 2l 3 2 28
221 23 Il WIRE PUMP 1500 3 2 29
231 25 1l TEST PUMP 1200 3 1 4 1 30
21} 25 2| PAINT 5000{ 1 2l 7 3l 6 1 31
21] 25 1 INSTALL POWER DROP 1200 3 2 32
25| 26 2 GOV T INSPEC 700] 1 2] -3 1 4 u 7 1 33
21) 22 0 RESTRAIN 34
1 5 9 13 38 J40 46 51 56 b1 66 71 75 179
Q
1
[V




NAP REPURT nU. 1 OMNIMETRICS CRITICAL PATH/COSTING/PLUTTING SYSTENi PAGE - 1
CPHM SCHEDULE SAMPLE SCHEUULE FOR B00STER PUMP STATION
#* KARKS CRITICAL PATH AND RESOURCES REQUIRED AMALYSIS
SOKTED BY ESsLF
Jos ACTIVITY START END  TIME EARLY EARLY LATE LATE FREE TOTAL EST. RESOURCES REQUIRED BY THIS ACTIVITY
NO. DESCRIPTIUN NODE NODE EST. START FINISH START  FINISH FLOAT FLOAT COST RESOURCE CODE/OQUANTITY
% 4 SUBMIT PRE-FAB HET BLDG S 1 9 4 08/02/65 08/06/65 08/02/65 08/06/65 0 ‘0 0 017002
5 SUBMIT CONC MATLS+dIX DES 1 5 S 08/02/65 08/09/65 08/03/65 08/10/65 0 1 0 017001
.6 MOBILIZE 1 2 2 08/02/65 08/04/65 08/06/65 08/10/65 0 4 2000 017002
3 SUBHWIT PLBG MATLS 1 12 5 08/02/65 08/09/65 08/05/65 08/12/65 0 3 0
2 SUBMIT ELECT MATLS 1 15 5 08/02/65 08/09/65 08/06/65 08/13/65 0 4 0
1 SUBMIT PAINT CERT+SAMPLES 1 19 5 08/702/65 08/09/65 08/17/65 08/24/65 (o] 11 0
8 SURVEY 2 3 1 08/04/65 08/05/65 08/10/65 08/11/65 0 4 * 1000 05/001
7 GRALE SITE 2 4 2 06/04/65 08/06/65 08/11/65 08/13/65 4] 5 4000 05/001 067003 °
10 RESTRAIN 3 4 0 08/05/65 08/05/65 08/13/65 08/13/65 1 6 0
11 CUT+STUB-UP PIPE MAIN 3 7 3 08/05/65 03/10/65 08/11/65 08/16/65 3 4 3000 04/002 06/001
# 14 GOVT OK : 9 10 4 08/06/65 08/12/65 08/06/65 08/12/65 0 0 0 017002
9 TRENCH FOOTINGS 4 7 1 08/06/65 08/09/65 08/13/65 08/16/65 4 5 1000 05/001 06/002
12 GOVT OK 5 6 3 08/09/65 08/12/65 08/10/65 08/13/65 0 1 0
17 GOVT OK 12 13 S 08/09/65 08/16/65 08/12/65 08/19/65 s} 3 o
16 GUVT UK 15 16 5 08/09/65 08/16/65 08/13/65 08/20/65 0 4 0
15 GUVT UK 18 20 5 05/09/65 08/16/65 08/24/65 08/31/65 0 11 o
13 PRUCURE 6 7 1 08/12/65 08/13/65 08/13/6% 08/16/65 s} 1 0
# 20 PRUCURE+DELIVER 10 11 10 08/12/65 08/26/65 08/12/65 08/26/65 o 0 27000 017002
© 18 FORHM+PLACE 7 8 3 08/13/65 08/18/65 08/16/65 08/19/65 o 1 6500 057003 06/002
~ 21 PROCURE+DELIVER 13 11 5 08/16/65 08/23/65 08/19/65 08/26/65 3 3 21500
o 22 PROCURE+DELIVER 16 17 10 08/16/65 08/30/65 08/20/65 09/03/65 4 4 4000
\)K 23 PRGCURE+DELIVER 20 21 5 08/16/65 08/23/65 08/31/65 09/08/65 11 i1 2100
\\Q; 19 CURE 8 11 5 08/18/65 08/25/65 08/19/65 08/26/65 1 1 500 067002 :
24 SET PUiMP 11 18 1 08/726/65 08/27/65 08/30/65 08/31/65 0 2 7000 027002 04/002
: # 2% ERECT STR STL 11 14 3 08/26/65 08/31/65 08/26/65 08/31/65 0 0 3000 017002 02/003
26 COMPLETE PIPING 18 22 5 Q8/27/65 09/03/65 08/31/65 09/08/65 2 2 4000 047002 06/001
# 27 INSTALL ROOUFING+SIDING 14 17 3 08/31/65 09/03/65 08/31/65 09/03/65 0 o 5000 01/002 02/004 06/001
* 28 INSTALL LIGHTS+PANELS 17 21 2 09/03/65 09/08/65 09/03/65 09/08/65 0 0 2200 01/002 03/002
% 34 RESTRAIN 21 22 0 09/08/65 09/08/65 09/08/65 09/08/65 0 o 0
# 29 WIRE PUMP 22 23 1 09708765 09/09/65 09/08/65 09/09/65 0 0 1500 037002
& 31 PAINT 21 25 2 09/08/65 09/10/65 09/08/65 09/10/65 0 0 5000 01/002 07/003 06/001
32 INSTALL POWER DRUP 21 25 1 09/08/65 09/09/65 09/09/65 09/10/65 1 1 1200 037002
& 30 TEST PUNP 23 25 1 09/09/65 05/10/65 09/09/65 09/10/65 o 0 1200 037001 04/001
% 33 GOVT INSPEC 25 26 2 09/10/65 09/14/65 09/10/65 09/14/65 0 0 700 017002 03/001 04/001 07/001
TOTAL ESTIMATED DURATION 30 COMPLETION DATE  09/14/65 TOTAL ESTIMATED COST 103,400

CODE RESOURCE DESCRIPTION
1 ADMINISTRATION (AD)
2 ERECTURS (ER)

3 ELECTRICIANS (EL)

4 ’ PLUMBERS (PL)

5

6

7

CARPENTERS (CA)
LABORERS (LA)
PAINTERS (PA)
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% mARKS CRITICAL PATH

REQWUIRENENY R:?u&T UaNTMETRICS CRITICAL PATH/CUSTING/PLUTTING SYSTEM

FUR RESUURCe Cuut 01 SAHPLE SCHEDULE FOR BOOSTER PUMP STATIUN

AnNUD RESOURCES REGUIREN AMALYSIS

PRGJ  JU ACTIVITY START END TINME EARLY EARLY  LATE LATE
TISE wWOe  GESCRIPTIuN NODE NODE EST. START ~FINISH  START  FINISH
= 0 4 SUBHLIT PRE-FAG WET BLDG S 1 9 4 - 0 4 () Y
U 5 SUBWIT CUNC WATLS+RIX DES 1 5 & o 5 1 6
0 6 HUSILIZE - : 1. 2 .2 0 2 & 6
2 6 CURPLETED , . '
4 4 CUSPLETED : SRR L . S

* 4 14 GOVT OK .9 10 4 . & 8 - & 8
‘s 5 CUHPLETED ' ' '
& 14 COWPLETED ; S ‘ , S

% 8 20 PROCURE+DELIVER . 10 11 10 8 18 8 18
18 26 CUMPLETED ‘ o N S R

%= 18 25 ERECT STk STL 11 14 3 18 21 - 1821
21 25 CGWPLETED ' , R '

% 21 27 INSTALL ROOFING+SIDING 14 17 3 21 24 21 24
24 27 COWMPLETED ' ’ s ‘

3 24 28 INSTALL LIGHTS+PANELS 17~ 21 2 24 26 24 26
26 28 COMPLETED , , t -

® 26 31 PAINT . .21 25 2 26 28 26 28
28 31 COMPLETED - ; e A

® - 28 33 GOVT_ INSPEC 25 26 2 28 30 .28 30

FREF
FLOAT

TOTAL
FLUAT

o.

1

4.

EST.
cusT
} .0
oo
2000

27000
3000

5000

2200

- 5000

700

TOTAL THIS CURR
AVAIL JUB TOTAL

NN NN NN RN NN NN N NN N NNN

NN NN NN NN NN NN 2 NRON NN

NO NOo NO NO NO NO N ww W VvwN
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REQUIREMENT RzPURT

FUR RESUURCE COLE 02

* MARKS CRITICAL PATH

PROJ
Tt

18
* 18
19

21
* 21

24

Jos
NG

24
25

24

25
27

27

ACTIVITY
VESCRIPTIUN

SET PUMP
ERECT STR STL
COMPLETED

COMPLETED .
INSTALL ROOFING+SIDING

CUMPLETED

O

OHNIMETRICS CRITICAL PATH/CUSTING/PLOTTING SYSTEM

SAMPLE SCHEUDULE FOR BUOSTER PUMP STATION
AND RESOURCES REOQUIRED ANALYSIS

START END TIME EARLY EARLY LATE
© NODE NODE EST. START FINISH START

11 18 1 18 T 19 20
11 14 3 18 21 18
14 17 3 21 24 21

LATE
FINISH

21
21

24

FREE
FLOAT

TOTAL
FLOAT

EST.
CosT

7000

_ 3000

5000

o)

