












































































































































































































































The various methods of computer scheduling (see 

appendix, page AI) presently available have been developed out 

of a need for a logical method to analyze the relationship 

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 detail 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 jobs 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 is required. 

3. Because of the vastness of the projects and the 

continual need for updating schedules, high sgeed scheduling 

techniques are required tq prevent delays in obtaining vital 

information. 

4. 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 techniqu~ is de~ired which enables a scheduler 

c:; ,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 the 

resulting schedule by making time corrections on critical jobs 

to produce a final schedule meeting the original requirements 

specified. 

6. Finally, a technique or method is required which 

enables the. scheduler or engineer to see the effect of a 

slippage of anyone job or activity in a project with regard to 

the overall project target date. 

With regard to the last point above, it has been 

assumed in the past that there are certain key items or 

activities in a large project, such as the placement of a main 

4() 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 . 

o 

. 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 build three large bulk power substations, 

Receiving 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 detailed structural drawings will be ready in order to 

know when he can start design of an electrical equipment 

installation. 

A land division officer wonders whether a two weeks 

delay in obtaining a parcel of land will be acceptable. 

A member of engineering management is considering 

whether or not enough time is 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 specification writer is faced with deciding what 

delivery date will be satisfactory approximately two years from 

now. 

Noting the tremendous expense tOQay for construction 

equipment rental and wages, a project engineer has the problem 

of deciding 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 in the appendix of this paper. These comouter listings 

will be explained later. 

In conjunction with the scheduling of large receiving 

stations, it was necessary to schedule the transmission and 

underground engineering and construction of the lines and cables 

entering the stations. 

The other main application of CADS in the Department 

has been the scheduling of construction and preliminary operation 

activities of Units 1, 2 and 3 at the Departmentts 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 Departmentts own construction groups, but 
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also that of the various contractors responsible for the boilers, 

turbines, tank erections, 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 receiving station schedule 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 engineering 

schedulers, who have historically been charged with the 

responsibility 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 detailed activities, as to their correct time 

relations. Using conventional bar chart techniques, it is 

physically impossible and impractical to correctly relate 

several thousand activities according to calendar dates, to type 

or print and proof complete schedules for distribution at 

regular intervals within a satisfactory period of time, much 

less examine the critical and subcritical paths for areas of 

possible trouble. 

With former conventional techniques, only the major 

equipment and construction activities could be scheduled, 

therefore not providing sufficient detail to indicate problem 

areas. In addition, independent schedules for design, 
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construction, and material 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 iteratively 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 certain, management, 

design engineers, clerks, and construction people need detailed 

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 ability to provide detailed 
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information and while still recognizing the frailty of human 

OJ beings in digesting large amounts of data, the specifications 

for the CADS output format were devised. 

o 

o 

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 is concerned 

with jobs which require electrical drafting and not with the 

number of plumbers needed on a ~articular date. Hence, the 

schedule output is divided into summaries according to actual 

Department design and construction groups. A partial list of 

groups in the Department given individual summary printouts 

from the CADS schedule may be found in the appendix, nage A4. 

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 available (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 

summa~J schedule. The first type of inquiry might be as follows: 

today? 

Has a particular job been completed yet? 

And the second tyPe: 

Which jobs should be started, finished, or active 
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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 summa~T. The CADS 

output format includes both types of listings for each summary. 

In addition, it is convenient to have the outout format for 

each summary in both tabular and graphical forms. The 

alphabetical listing of activities is printed in tabular form 

and the chronological listing 1s orinted in graphical form 

(bar chart) for each individual group summary. 

In order to discuss the output formats, samnles 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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o 
to the station bus work. " 

The remaining terms can best be described with the 

aid of a diagram. On page A5 of the appendix a simplified 

schedule has been diagrammed (both names and time estimates 

are arbrltrary 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 performed. 

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 ASSElvfBLY and I'RANSFORMER WIRING CONNECTION are both shown 

as requiring the related activl ty TRANSFORf,mR PLACEMENT; 

however, since the activi ty TRANSFORMER FINAL ASSEl\1BLY req1.)ires 

more time to perform than the activity TRANSFORJVTER WIRING 

CI CONNECTION, the related activity TRANSFORMER PLACEMENT m"ust be 

o 

" completed earlier than what is required for the activity 

TRANSFORMER \vIRING CONNECTION.. The time re')resented by the 

dash line on the diagram is known as slack time. The tnterval 

between having all the related activitIes complete and the 

latest posslblestarting date for an activity is defined as the 

slack time of the activity. For the act:lv;.t:l TRANSPORfiIER 

~lIRING CONNECTION,the slack time referring to the tIme scale 

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

worked in series. The activi ties TRANSFO?tflIER TEST, TRANS~ORrI[ER 

FINAL ASSEf1BLY , TRANSFORMER PLACEl\1ENT and TRANSFORMER DELIVERY 
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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 is noticed that some 

of the same activities occurred in the second oath as were in 

the f~rst ~ath. In the first uath there exists no slack time. 