TOTAL THIS CURR

AVAIL

L R R

PAGE

Jus TOTAL
2 2
3 s
2 3
3 o0
& &
4 0

2-d




KU IREaENT

R PURT

FUR RESUURCE CuLDE 03

% waRKS CKRITICAL PATH

PKRuUJ
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24

43
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¥ 26
26
217

rai
* 27

24
24

4

JOo
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28
28
29
32
29

32
30

30
33

ACTIVITY
UVESCRIPTIUN
INSTALL LIGHTS+PANELS

CunPLETED
WIRE PUKP

InNSTALL POUER LRUP
CurPLETED

Cur.PLETED
TEST PuUmp

COMPLETED
GUVT INSPEC

UMNIMETRICS CRITICAL PATH/CUSTING/PLUTTING SYSTEm

SAmPLE SCHEUULE FUR BUUSTER PUMP STATION

ANU RESUURCES REQUIRED ANALYSIS

START EMD TImME

NOLE

17

22

21

23

25

NMUODE EST.
21 2
23 1
25 1
25 1
26

EARLY
START

24
26
26
27

28

EARLY
FINISH

26

27

27

28

30

~LATE
START

24

26

217

27

28

LATE
FINISH

26

27

28

28

30

FREE
FLOAT

-~ O

TOTAL
FLOAT

ESTe.
CusT

2200
1500
1200
1200

700

TGTAL THIS CURR

AVAIL
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1 [s]
1 1

€-d




O | O

REQUIREMENT REPORT OMNIMETRICS CRITICAL PATH/COSTING/PLOTTING SYSTEN , PAGE 4
FOR RESOURCE CODE 04 . SAWPLE SCHEDULE FOR BOOSTER PUMP STATION
* MARKS CRITICAL PATH AND RESOURCES REQUIRED ANALYSIS
_PROJ JOB ACTIVITY START END TINME EARLY EARLY LATE LATE FREE  TOTAL  EST. TOTAL THIS CURR
TINE NO. DESCRIPTION NODE NODE EST. START =~ FINISH  START  FINISH  FLOAT  FLOAT  COST  AVAIL JUB TOTAL
3 11 CUT+STUB-UP PIPE MAIN 3 1 3 3 6 7 10 3 4 3000 2 2 2
6 11 COMPLETED 2 2 o
18 24 SET PuMp 1 o181 18 19 20 21 0 2 7000 2 2 2
"19 24 CONMPLETED . ' 2 2 )
19 26 COMPLETE PIPING .18 22 s 19 24 21 26 2 2 4000 2 2 2
24 26 COMPLETED 2 2 o
* 27 30 TEST PUMP 23 25 1 -27 28 27 28 0 0 1200 2 11
" 28 30 CUMPLETED » ' , , 2 1 o
* 28 33 GOVT INSPEC 25 26 2 28 30 28 30 o 0 700 2 1




REQUIRENMENT REPURT OMNIMETRICS CRITICAL PATH/COUSTING/PLOTTING SYSTEN
FOR RESUURCE CODE 05 SAMPLE SCHEUULE FOR BOOSTER PUMP STATION
* MARKS CRITICAL PATH AND RESOURCES REQUIREb AMALYSIS

PROJ JOB ACTIVITY START END TIME EARLY EARLY LATE LATE FREE
TIME NO. DESCRIPTION ) NODE NODE ESTe. START FINISH  START FINISH FLOAT

8 SURVEY 2 3 1 2 3 6 7 0.
7 GRADE SITE 2 4 2 2 4 7 .9 0

8 COMPLETED

9 TRENCH FUOTINGS & 1 1 4 5 9 10 4
9 - CUKPLETED R ) .

18 FORM+PLACE 7 8 3 9 12 10 13 0

2
2
3
4 7 COMPLETED
4
5
9
9 18 CANNOT BE RUN = TOTAL REWQU. SMENT GREATER THAN AVAILIBILITY

12 18 COMPLETED

5 G

TOTAL ESTe.
FLOAT CUST

4 1000
5 4000
5 1000
1} 6500

PaGt

TOTAL THIS CURR
AVAIL  Jub TUTAL

NN N NN

1
2

2 =

w
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REQUIREMENT REPORT
FOR RESOURCE CODE 06
* MARKS CRITICAL PATH

PROJ
TIME

o vV s W NN

12
17

19

24

24

28

Jos
NO.

11
18

18
19

19
26
27

26

27
31
31

SAMPLE_SCHEDULE FOR BOOSTER PUMP STATION
AND RESODURCES REQUIRED ANALYSIS

ACTIVITY START END TIME EARLY EARLY “LATE
DESCRIPTIUN NODE NODE EST. START  FINISH  START
GRADE SITE 2 4 2 2 4 7
CANNOT BE RUN - TOTAL REQUIREMENT GREATER THAN AVAILIBILITY
CUT+STUB-UP PIPE MAIN 3 1 3 3 6 7
COMPLETED _
TRENCH FOUTINGS 4 1 1 4 5 9
CUIGPLETED .
CUMPLETED
FOR+PLACE 7 8 3 9 12 10
COMPLETED ’
CURE 8 11 5 12 17 13
CUMPLETED _
CONPLETE PIPING 18 22 s 19 24 21
INSTALL RODFING+SIDING 14 17 3 21 24 21
COMPLETED
COMPLETED
PAINT 21 25 2 26 . - 28 26

COMPLETED

- OMNIMETRICS CRITICAL PATH/CUSTING/PLOTTING SYSTEM

LATE
FINISH

9
10

10

13

18

26

24

28

FREE
FLOAT

TOTAL
FLOAT

EST.
CUST

4000
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1000

‘6500

500

4000

5000

5000

TOTAL THIS CURR

AVAIL

N nN N N N N N NN N N N NN N

PAGE
Jus TUTAL
3 3
1 4
'3 1
2 3
2 1
1 0
2 2
2 o
2 2
2 o
1 1
1 2
1 0
1 0
1 1
1 0
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SAMPLE OF A TIME SCALED PLOT FOR A BOOSTER F?UMi:’ 'STAHAT ION
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V-RYAIL/REQ

07 PAINTERS (PR

V-AVRIL/REQ

06 LABORERS QLA

V-RVRIL/REQ -

05 CARPENTERS (CR)
Y-RYAIL/REQ

04 PLWBERS (PL

V-AVAIL/RED

03 ELECTRICIANS EL)

-3

MANPOWER REQUIREMENTS ANALYSIS
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-
L‘“L__,

02 ERECTORS (ER)

Ot ROMINISTRATION (RD)

\ SCALED RATIOS
-
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INDICATES INSUFFICIENT
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PROJECT NO. 1100 VARIANCE REPORT FOR PERIOD ENDING 07/12/65 CURRENT CUNPLETTON 10731765 TPAGE W01 T
J0B DESCRIPTION ESTe UNIT  PROGRESS THIS PERIOD "~ —UNIT TOSTS "~~~ "COSTS TO UATE ~ ~"TOTAL TO COPLETE ™D
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SOLUTION OF A PROBLEM IN HEAT TRANSFER
J. C. Caslin, H. E, Fettis

and
J. W. Goresh

In studying the effect of varying wall conditions on heat conduction in a
fully developed turbulent gas flow in a long tube, it is necessary to solve
the partial differential eguation

) (1-x') a6 |\

)
= - (1)

The equation must be solved subject to the conditions

96 + k6=0
X x=0 (2)

and @ at x= 1 be finite. Here A is a physical parameter depending on the
physical properties of the gas, 6, a non-dimensional temperature difference,
k, a parameter depending on the conductivities of the gas and wall insulation,
and r and & are non-dimensional radial and axial distances and x= (1—r2)1/ T,
In addition, the distribution of temperature at g= 0 is given as:

6(0,x) = £(x) | ' ('3)

The complete solution of equation (1) is approximated as a sum of the

series
: -o. %
n=1
where the constants An are chosen such that
. 2
{
L[ vaw]-w) F e (%)
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is a minimum. The zl/n are eigenfunctions of the ordinary differential

equation

'gi‘ 1-5) ¥n 1. a AX Y =0 (6)

These and the corresponding eigenvalues Ac are found by the Ritz method

in terms of the eigen functions of the equation
a_ (1-x") N, Byt y= 0 (7)
dx dx

which may be solved in terms of hypergeometric functions.

| The program consists of a simple input-output routine for introducing

the physical parameters. In order to find the eigen values and eigenfunctions
for equation 7, it is necessary to solve a transcendental equation involving W
gamma functions. This is accomplished by a root-finding subroutine using

" False Position" together with a subroutine for generating the gamma
functions. These functions depend only on the parameter k. The eigenfunctions
thus determined are then used as coordinate functions in a Ritz type analysis

to obtain approximations to the eigénvalues and eigenfunctions of equation (6).
This portion requires a subroutine which evaluates integrals involving products
of hypergeometric series and a matrix eigenvalue-eigenvector routine based

on the Jacobi diagonalization method. Finally, the initial temperature distri-
bution is expressed in terms of the eigenfunctions of equation (6)y» Making use
of the orthogonality relations for these functions (according to equations (3)

and (4))';‘ With the An known, the temperature at any value of r and & may

now be determined.
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PREFACE.

Arrival of calculating machines originated a revolution in numerical
calculus and now a days, electronic computers represent the highest

exponent of this marvelous revolution.-

The old classical logarithmic tréatment of problems, often with
long and tedious transformations only to make possible the use of
logarithms, has been substituted by new calculating methods which still
are in a continuous transformation and evolution, based on new concepts

derived from existence of calculating machines.-

"Cracovian methods" constitute a good example of these new concepts.
At first they were created because of the needs of new methods to
compute with calculatingvmachines'but very soon, they showed a gréét
analitical power which caused the origin.of:"Cracexian Algebra" by
means of which it has been possible to attatk a lot of problems with

many advantages over classical methods.-

Some typical applications of Cracovian Algebra are:
Direct solution. of problems in spheritalipoligonoﬁetry very
common in Astronomy. The new method is shorter and simpler

~ than classical method of decomposition into spherical triangles.-

Solution of linear equations systems by means of a typical cri
covian operation which makes possible to solve practically

systems with any number of unknowns.-.

New treatment of Errors Theory and Least Squares Adjustment with

Very general procedures to solve symmetrical systems.-
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In all these applications, cracovian calculus offers the following
advantages:

a) A great analitical power verified by discovering of laws and
relations in Physics and Mathematics Sciences.-

b) Brightness and briefness of cracovian expressions.-

c) Calculating procedures very easy to memorize, lightening in
this way mental effort of calculétofo- o

d) Economy of calculations and good propagation of errors because
of compact manner of cracovian calcﬁlating schemes which; in
a fluid way and using only additions 6f products, make pgssible

to shorten the intermediate notes.-

vin spite of the mencionated advantages, cracovian methods are
practically unknown. The capital reason for this is that the biblio-
graphy is written in polish, because their inventor, Dr. Tadeusz
Banachiewicz, Director of the Astronomical Obseérvatory in Cracow
Poland, and his follower, like Kochsmanski, Sierpinski and Hausbrandt,

are all polish.

However, in Venezuela and thanks to the interest of polishlhmf;x
Ing? Bernardo Wahl, two articles written in Spanish have be¢n published:
"Calcgio de Cracovianos'" (Cracovian calculus) and "La Aplicacidn del
Algebra Cracoviana en el Cidlculo de Compensacidn" (Aﬁplication of
Cracovian Algebra in Least Squares Adjustment). These two articles,
published by the Engineering School of La Universidad del Zulia, -

constitute the basis of this work.-

[
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III

Two programs developed to solve linear equations systems by means
of cfécovian calculus, are described in this work. The first one is
appllcable to general 11near systems; the secopd one is a modlflamlon
of a program developed by the author in ‘his spec1a1 work to obtain
the title of Engineer and is applicable only to normal equations systems
derived from least squares adjustments. The last section of this -
second program is devoted to calculate the mean équare error of -
unknowns although northamericdan geodetist do not'consider 1mportant
this calculation. However, if it is possible to use an electronic -
computer, it is advisable to calculate these errors which offer a vexy

good criterion of measurement precission. Moreover, cracovian methods

make possible this calculation with minnimum programming effort.

All these programs have been made with aids of an IBM 1620 with
1622 Card Read-Punch which works in the "Instituto de Calculo Aplica

do" in Engineering School.-

In addition to the descriptions of the programs, there are two
sections about general definitions and basic operations in cracovian
algebra in order to popularize these methods which, by the explained
reasons, are practically unknown.- As it is explained in those sections,
"cracovians" are recfangular arrays of numbers which obey to certain
operations rules and whose name is derived from Cracow, natal «city
of Dr. Banachiewicz° There is a great similitude between matrix -
algebra and cracovian algebra; nevertheless, fhere is a remarkable

dlfference between them derived from the different way to accomplish

mu1t1p11cat10n with matrlces, this operatlon is rows by columns -
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IV
while with cracovians it is columns by columns; This fact, apparently
with nb iﬁﬁbrténce, is”the reason forvall advantages of cracovian -
algebra in calculations practice as it can be mnoticed in the appﬁcatkn57?
described in the present work which are only a very littlelexample of

the innumerable cracovian applications.-

To finish these short lines, the author wishes to thank very -
much the organizers of this meeting the opportunity to participate in
such an active way and to express his hopes of having contributed to

the divulgation of these calculation methods.-

Marco T. Rincdn B.

-November, 1965,
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(1)

" GENERAL DEFINITIONS (1)

"Cracovians" are rectangular arrays of numbers subject to the

rules of operat1ons given below.-

'They will be represented by means of the symbols

r ‘oo.‘ b i o.y.

%11 %21 1) %11 by Ber)
812 822 s s e atz : blz b22 o e e’ boz

a= = 83 k=g >
an 82n LI I atnj \Eln bzn ' o 00 bcy

The numbers a are called "elements of the cracov1an" The first

rs
subscrlpt 1nd1cates the column and the spcond subscrlptlndmaws
the Tow in which the element stands.ﬂ

In/agreement with the '"Cracovian Calculus Norms In Geodet1c -
Computatlons" dated the 30 - 6 ? 1959 and prepared bytme ""Polish
Comm1ttee of Norms", the symbollcal r_epr,esentatmns of cracovians
are i : T

.a)bFergﬁrinting, bLack letterS“

b) In wii?i“g by hand or typewriter, underlined letters

A cracovian of m columns and n rows is said to be of order 'm

by n" or:"m.n" .-

This section and section 2 have been taken, with some modifica-
tions, from the article of Proffessors B. Wahl and Ernesto H.
Battistella "Cédlculo. de Cracovianos" published in N? 2 of the
"Revista de la Facultad de Ingen1er1d’- Un1vers1dad del Zulia -
Maracaibo - Venezunela.

=1 =
72—




1.3. A '"square cracovian'" has equal number of columns and rows. It is @Eﬁ

1.4.

1.5.

1.6.

1.7.

a " and is denoted 7a .-

said to be '"diagonal" when d =0 if r¢ s

Gu 0 cee 0 )
9 d22 * a0

\00 coe dnnJ

The cracovian 7 , or "unit cracovian'" is a special case of diago-

nal cracovian in which drr' 1

The elements all,'azz, cee s a#n’ére called '"diagonal elements".

The straight line which contains all these elements is called

"principa1~diagona1" and is a»ggbmétrical'resemblance that helps

to understand many operations of,cragévian algebra.-

A cracovian, every element of ‘which:is zero, is called ‘a "zero

cracovian", -

The cracovian of order n.m obtained'by interchanging”the columns

and rows of an m.n cracovian a -is called the "transpose of
A square cracovian is "symmetric" when it is equal to its transpose-

= 2 =
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2.

C 2.1.
2.2

c
2.3.
2.4.

BASIC OPERATIONS IN CRACOVIAN ALGEBRA.
de cracovians are said to be equal if and only if each element
of one is equal to theicorresﬁonding element of the other, that

is

if and only if a = b

Addition or substraction of cracovians is accomplished by adding

or substracting the corresponding elements. If

at+t b= ¢
then™ _ a__+b = ¢
rs — rs rs

This operatioh is only possible with cracovians of the same

’

order.-

If "x" 1is a constant,
X .a=a . x = A
is obtained by multiplying each element of a by "x", that is

A = X . a
rs rs

The product of a column of a cracovian by a column of other cra

covian, with the same number of rows, is obtained by multi -

= 3 =

1 7Y




2.5,

2.6.

plying‘the elements of thé'same row and adding this binary pro-
ducts. This, the prbduct of the r-th‘column of a , named a_, by
the s~th ¢olumn of b , named’bs , is obtained in the following

way

a.q- bsl + a. ., b82 + ceo0. + arn' bsn

The product of a Tow of a craéo@ian;by a row of otherécfacbvian,
with the same number of columns, is obtained by multipiying the

elements of the same column.and adding this binary prqducts.-

The product ¢ of a cracovian a by other cracovian b , only -
possible when they have the same number of rows, is obtained -

from

5 0

(11 c21 LN ] Ct}“‘

"“%clz Cgg +o+ C¢2

(a'.ll 321 ) atl

612 822 oo 8t2 ; 'blz b22 okto be2

<
|i» oo e 00 000000

by
s

(@ & & 0 5 5 0 0 0 00 00 ‘e #9060 0 00 0 00 o0

Q}n'aZn voo atn b b2n oo be ; ;f}e cze coe °Ey;
o R
in Which cl = a .b + a .b + ® 0 & 0 0 0 + a Ob
rs rl gl r2 s2 | rn’ sn

4 =
s

&




2.7.

208.

2.9.

The elements of ¢ are obtained by multiplying the columns of a
by the columns of b . The multiplication in this way, so different
from matrices multiplication, is the most important difference
between the#éigebtas of the two groups &Hd the capital ~reason
for a lot of advantages of cracovian algebra in calculations

practice.-

Cracovian multiplication is neither commutative nor associative,

‘that is

I
jor
*-
jor
L]
I

[

However,

Jo
o
o
fl
A
|o
jo
N’

(a - b)e. e = a.(c.7Th)
are valid relations.-

The square of a cracovian 32 is the product of a . a and is

always a square symmetric cracovian.-

A cracovian quotient is the result of cracovians division

£ = a:b

This operation may be substituted'by th¢ product

L

e . Th=a

| 7¢C




2.10. Any cracovian different from zero may be decomposed into two
"canonical cracovians". In a canonical cracovian all the elements

under the principal diagonal are equal to zero, thus

a = 0 if r<s
rs

The number of possible solutions is reduced by stablishing to

the decomposition
a = g.h

that all the diagonal elements of g be equal to 1 , that is, in

the case of a square cracovian of order 3

21 31
| 22 32
313 223 233 0 ha;

It can be noticed that the canonical cracovians of a square

cracovian, are square too.-

2.11. The "cracovian root" of a symmetric cracovian is obtained by the
decomposition into two equal canonical cracovians. This can be

written in the following way

O

-




2.12.

2.13.

In geodetic problems, it is 'always possible to obtain the cra-

covian root as explained later.-

The inverse of a cracovian a designated g'l is a cracovian

whose product by the cracovian a is the unit cracovian, that is

a.al=7
and also -1

a“-a = A

The same is valid for the traspose.

7a.-Yal=7
val.za =7

The calculation of the inverse of a cracovian is only possible
when its determinant is diffeient»from zero. Once this condition
is fulfiledi:this calculation may be:accomplished in!different~

wa}s e e

a) Using the same procedure to calculate the inverse of a
matrix. S - :

b) Calculating the inverse of the canonical cracovians into
which it can be decomposed, since if -

: a = g.h
then : 3_"1 = a'l. Erl.
- 7 =

7Y




‘It is very easy to calculate the ‘inverse of a canonical

cracovian because

23

and the unknowns are obtained from .the definition h,g"lé?ﬁ-

¢) If a is a symmetric cracovggn, ;hen £ -ig - Véufﬁgnq

al = [( \/E')'IJ 2

Thus,, the inverse of a symmetric cracovian can be easily

obtained from the inverse of its $racovian root.-

.

3. GENERAL SOLUTION OF LINEAR EQUATIONS SYSTEMS.

3.1. Description of method.-

The equations system

B..0X. + 8, eX, + cseecseccce +a .x 44 =0

11°%1 7 %2177 al’n 1
8120x1+ 822.x2+ loaootoooc+§n20xn ":£2'0

® % 00 00000 @ 00 00" S 060 & 0080 Q@000 QOO0 6000 O 60600609 0O B

L] L3 ® 5 & 9 0 ¢ 0 0 0@ -] lw\
a3, fl f a2n x2 + + a n xn + n - O

with n equations and n unknowns may be represented by means

of the cracovian expression

x .ya + £=0 (8 - 2)
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in which

a;y az) eeo anD } /Zl;

a = n : = Y,
= 1= < 2 (9 - 1)

‘a a ces a : A
\ 1n 2n ny'i \‘\\ n/
A“ A:':.‘ @
Cracovian x is obtained from

x=-L:a=-2£.a1 (9 - 2)

that is, "the cracovian of the unknowns is equal to the product
of the cracovian of constant terms by the inverse of the cracovian .
of coeff1c1ents" - The obtalnment of the inverse of the craco ;
vian of coeff1c1ents, like the obta1nment of the inverse of a
matrix, is a very difficult operatlon, ‘specially in case of a
h1gh number of unknowns. Because of this, it is adv1sab1e totnm
the method of decomposition into two canonical cracov;ans as

eXplained'in 2,10 , page b .-

Introducing the cracovians

) : :
X 211 %21 %a1 @
) X2 jajp gy e-r agy L
<
IR S S > o - 3
k).(g/) an azn e o ann 'g't}/
]

=9 =




the system (8 - 1) may be written

(10-1)
Cracovian a' may be decomposed into the cracovians
N " '
.ﬁ 821 831 ++¢ 8y 4 11 P21 e hap)
) :
J0 1 Bazeeeogg, ‘2> L PIREE hnz>
8 - ® ® 6 0 00 0000000 e 08 000O0E ;h = &Eﬁcﬁooqoooooceoc (10-2)
0 ® e 0 ' ® o ©
\ 0 0 1 Zy 0 hnty
such that
'=g . h
2 a2 (10-3)
Introducing this expression into (10-1)
1 L] ° h = 0 o
x Ve b (10-4)

Using the properties of cracovian multiplication this equation

becomes

(x' ezrg-) ' h = 0 (10"’5)




As cracovian h is different from zero, then
-

x' .7Yg = 0 (11-1)

The cracovian of unknowns is easily obtained fron this craco -
vian equation by using the definition of cracovian multiplication.
In order to make clear this procedure, it is advisable to develop

equation (11-1) supposing n = 3

10y
?= 0 (11-2)
835 1
2] ﬁélr
that is
+ . +- . + 2! =
X) F By Xy teyy s Xyt L =0
'g
X9 + 833 - X3 + Lz 0 (11-3)
D=
x3+£3 0

Obviously, the unknowns are obtained from back solution of this
system. -

By makihg the substitutions

& = apyy,; and Ly = epy1,i0 (11-4)

= 11 =
| ¥ 2~




and supposing again n = 3 ,the foildwing‘equality is obtained

-

[211 221 231 821 831 84 11 B2 PR3
a,, 239 1 332 842). 0 hy, h32 (12~1)

The elements of cracovians & and h are obtained inthe following
way:
"a) The first row of h is obtained by multiplying the first

column of g by each column of h , so
Bi1 = 811 5 Bpy = 81y 5 R3y = 8, (12-2)

It can be noticed that the first row of h is equal to

the first column of a .-
|

b) Once the first row of h is' obtained, the first row of . g
can be obtained by multipiy%ng the first column of h by
each column of g , so

Ba1 = 221/hyy 5 gy =2y /hyy 5 oBey T aan/hyy (12-3)

“As h,, = a;, > the first row of g 1is equal to the first
row of a divided by a . .-
=12 =

[&3




c) Using now the second column of g , the expressions

[«

(13-1)

821+ M3y * hay = a3
make possible to obtain the second row of h .-
d) The second row of g is obtainéd by multiplying the
second column of h by each célumn of g , that is

+ g = 3

32° " 22 32

g31° h21 32 h
.

841+ By + B, ,e By = 8, (13-2)

——

e) The last élement of h is obtained from

.h__ + . his +hii = a, . ° (13-3)

E31° 31 T B3y

and the last element of g from

. h +g .. h = a (13-4)

+ ® h
8410 T31 T Bazt T3y T Bu3t Mg 43

It is remarkable that each element of cracovians AZand h is
always obtained from solving an equation with an unknown, Moreover,
as all operatlons are additions of products, they can be acoomphshed
with a calculat1ng machlne maklng no notes of 1ntermed1ate re -
sults.-

‘In brief, the typiCal cracovian operation of decomposition into

two canonical cracovians, makes possible to obtain the solution

= 13 =
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of practically any system of linear équations in a very simple

Wa)'."

3.2, THE PROGRAM,

3.2.1. General organization.-
According to the explanations of preceding section, it is very
easy to develop general expreésions to 6btain the elements of
cracovians g and h. By considering sﬁbstitutions (11-4) the

first row of h is obtained from

h = a r = 1, 2, 00 eo0 ’ n; (14-1)

= a _/h r =2, 3, .

8.1 L e n, n+l ’ (14-2)

The second and other rows of h are obtained from
h = a - (8 oh +g .h) + 0 0 +g eh )

sr rs rl sl r2 s2 r,r-1 s,r-1

starting from r =2 ands = r, r+l, ... , n (14-3)

and the second and_other rows of g from

= a - oﬁ, + oh + o 0o o + bh )/h
Ers [rs (grl sl g1:'2 s2 gr,s‘l 3:8-1:, 88

o : : (14-4)
starting from s = 2 and r = s+l,s+4+2, ... , n+l

C




These expressions allow the obtainment of the elements of g and
0 h in alternated way : first and element of h , later an element

of g and so on.- | |

In order to save core storage, the ﬁrsgrémﬂhas been develoééd.in

such a way that the elements of g and h are obtained by -

accomplishing a convenient trasformation oﬁ cracovian a . Once

this trasformation has been accomplished, cracovian a contains:

a) over the principal diagonal, the eiéments different from

zero of cracovian g , except the diagonal elements whose
value is always 1 . | | |

b) in and under the principal diagonal, the elements different

from zero of the transpose of h .-

That is, supposing n = 3 , cracovian a is transformed into

hyy 821 833

Boy Py, Bay

(15=1)

hg, hg3p hay

In order to achieve this transformation, expressions (14-2) ,

(14-3) and @4-4) have been changed into

ar]_\-..._.xal_lla11 r = 2, ‘3, oo s D+l (15=2)

a «-a =-(a _.a + a _,.a + .00 + & N¥:1
rs 'rs_(rl 1s r2°"2s r,r-1 r-1,s

. | ‘ (15-3)
starting from r = 2 and s =r, r+l, ..o , N

= 15 =

| ¥ &




"ars ‘[ars _(arl°313 + a g8y, + ""+‘ar,s-1°as-l,s)] /ass

starting from s = 2 and r = s+1, s+2, ... , n+l (16-1)

By means of this procedure it is only necessary to keep craco -
vian a . As explained in page 11, obtainment of unknowns is
inmediate once the cracovian £ hag been .obtained.-

The flow chart and program listing may help the reader to make
clear the whole procedure of decomposition and to sfﬁdy all the

possibilities of the program.-

= 16 =

[ ¢
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3.2.2 FLOW CHART OF PROGRAM I
- (General Solution of Linear Equations Systems)

NON SYMMETRICAL
GOEFFICIENTS

Mie—Mmtl

| M » NUMBER OF UNKNOWNS

SYMMETRICAL
COEFFICIENTS

Je-J + ]

i «— | + 1




w0|7i+—J+l

Qji¢e—Qjr /Qn
J=2,3,........ m1

je—i+1

18

(Y9




S W W TV

S+—S+0ﬁ)q

|

Je—J —1

P X,‘-— "aml’i -8

PRINT X;
i=1,2,....m

-19:

(90

le—i —1




Program listing and solution . of a numerical example

DECOMPOSITION OF A CRACOVIAN INTO TWO CANUONICAL CRACOVIANS
AND SOLUTION OF GENERAL LINEAR EQUATIONS SYSTEMS

(s Xale!

DIMENSION A(27, 26), X(26)
READ 100,M |
PRINT 101,M

" M1=M+1 4

W ~NoOWwWT = W

— —t b b
Fw N =0

o acmd

(a3 %))

—t
oo~

19
20

IF(SENSE SWITCH 2)2 L
DO 3 I=1,M

DO 3 J=I, M1

READ 102 A(J,1)

A(l, J)=A(J 1)

GO TO

DO 5 I=1 M

DO 5 J=1, M1

READ 102 A(J 1)
IF(SENSE SWITCH 1)7 15
PRINT 103
IF(M-6)8,8,12

DO 9 I=1, M

TYPE 104, 1

TYPE 105

DO 11 I=1,M

DO 10 J=1,M1
TYPE 102,A(J, 1)
CONTROL 102
GO TO 15

DO 1k 1=1,M

DO 13 J=1,M1
PRINT 102,A(J,1)
CONTROL 102

DECOMPOSITION OF CRACOVIAN A
DO 16 J=2,M1

A(J, I)=A(J 1)/A(1, 1)

DO 20 J=2,M

HA=J=-1

DO 18 I=J,M

$=0,

DO 17 K=1, IA
S=5-A(J,K}*A (K, 1)
A, 1)=A(J,1)+$
Ji=J+1 .

DO 20 I=J1,M
s=0,

DO 19 K=1,1A
s=S-A (K, J %A (1,K)
A(l,J)= (A(I J)+S)/A(J J)

20

(7/

s



cCo0

21

22
23

CALCULATION OF UNKNOWNS

f=M
J=M
S”O.‘
IF(J-1)23,24,23
S=S+A(J, |$*X(J)

- J=d=1

2l
25

26
27

28

29

30
31
32
33
34

35
36
37

38
39

GO TO 22
X(1)=(~-A(M1,1)=S)
:F§|11)25 26 25
GO TV 21

IF (SENSE SWITCH 1)27 hu
PRINT 106
IF(M-6)28, 28 36
ONEal‘ .

DO 31 _1=1,M

TYPE 102,0NE
Hi=1+1

DO 29 J=I1,Ml

TYPE 102, A(J 1)
CONTROL 102 . &
lF(I-M)30932030
DO 31 K=1,1 .
TYPE 107 -
PRINT 108

PRINT 102, ONE
I1=1+1 :

DO 37 J=I11,M1.
PRINT 102 A(J 1)
CONTROL 102 e
IF(1-M)38,40,38
DU 39 K=1,1 .
PRINT 102,ZERU




Lo

L1

PRINT 108

DO 43 I=1,M
DO L1 J=|, M
PRINT 102 A(l

IF(1-M)b2, uu &2

42

43
Ll

L5

100
101
102
103
104
105
106
107
108
109
110

CONTROL 102
DO 43 K=1,1

PRINT IOZ,ZERO ,

PRINT 109.

DO 45 |=1,M

PRINT 110 | X(l)

PAUSE - .

GO TO 1

FORMAT (14)

FORMAT(//IOHUNKNOWNS = 13)
FORMAT(E11.4) -
FORMAT(//ZSHCOEFFICIENTS OF EQUATIONS//)
FORMAT (4X2HX(,12,3H ) )

FORMAT (3X7HC. TERM//)
FORMAT(//IIHCRACOVIAN G//)
FORMAT (11X)

FORMAT (//11HCRACOVIAN H//)
FORMAT (//10X8HUNKNOWNS //)
FORMAT (2HX (, 13,2H)=E11 k&)

END

22 =
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UNKNOWNS = 6

COEFFICIENTS OF EQUATIONS

X(1)

+6518E 03
-w]‘96E 03
.9L60E 02
-.9390E 02
+7420E 02
.5800E 02

X( 2

-+2392E
+8867E
-01922E
-.2260E
-+5150E
.3720E

CRACOVIAN G

.1000E 01 —-.3669E
m .1000E

CRACOVIAN H

.6518E 03 -,1196E

.8823E

UNKNOWNS

.6715E 00
f3079E-0‘
«3225E-02
«3957E-02
+H4554E~-03
. 1880E-0L

M KX KX
PN PN PN NN
OV LW N =
Nt St st ast? st il
[ I O O O

)  X(3)

03 L9460E
04 -09610E
ok .2L439E
03 L2370E
03 -.2410E
03 ,5920E

+1451E
'01069E
+1000E

00
00
01

00
01

02
05

+9L60E
ok -,1887E
«2417E

X( k)

+1880E 03
~.2260E 03
J7LOE 03
H4810E 05
-o2370E 0“
-.4030E Ok

+2884E 00
~.2170E-01
.1678E-01
.1000E 01

-+.9390E 02
-.2604E 03
«2227E 03
J4811E 05

23

194/

fl

X(5)

~1480E 03
”vS‘BOE 03
-, 4820E OL
-02370E 0“

+7860E 05
-.1284LE 05

«2270E 00
~-.5529E-01
—oZOASE OO
-QASIGE-OI

.1000E O1

"«7B20E 02
-vh877E 03
-.2L72E Ok
-+2360E Ok

+7793E 05

X( 6 )

+5800E 02
+1860E 03
«5920E 03
_OZOISE Oh
-.6420E OL
.1585E 06

AN

+.8898E-01
o2228E—01
+2588E-01
-.4170E-01
-.8276E-01
. 1000E 01

02
03
03
ok
05
06

-5800E
«3932E
+6256E
- LOLBE
-.1289E
J1572E

C. TERM

—OMBISE
—01885E
-.8270E
-.1200E
-.5250E
—03350E

-,6620E 00
-.3033E-01
‘03a985“02
~+.3935E-02
”au539E=03
-.1880E-0L




4,
4.1."
4.1.1.,

SOLUTION OF NORMAL EQHUATIONS SYSTEMS,-
Description of method.

Obtainment of unknewns.

- Application of least sguares adjustment leads to linear

equations systems of symmetrical coefficients called "normal
equations systems'". Although in this case it is also possible
to use the method of decomposition into two canonical craco-

vians explained in section 3, it is advisable to use a spe-

~cial method which provides the possibility to obtain the mean

. square errors of unknowns in a very simple way. This special

method consists in decomposition of cracovian of coefficients
into two equal canonical cracovians and it is called "the cra
covian root method".- | :
The system of error equations A

V-'= aoo + r 0 + °°°°‘+ > 0 +
i i°Xy b1 X2 8i°Xm L

. (24-1)
i = 1,2, o600 , 10

may be written very conveniently in cracovian notation as

v = x. ya + ¢ (24-2)

24 =

445



in Which

A (A b g? AN Q‘i\

11 . 1]
2 )% bz e 82} 2, £ |
l =< ... ,g- ® e 00006000 0 00 00 * o ;£=<'.. ,z =ﬁ" > (25‘1)
Q’ a b e e g X . (
v e LAANG Y n/
Introducing the diagonal cracovian
rp“ 0 o 00 0\
y 0 p2 vee 0 >
2 ) es 0 s 0000 (25-2)
0 0 ...p o
C N | P

’

in which the'p; are the weight coefficients of observations,
i

it is obvious that cracovian expression

x f(a.p.al+2.@.p=0 (25-3)

repréSents the normal equations system derived from system

( 24-1) .- Making the substitutions

A = (a.p) . a L=2¢.(a.p (25-9)




expression (25 -3) becomes

X A+ L =0 (26-1)

Developing this last equation, the following system is
obtained

Age X Agge Xp % een # AL exy + L

]
=]

Az1e X9 * Agge Xg * eoe F Ap peXp v L = 0
® ® ® 900 00O @ 0 0O O 8 860" O 8OO OO GO O S S OO O G OO0 OO 00O 0O (26-2)

A X

m, 1 1 f Am.z'xz toeee ¥ Am nXm ¥ Lm =0

?
where, in agreement with classical Gauss notation

A11 = [paa]*;“A§1= Lpab] ; ... ;’Am;1=_magj; L1=[pa1;

A = [pbb] and so on.=
22

Let m'=-m + 1 and Lij= Apr 55 then the normal equations system
. ’

(26 -2) may beAenlarged and transformed into

>
"
(=]

A]" QX1+ A21 ..Xz +coo + Am,1 . .Xm‘" m"1
A21 "Ox“." Azzﬂ .XZ *o.o' + Am’ﬁ— oxm+ Am' ’2 = 0
" #0906 00000 @0O0OO00O00O00000060O  >00000000OOGOGC (26"3)

(1
(=]

Am’l 'Ox1+ Am’2‘0x2 +aoov + Am’m 9Xm+ Am"m

L eXq+ A +.,. + A o X, F A
Am' s 1 1 m' ’2°x2 Bl m *m A‘m' ,m’

=[pvv]



The last added equation,. equivalent to the known relation

(pal] x, + (pbl] %, *+ .., +(pgl] %, *+ [P111= [pW]

will provide the very important control of [pvv] as explained

later.- Introducing the cracovians

Y A eea A ) (0D
1 S 21 m,1 m',1
X A A ... A ; 0
-2 : 21 22 m,2 m',2
x'= ﬁ..>;A'=ﬁ.........'....0..'..‘ s. =ﬁ00.>
x A A ... A A 0
mi m,1 m,2 m,m m',m
1 A A ... A A pvv]
\_ \omn',1 m',2 m',m m',m) k_ Y
system ( 26? 3) may be written as
i x' A" = C (27~ 1)
Cracovian A' may be decomposed into tﬁo edual canonical
cracovians such that | P
A' = B .B= B2 (27-2)

As cracovian A' is symmetric, according to 2.11, page 6

N

27




(5 B .e. B B )
11 21 m,1 m',1
0 B oo B B
: ‘ 22 , m,2 m',2 |
-B- = 4 ...0'...0.0....‘.0.0..00.;...0 >
0 0 * 00 B B
m,m m',m
0 0 cos 0 B
- m',m' )

The elements of cracovian B are obtained by applying the
definition of cracovian multiplication by means of the

following relations

= : : o = ' 28~
B11 \/A 11 Br1 = Ar1/A11 by 2,3, ... 4 M (28-1)

B = \/A__ - (B2, + B2, « + B2 )'
rr TT ri r2 oo r,r-1

: r = 25"3" oo o 9 m' “.- (28-2)

Brs = [Ars - (letBrI + BSZ' Brz + o0 e + Bs’s_loBr’s_1)}Bss
starting from s =2and r = s + 1, s+ 2, ... , m'
Introducing (27 -2) into (27-1) (23-3)
x* . (B.B =C
OT- -~ (x' .TB). B =¢C
= 28 =



b

Multiplyng both sides by ‘Kg']

(x' .%¥B) . B1. w_“é

oA

According to 2.7, page

as
-1 o -1
(x' .7B).z8 .TB) =C .7
(x' .TB).¥ = C .o
that is |
x' . % = C.¥B!
1f c'= ¢ .7B ,’ then
e 7} 1 o
|0 Byg Yz -ee >’1,m~'\1 9 ~\
0 0 B 0
| | 22 " Y2m' |
C! '< S'ﬁ i >= ﬁ
] 0 0 BZ ! lepvwy. 820
gvv‘) \ .o m' ’m/| Lp . m_' ,m )
] = 29 =

c .ys”!

5, ~this expressién may be written

(29-1)




Developing (29 =-1), the following system is obtained

11° X1 % Bage Xp b eee * By geXy m',1

Bzz. xz + ... + B

® 0 0 6 00 0 600 00O C eSO S E SO 00O 0O SO0 OSSO OO

+ + B + B = 0
0

m’zoxm + B!n"_z=

Bm,m‘xm * Bgr g" 0

'Bm;m,=[pvv]° B;!’m,

Obviously, unknowns are obtained from back solution of this

system and the last relation gives the control

2
m!,m'

{pvv]l] = B

It is remarkable that cracovian of normal equations coeffi-

cients is equal to the square of cracovian of error equations
coefficients which is éifferent from zero., Thus, it is always
pdssible to obtain the cracovian root in case of geodetic pro

blems._

4,1.2, Obtainment of mean square errors of unknowns.-

Mean square error of unit weight observation may be obtained

from
m = \pvw]/ (n - m)’ (30-1)
)
or m = B /vyn-m (30-2)
0 m',m'



Weight coefficients aré then used to obtain mean square

errors of unknowns from

my, = ""o\/Qii (31-1)

i ;
'If F is a linear function of unknowns such that

X + o o o + fm.x (31_.2)

it may be written in cracoviam notation as

E = x.£f (31-3)

The normal equations sxgtem“iﬁicase“df'uniform weight

observations may be written as
x . @) + L.a =0 (31-4)

Multiplying both sides by @y

RS p
[x . (aD1.aH)  + @ .2).(aH =0  (31-5)
| » |
x + L@ .qal = 0 (31-6)
=1 | |
x = -2 ,[(a®) . 7Tal (31=7)
= 31 =
20 2




Introducing this value of x in (31 -3)

F o= {- 2.l "7aE).f
F o= - £.{fiva. (a®)" 11}

Appiication of law of errors proﬁagation leads to

~N

m2 {ffra .(aD)71 ] P

=
[}

F s

=m? (£ 0 )7 val? £

2 (. @)1 £)

This expression may be written as

Mg = M, \/(.f. AT (32-1)

To obtain the mean square error of x.

i it is only necessary

to stablish F = X: that is
o)

0

e

1 _ in i-th row

0




C

Expression (32- 1) becomes

n o= om Ve LAY g

This means that weight co-efficient of i-th unknown is equal

to the element of the inverse of cracovian of coefficients

‘which stands in the i-th row and column, that is to say that

diagonal elements of the inverse of cracovian of coefficients

are the weight coefficients of unknowns.-

Calculation of th@se elements is made in a very simple way by
calculating first the inverse of the cracovian root of A

because

-1
A = (B)) (33-1)
and obtainment of the inverse of a canonical cracovian 1is

inmediate.~

Let D = §’1; then, the emements of D are obtained from

' = 3 )
Dy 1/Brr re 1,2, .00 , M
" Dyg 0 if rs
Dpg = ~(BgqeDpy +BsZ°Dr2+°°°+Bs,s~‘iDr;s«=1)/Bss

startin from r =1 and s =1 + 1, T+ 2, cooy, M

= 33 =

204




4.2.

4.2.1

The program
General crgénization
In order to save core storage, the program has been developed

in such a way that it is only necessary to keep coefficients

of normal equations in and over principal diagonal by means

‘of an unidimensional array.-

The correspondence in nomenclature is

Ars= CRy

in which t = r+ (s-1) (m+ 1-5/2)

In the first part of program, the CR; are transformed into
the elements of cracovian root and the unknowns are obta%nedo
In the second part,‘the CRi are again transformed into the
elements of the inverse of cracovian root and the meah square
errors of unknowns are calculated.-

Flow chart and program listing may help the reader to

understand better these short explanations.



4.2.2 FLC3W4 CHART OF PROGRAM 11
( Solution of Normal Equations Systems)

w ' 2

M = NUMBER OF UNKNOWNS
nobs = " »  OBSERVATIONS
O,
CONDITIONATE
READ m 0
OBSERVATIONS
INDEPENDENT
OBSERVATIONS
m mie— m+ } NX = NUMBER OF COEFFICIENTS OF NORMAL
m2 4 2m1 EQUATIONS OVER PRINCIPAL DIAGONAL

nx-—-%—(m+1)(m+ 2)

READ CRj

20(




ke—i+(J-1){Mm2-y)/2
k3 4+—k
i1 &—i-1

h 4

Kiei +(?~1)(mz~{)/é
CR,4—CRy ~(CRy,)?

| e—1i+1

ke¢—k+ 1

1

24 (2-1)(m2-2)/2
ki ¢—i +i2
ka ¢#—J+i2
CRkQ"CRk'CR“cCsz

P=1,2,........ i1

Je&e—J + 1




J &—————m

Ke—mitil

14— (i-1)(m2-i)/2
Ae—0

ke—J + i1

Ae—A+ CRy+ X

l

J ¢&——J —1

Kie—— i ¢ i1

X;4— (-CRy -A)/CRy,

| e—i—1

Mo4-CRny/V'| Mo = MEAN SQUARE ER

OF UNIT WEIGHT OBSER

PRINT mMe

37 =
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| 4—————1
7} } -
/
Je——i
14 (i~ 1)}mz2-i)/2
k e&— i +i1
CR,+—1/CR,
’6'\
-/

Je—dJ+1

ke—k +1]

i2e—J ~1
kaeJ+(J-1)(m2-u)/2|

A4+—O0

l

kie-J+(2-1)(ma-9)/2

ka-——‘e-lvil
A< A—CR, .CR,,
ezi,ifl ............ i2
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ie— i+l

Je— J+1
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«2.3. Program listing and solution of a numerical example

4
C - CRACOVIAN ALGORITHM FOR SOLVING NORMAL EQUATIONS
C 6-11-65 * PDQ FORTRAN
C

DIMENSION CR(L96), X(30)
IF(SENSE swiTcH 2}2,3
2 READ 100,M
PRINT 112
TYPE 100,M
GO TO L
3 READ 100,M,NOBS
PRINT 103,M,NOBS
L M1=M+1
M2=2%M1
NX=(M+2) % (M+1)/2
DO 5 I=1,NX
READ 101.CR(1)
|F (SENSE SWITCH 1)6,10
PRINT 106
IF(M=6)7,7
DO 8 I=1, M
TYPE 107, |
TYPE 108’
EXECUTE PRUCEDURE 300

CRACOVIAN ROOT

10 CR(I)—SQRT(CR(I))
DO 11 1=2,M1

1 CR(I)—CR(I)/CR(!)
J-‘

12 1=J
K=l+(J=1)*(M2-J)/2
K3=K

11=1-1
DO 13 L=1,11
Ki=15(L=13%(M2-L)/2
13 CR(K)=CR (K)~CR (K1)**2
CR (K)=SQRT(CR (K))
IF(J=M1)1k,17, 14
14 I=1+1
K=K+1
DO 15 L=1,11
1 2=(L-1)*{M2-L)/2
Ki=1+12

'

W OO O WU

OO

15 CR(K)=CR *CR (K2)
R ,

m—
— o~ o~
=R
LD -
e

GO TO 12

IF(SENSE SWITCH 1)18,19
PRINT 109

EXECUTE PROCEDURE 300

— —
(o000 B @




OO0

OO

21
22

23

24

25
26

27

28

29

30

31 A

32

3k

CALCULATION OF UNKNOWNS
I =M

J=M
[1=(1=1)*(M2-1)/2
A=0,

IF(J-1)22,23,22
Ked+11
A=A+CR (K)*X (J)
J=J-1
GO TO 21
K=M1+11
Ki=l+11
X(1)= (-CR(K)—A)/CR(KI)
:F(I‘I)Zh 25,2

=|
GO TO 20

IF(SENSE SWITCH 2)26,28
PRINT 112
CONTROL 102
T=M
ECERO=CR (NX) /SQRT(T)
DO 27 |I=1,M
PRINT 102, 1 X(I)
GO TU 39

INVERSE OF CRACOVIAN ROOT

i
|
K=1

=0

O Ko b =

(: 1)*(M2-l)/2

CR(K)=1,/CR(K)
lF(l-M)30 33, 30

J=J+1 ,

K=K+1

12=J-1

K3= J+(J—1)*(M2—J)/2
A=0,

DU 31 L=I 12
K1=J+(L—1S*(M2-L)/2
K2=L+11
-A-CR(KI)*CR(KZ)
CR(K)=A/CR(K3)
IF(J-M)BO 32,30

f=l+1

GO TO 29

IF (SENSE SWITCH 1)34 35
PRINT 110

Mi=M

EXECUTE PROCEDURE 300

48' 41:
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OO0

35

36
37

CALCULATION OF WEIGHT COEFFICIENTS OF UNKNOWNS

L=1 °~
DO 37 l=l M
A=0,

DO 36 J=1,
A=A+CR(L)**2
L=L+1
CR(L)=A
L=L+1

- T=NOBS-M

38
39

Lo

L8

L9
50

ECERU=CR (NX)/SQRT(T)
PRINT 112

TYPE 105

M1=M+1

K=M1

DO 38 I=1,M
EMX=ECERO*SQRT(CR(K))
PRINT 102,1 X(I) EMX CR(K)
Mi=M1-1 .

K=K+M1

PRINT 111,ECERD
PAUSE :

GO TO 1 ,
BEGIN PRUCEDURE 300
IF(M-6)40,40,47

L=1

DO 45 =1, Ml

DO 41 J=I, Ml

TYPE 101 CR(L)

L=L+1 .
IF(I-M1)42, h6 L2
CONTROL 102 .

IF (M=M1)4k, 43 Lh
L=L+1

DO 45 K=1,1|

TYPE 113 .
RETURN 300

L=1

DO 50 I=1,M1

DO 48 J=I Ml
PRINT 101 ,CR(L)
L=L+1 . :
IF(M—MI)SO h9 50
L=L+1

CONTROL 102

END -PROCEDURE 300

= 42 =
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FORMAT (214) |
FORMAT(E11.4)
FORMAT (2HX (, 13,2H)=E1
FORMAT (//9HUNKNOWNS =1

1.4, 2E15,4)
1/ 13HOBSERVATIONS=14//)

FORMAT (5X10HMEAN ERROR 5X10H Q COEFF, //)

, FORMAT (/32HCOEFFICIEN
FORMAT (4X2HX(,12,3H ) )

FORMAT (3X7HC,  TERM//)

TS OF NORMAL EQUATIONS//)

FORMAT (71L4HCRACOVIAN ROOT//)
FORMAT (/25HINVERSE OF CRACOVIAN ROOT//)
FORMAT2/19HMEAN SQUARE ERRUR =E11,4//)

FORMAT
FORMAT (11X)
END

//10X8HUNKNUOWNS )

214




UNKNOWNS= 4 |
OBSERVATIONS= 8

COEFFICIENTS OF NORMAL EQUATIONS
X(. 1) X( 2)  X( 3)
J1200E 02 -,2000E 01 -.4000E 01

6000E 01 ,0000E-50
+2000E 02

CRACUVIAN ROOT
+3L6LE 01 -+5773E 00 -+1154E 01

23808 01 -.2800E 00
W4311E 01

INVERSE OF CRACOVIAN ROOT

.2886E 00 ,7001E-01 .8186E-O1
’ -4200E 00 .2728E-01

.2319E 00

UNKNOWNS MEAN ERROR

X( 1)= —=.3154E-01 .20L4E 00
X( 2)= -.65L0E-01 -28L2E 00
X( 3)= -.6694E~01 -1667E 00

X( L4)= L1153E 00 “1780E 00
MEAN SQUARE ERROR = ,6537E 00

X( &) cg TERM

+0000E-50 ~,2000E-01
-+2000E 01 ,5600E 00
-.7000E 01 ,2020E O1
.1700E 02 -,2560E 01
. ' .2176E 01

+0000E-50 -,5773E~-02
-.8401E 00 ,2338E 00
-.1678E 01 - 4821E 00
.3671E 01 -,4233E 00
. «1307E 01

.5344E-01
+1086E 00
+~1060E 00

- «2723E 00

Q COEFF,

+9779E-01
+~1890E 00
+«6503E-01
+7419E-01
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~J MRI PLOTTER SUBROUTINES

INTRODUCTION

; This set of plotter subroutines is provided in the hope of elim-
inating much of the redundant effort that has apparently been expended in past
uses of the IBM 1620's on-line plotter.

The set is built around modified versions of the IBM-provided PLOT
and CHAR routines. The MRI versions of PLOT and CHAR offer the following
features: ‘

Both can be used as LOCAL subroutines.

Changing directions of lettering the CHAR routine takes less
than 1/5 second.

The PLOT routine can be reinitialized without having executed a
CALL PLOT(7) statement.

The PLOT routine can move the ?en to any location without
dropping the pen when the move 1s terminated.

. New graphs can be automatically started above, below, and to
the left of the present graph (as well as to the right).

Up to nine unique characters can be used to plot points instead
of the standard + character.

The write-up on PLOT and CHAR is essentially that found in IBM pub-
lication No. C26-5841 with appropriate changes.

SUBRQUTINE PLOT

‘ The following definitions apply to the terms used in the description
of this subroutine. All X and Y values are to be expressed in inches.

1. XMIN < minimum X value to be plotted.
2. XMAX = maximum X value to be plotted.

3. XL = the required physical length of the plot in the X direction.




k., XD = X increment to be indicated on plot outline
XMIN)/INC, where INC equals the number of increments desired.

5. YMIN 2 minimum Y value to be plotted.

6. YMAX > maximum Y value to be plotted.

T. YL

il

the required physical length of the plot in Y direction.

YD = Y increment to be indicated on plot outline = (YMAX -

YMIN)/INC, where INC equals the number of increments desired.

9. 1IC = control integer which must have one of the following
values: 1, 101, 201, O, 9, 89, 90, 99, 7, 70, -7, -T0. See "Use of Con-
trol Integer" under the specific Programming Procedure in question.

Choice of variable names for the above information is left to the
discretion of the programmer, except for the restrictions that the control
integer must be a fixed-point varisble or constant and the rest be floating-
point variables (with or without subscripts), constants or expressions.
Array names must not be used.

The first time the subroutine is entered, scaling factors are cal-
culated and a plotting outline or grid is drawn governed by the control integer
IC. During subsequent entries into the subroutine, the X and Y coordinates
of a point are scaled and the point is plotted governed by the control inte-

ger. After all points have been plotted, the subroutine is reinitialized
for a new plot. In brief, the subroutine has three sections:

1. Framing and scaling
2. Point-to-point plotting
3. Reinitialization

Each of these subroutine sections has a set of control integers (IC) to
govern the functions of the subroutine.

Framing and Scaling Section

In this section, two scaling constants are calculated and a plot
outline or grid is drawn governed by the control integer IC. The subroutine
calculates these scaling constants as follows:




|

XL

CX = X scaling constant = AL - XMIN
CY = Y scaling constant = . £ .
YMAX-YMIN

These scaling constants are then used to scale all X and Y values in the
point-to-point plot section.

After the frame is drawn the pen is placed in. the up status.

Use of Control Integer (IC)

One of the following three control integers must be used in this
section:

IC =1
IC =101
IC = 201

When IC = 1 is used, scale constants are calculated and a plotting
area outline is drawn (Fig. 1). When IC = 101 is used, scale constants are
calculated and a grid over the plotting area is drawn (Fig. 2). When IC = 201
is used, scale constants are calculated, but neither a plotting area outline
nor grid is drawn. (For efficient programming, set XD equal to XMAX-XMIN and
YD equal to YMAX-YMIN, when IC = 201 is used.) The latter control integer is
used vhen a reference frame is already available or when one is not required.
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X MIN, Y MAX

VR &

YD
. o |

1 L | |-
< XL >JI

X MIN, Y MIN X MAX, Y MIN

‘Tm ' Fig. 1 - IC =1
| 4

—»| xp
G XMIN, Y MAX ]"’Y

YD

\

{-‘ " -

X MIN, Y MIN X MAX, Y MIN

Fig. 2 - IC = 101
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Point-Point Plot Section

CALL PLOT (IC, ICHAR, X, Y)

This section of the subroutine first scales a given point (X, Y) to
a set of coordinates (X plot, Y plot) as follows:

X plot

(X-XMIN) *CX

Y plot = (Y-YMIN) *CY

where CX and CY are the scaling constants calculated in the framing and scal-
ing section of the subroutine.

Use of Control Integer (IC)

One of the following two control integers must be used in this
section:

NOTE: The pen always moves to the point to be plotted in the
status in which it was left (up or down) from the previous call.

IC

]
(o]

IC

]
\O

IC = 0 . When IC = O is used, the point (X, Y) is scaled, the pen moves to
the resultant coordinate (X plot, Y plot) one of 9 characters is drawn through
the point. The pen remains down after the character is drawn.

IC =9 . Vhen IC = 9 is used, the point (X, Y) is scaled, the pen moves to
the resultant coordinate (X plot, Y plot) one of 9 characters is drawn through
the point. The pen is placed in the up status after the character is drawn.
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Use of Character Control Integer (ICHAR)

One of the following nine character control integers must be used:

POINT VALUE OF
REPRESENTATION ICHAR
. ‘ )
+ 2
° 3
a Y%
> )
° 6
x 7
. 8
. g
Fig. 3

Pen Movement Section

CAIL PLOT (IC, X, Y)

This section of the subroutine scales a given point (X, Y) to
(X plot, Y plot) as in the point-to-point section.

Use of the Control Integer (IC)

IC must assume one of the following three values:

IC = 89 . When IC = 89 is used, the point (X, Y) is scaled and the pen moves
to the resultant coordinates (X plot, Y plot). The pen is commanded up when
the point is reached.
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IC = 90 . When IC = 90 is used, the point (X, Y) is scaled, and the pen moves
to the resultant coordinate (X plot, Y plot). The pen is commanded down when
the point to be plotted is reached.

IC = 99 . When IC = 99 is used, the pen 1s commanded up. No other action
takes place.

NOTE: If the pen up or down status 1s altered manually or by some
routine other than PLOT (for example, the annotation routine) IC = 99 should
be executed prior to the resumption of point-to-point plotting. The reason
for this lies in the fact that PLOT is designed to keep track of pen up or
down status so that the pen does not have to be commanded to assume its pres-
ent status. (One hundred ms are required for each pen up or down command. )
By executing an IC = 99 call, as just described, pen up status is established
physically and within the program.

Reinitialization Section

CALL PLOT (IC)

After all points have been plotted within a frame, PLOT can be
called to automatically move the pen to a new position pripr to starting a
new frame. The following table shows the possible options available:

Position to Which Pen

Value of IC Will Be Moved
7 (XMAX + 3.0", YMIN)
70 (XMIN, YMAX + 3.")
-7 - (XMIN - (XL + 3."), YMIN)
=70 ; (XMIN, YMIN- (YL + 3."))

NOTE: PLOT does not have to be reinitialized with one of these
calls. An alternative would be

CALL PLOT (89, X desired, Y desired)
CALL PLOT (1, « « o« « « « « & )

These two statements would start a new frame at the point (X desired, Y
desired).

223




PIOT PROGRAMMING PROCEDURE

Prior to calling the PLOT subroutine, the programmer may determine
and place in storage the XMIN, XMAX, XL, XD, YMIN, YMAX, YL, YD, IC, and ICHAR
information as previously defined. '

Access to the PLOT Subroutine

The PLOT subroutine is accessed by the following statement:
CALL PLOT (IC, LIST)

Where IC I!IIJ.S'b be equal tO l, lol, 201’ O’ 9, 89’ 90) 99, T’ 70’ "7, or "700

LIST depends upon the value of the control integer (IC) as follows:

If IC = l, 101, or 201, LIST must contain XMIN, XMAX, XL, XD, YMIN,
: YMAX, YL, and YD as previously defined.

If IC = 0 or 9, LIST must contain ICHAR (the character control
integer), X, and Y where X and Y are the coordi-
nates of the point to be plotted.

If IC = 89 or 90, LIST must contain X and Y where X and Y are the

coordinates of the point to be plotted.
If IC =T, 70, -T, -T0, or 99, LIST must not be used.

The actual names of the variables are unimportant as long as IC is
a fixed-point variable or constant and LIST is made of floating-point vari-
ables, constants, or expressions, except that array names must not be used.

Because of the makeup of the subroutine, the first time it is
entered the following statement must be used:

CALL PLOT (IC, XMIN, XMAX, XL, XD, YMIN, YMAX, YL, YD)
where IC must equal 1, 101, or 201.

After the initial statement has been executed, the subroutine can
be entered at any time by one of the following three statements:

CALL PIOT (IC, ICHAR, X, Y)
CALL PLOT (IC, X, Y)

CALL PIOT (IC)
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Ic= 1 ICHAR = 3 . IC =101

IC = 201 ICHAR = 6

Fig. 4 - Plotter Options

225

p 7 g
SA ]
N 4 "~
R
Vo
ICHAR = 4



SUBROUTINE CHAR

This relocateble subroutine is titled CHAR. As a subroutine, it
allows a FORTRAN II or FORTRAN II-D program to plot letters, numbers and all
FORTRAN special characters from information supplied by Format statements.

Program Description

The CHAR subroutine uses the typewriter I/0 subroutine from the

FORTRAN IT or FORTRAN II-D Programming System. When the CHAR subroutine is
called, it modifies the typewriter I/O routine to perform the lettering func-
tion and restores it when the function is complete. The position of the pen,
at the time CHAR is called, is at the lower left-hand corner of the character
to be drawn. Because the information to be plotted is obtained from Format
statements furnished by the programmer, actual variable values can be plotted
at object time. '

Each character that is plotted is represented in the subroutine by
a string of digits. These digits, when transmitted to the plotter, cause the
proper pen and paper motion required to draw the desired character. The same
string of digits is used for all character sizes and for horizontal or verti-
cal displacement of the character. Horizontal or vertical placement of char-
acters with respect to the X axis is accomplished internally by the subroutine.
The conversion from horizontal placement to vertical placement or from verti-
cal to horizontal, requires less than 1/5 second.

When all of the specified characters are drawn, the pen is returned
to the starting position with the pen in the up status.
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ABCDEFGHIJKLMNOPQGRSTUVHXYZ

0123456789 =,$. (*) /+

-1 Inch Lettering -

ABCOEFGHIJKLMNOPAGRSTUVIWXYZ

0123456789 =,8$. (%) /+

.2 Inch Lettering

Fig. 5 - Character Set

Programming Procedures

Because of the design of the annotation subroutine, it must be ac-
cessed by the following two FCORTRAN statements in the order shown.

CALL CHAR (N, SIZE, IHV, VAR,
VAR, --VARy)

FORMAT (S;, Sp---Sy)

The arguments in the call statement are defined as follows:

N = A fixed-point variable or constant equal in value to the number of
variables and/or constants (VAR) whose object time values are to
be plotted as specified in the Format statement that follows the

Call statement.
Example: If one variable (VAR;) is to be plotted, N = L.
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SIZE = A floating-point varisble or constant equal in value to the size
(expressed in incheg) of the characters to be plotted.

Example: If characters are to be drawn two-tenths of an inch high,
SIZE = 0.2.

IHV = A fixed-point variable or constent. If IHV = O, characters are
drawvn parallel to the X-axis, otherwise the characters are
drawn parallel to the Y-a.xis.

VARN = Floating-point or fixed-point variables or constants whose values
are drawn at object time. The Format specifications to which
these variables are drawn must be specified in the Format state-
ment following the Call statement.

The Format statement used with the Call statement supplies informsa-
tion to the subroutine as to what is to be drawn and under what Format speci-
fication. It is also used to calculate the correct return address from the
subroutine. It is, therefore, mandatory that a Format statement follow the
Call statement. The items in the Format statement are defined as follows:

S = A Format specification. The Format speciﬁcation(s) may not be
separated by a slash /).

O

n-= A statement number.

Program Exsmples

Problem: Draw an alphameric field., hor:lzonta.lly, using characters
two-tenths of an inch high.

Solution:
CALL CHAR (0, 0.2, 0)
n FORMAT (6HX AXIS)

NOTE: Because there are no variables to be plott'ed, N, the ‘first
argument of the call is a fixed-point zero.

Problem: Draw an alphameric field, hor:l.zonta]ly, and the variable
(X) using characters one-tenth of an inch high.
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Solution:

CALL CHAR (1, 0.1, 0, X)
J ol
n FORMAT (1LH VALUE OF X IS, F6.3)

NOTE: Because one variable is to be plotted, the first argument of
the Call statement is a fixed point 1.

Problem: Draw an alphameric field, vertically, and three variables
(X, Y, 2) using characters one-tenth of an inch high.

Solution:

CALL CHAR (3, 0.1, 1, X, Y, 2)
n FORMAT (21HXYZ HAVE THE VALUES, 3F 6.3)

Problem: Draw three variables (X, Y, Z) using characters one-tenth
of an inch high. . -

Solution: ) : ' o | @
CALL CHAR (3, 0.1, 1, X, Y, Z)

n FORVAT (3F 8.4)

SUBROUTINE FRAME (XMIN, XMAX, XL, XD, YMIN, YMAX, YL, YD)

ment:

This subroutine draws a complete rectangular frame with axis mark-
ings ("tics") along all sides. The arguments are those defined in the PLOT
subroutine with the following exception:

If XD = 0., the X axis is marked off in log;p increments. In this
case, XMIN and XMAX are assumed to be log quantities. For example, if XMIN =
1., XMAX = 4., and XD = O., then three complete cycles of log;y marks will be
drawvn on the X axis (both top and bottom).— If YD = O., the same remarks hold
true for the Y axis. If both XD and YD are zero, then log;p marks will be
drawn on both axes. .

NOTE: FRAME initializes the PLOT rout;l.ne with the.‘fonowing state-

CALL PLOT (201, XMIN, XMAX, XL, XMAX-XMIN, YMIN, YMAX, YL, YMAX-YMIN)

G
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FRAME uses about 16,994 positions of core storage. The following

illustrations are examples of the use of FRAME:

Figo 6 -

QQQQ

=~=== Framing demo -- Start in upper left corner, draw four types
of frames. Sequence is clockwise.

CALL FRAME (1.,4.,6.,1.,1.,4.,6.,. 5)
CALL PLOT(7) :

CALL FRAME (J..,4.,6.,1.,l.,4.,6.,0.)

CALL PLOT(-70)

CALL FRAME (l.,4=.,6.,0.,l 34es6.5.5)

CALL PLOT(-7) L
CALL FRAME (1.,4.,6.,0.,1.,4.,6.,0.) |
PAUSE

END
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| SUBROUTINE GRAPH (I, J, TPOINT, YINCH, YINCH, X, FX)

Th:Ls subroutine is provided to gra.ph the points (X(K), FX(K)) end
draw curvilinear lines Joining the points. The arguments are defined as: :

X(K) = A single-subscripted array of the abscissa (X-axis) values
FX(X) = A single-subséripted array of ordinate values

I

The subscript of the first point to be plotted’
J = The subscript of the last point to be plotted

TPOINT = The digit that governs which point character is to be used
(see character control integer in PLOT arguments). If
JPOINT is zero, the actual points will not be plotted.

XINCH = The value of one physical inch in terms of X-axis measure

XINCH = _@xﬁ-_@g in terms of the PLOT subroutine
arguments. .

YINCH = The value of one physical inch on the x-axis.

GRAPH uses the second order Lagrangian polynomial over X(K), X(K+l),
and X(K+2) to draw the curve between X(K) and X(K+l). (When K+2 = J, the poly-
nomial is also used to draw the curve between X(K+1) and X(J).) The curve is
composed of short line segments less than O.l inch long. The actual length of
these segments is a variable that depends on the physical distance from (X(X),
FX(K)) to (X(K+l) » FX(K+1)).

The following assumptions are made for GRAPH: (1) The points are
stored in either ascending or descending values of X. (2) No two successive
values of X are equal.

GRAPH uses about 14,37k positions of core.

The following illustrations show the two types of plots available
when GRAPH is used.
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m IPOINT = 3

Fig. 7
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SUBROUTINE LABEL (SIZE, XMAX, XMIN, XL, XD, YMIN, YMAX, YL, YD)
SUBROUTINE LABELX (Same Arguments)

SUBROUTINE LABLE (Same Arguments)

SUBROUTINE IABLEX (Same Arguments)

The purpose of these four subroutines is to place labels along the
X and Y axes drawn by the initializing call of the PLOT subroutine, i.e.,

(1) cALL PLOT (IC, XMIN, XMAX, XL, XD, YMIN, YMAX, YL, YD)
where IC = 1 or 101.
The arguments are the same for all four subroutines. Specifically,

SIZE = The value of the character size expressed in inches (e.g., SIZE =
.2 means all characters will be .2 of an inch in height)

XMIN @

XMAX

XL .
YMIN Must be exactly the same as used in (1)
YMAX

YL

o}

All four subroutines will place numerical values adjacent to the "tic" marks
on each axis. In addition LABLE and LABLEX read two cards; the first is used
as an X-axis heading and the second as the Y-axis heading. (Column 40 is as-
sumed to be the midpoint of the axis.) The following chart shows the exact
distinctions of the four routines.

i

i

The same as used in (1) or integer multiples¥ of that value

* If XD is the value uséd when PLOT is initialized, and 3.¥XD is used as this 0
argument, then every third '"tic" mark on the X axis will be labeled with
a value.
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o

Range of Format of Axis Core
Neme Values Representation Headings Required
IABEL -999 to 9999 I4 No 1402
IABEIX Any MAX* 2 10,000 ; E8.1 No
10 = MAX < 10,000 ; 15
.1 = MAX < 10 ; F5.2 2550
MAX < .1 ; E8.1
IABIE Same as IABEL Yes 2314
TABLEX Same as IABEIX Yes 3472

* MAX = is the maximum of |XMAX| and |XMIN| (or of |YMAX| and |YMIN| ); e.g.,
if XMIN = -10 and XMAX is O then MAX = 10 and I5 format is used.
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FEET

FEET

9.93

6-66}

3.33

0.00 10

TIME

CALL PLOT (190e910ey 50691090499¢99y S5e91all)
CALL LABLEX (e190e910ey 5091690099499y 5493.33)

7.77
666
5.55
.4y

3.33

2.a22

TIME

CALL PLOT (1404910., 5¢91¢90499499y 5441.11)
CALL LABLEX (41404910., 5092410099.99) 5.91.11)F

Fig. 8
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SUBROUTINE QUADRG (N, X, Y, A, B, C)

The subroutine QUADRG computes A, B, and C in the second-order re-
gression formula:

Y=A+BX+CX2

X = The single-subscripted array of independent variable values
Y = The single-subscripted array of dependent variable values
N = The number of (X, Y) values

QUADRG requires about 2300 core positions and the single subscript
library subroutine.

This routine will be particularly useful in plotter applications.
The regression curve can be plotted by the following sequence of statanen/ts:

XJ = J*
DX = (X(N) - X(1))/x3
X1 = X(1)

CALL PLOT (99)

CALL PLOT (90, X1, A+B¥X1+C*X1%¥X1)
DOI=1,J

X1 = X1 + DX

10 CALL PLOT (90, X1, A+B¥XL*C¥X1%X1)

* Where J is some suitable number that depends on the degree of curvature and
the physical distance between X(1) and X(N) or the plot.
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SUBROUTINE LINREG (N, X, Y, A, B)

, LINREG is a subroutine that computes the y-intercept, A, and slope,
B, of the linear regression line fitted to the points (X(I), ¥(I)), I = 1,2...,
N. (That is, the linear least squares fit to a set of data points. )

~ X, the independent variable, and Y, must be single-subscripted in
the calling program.

The running time of the subroutine is dependent on N, the number of
data points. Roughly, it computes about one second for every 15 data points.

This subroutine will be particularly useful in plotter applications.
The regression line can be plotted by the following sequence of statements:

CALL PLOT (99)
CALL PLOT (90, X(1), A + B*X(1))
CALL PLOT (90, X(N), A + B¥X(N))

LINREG requires 1056 core positions and the single subscript library
subroutine.
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