The activity TRANSFORMER WIRING CONNECTION has slack time in 

the second path. The critical path is the longest nath in 

time and contains no slack time. For the ryass 1 diagram, 

the critical path consists of TRANSFORMER TEST, TRANSFORMER 

FINAL ASSEMBLY, TRANSFORMER PLACEMENT, TRANSFORMER FOUNDATION 

CONCRETE CURE, TRANSFORMER FOUNDATION FORM STRIP, TRANSFORr·1ER 

FOUNDATION CONCRETE POUR, and TRANSFORMER FOUNDATION FORr1 

INSTALLATION. Although the critical path is the longest ryath 

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

project may be completed. Only when activiti~s in the critical 

o 

path have their time shortened or are worked in parallel rather ()~ 

than in series can the nroject time be reduced. 

Since in most cases the sequence in which activities 

are performed cannot be changed (a concrete foundation must cure 

before placing eq1.~ipment unon it) the common way to shorten a 

project is to shorten the allowable time to Derform each activity 

in the critical path. This can be accomolished 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 given as the time and 

number of men normally allowed to accom~lish a given activity. 

I? 
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The critical estimate is based unon the time and number of men 

required to perform an activity when a oro.1ect must be 

completed in minimum time. For most activities the critical 

time estimate will be smaller than the normal estimate, and 

the critical number of men estimate larger than the normal 

estimate. For some activities the normal and critical 

estimates will be the same (i.e. concrete cure). 

If the left side of page A5 of the a~Dendix is again 

referred to, a number nair can be observed directly below the 

name of each activity. The number on the left side of 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 using normal 

estimates, the pass 1 schedule output would appear as shown 

_nn'!",i·-

on the left side of the page. Should the time required to comnlete 

this work be greater than acceptable, CADS wpuld attemnt to 

reschedule as shown f'or pas~ ~~e ;Dass " schedvle was obtained 

by replacing the normal es~ate'with the cri.tical estlmate for 

each activity appearing in the critical path of pass 1, 

(transformer test, final assembly, placement, fovndation concrete 

cure, form stri'!J and form installation), and rescheduling. Again 

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

activities aonearing in the critical oath of pass ?, (rack area 

backfill, grounding mat installation., and rack area excavation) 

would have their normal estimates renlaced with critical 
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estimates by the CADS program. With these changes a new 

schedule is output as shown under pass 3, page A6. This 

recycling process continues until the schedule is shortened 

to an acceptable time or until all the activities appearing 

in the critical path obtained in the new pass were 

previously reduced to their critical estimates in an earlier 

pass or until the number of passes equals the limit 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 1s 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 change for 

subsequent schedule recasting. It is usually used in locating 

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 lists all the summary numbers and 

summary names used, 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 sununary names and assigned activities (see appendix, 

page All). 

Critical - Path Table. This table provides a list 

of all activities 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, file 

number and time estimate are also listed. The critical path 

activities are arranged so that activitie"s occurring towards the 

beginning of the project are listed first. (See appendix, pages 

AI2-Al3) • 

If rescheduling occurs, then subsequent critical-path 

tables will be printed for each pass. 
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Alphabe-tic'Schedule. The alphabetIc schedule 

alphameric~al1y li~sts' all:activlt1es" with their related activities, 0 
for'each·sUmrnary. 'The heading "includes the 'date at' which the 

schedule i's'made, the name or' the project,- the summary name" the 

pass nUmber, arid the page number. Information 'included for each 

ac-tivlty i11. thi,s schedule is the activity i~dex number, the 

activi·ty name, the file ninnber, the normal time and manpower 

estimate·s, the critical time and inanpow'er estimates" the computed,. 

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 

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

activity previously completed or finished will be indicated by 

the word IICompleted" in the start and finish columns. (See 

appendix,-pages A14-A16). ({) 

Chronological (Bar Chart) Schedule. The graphical 

type of schedule lists activities chronologically by starting 

da..tefor 'each summary. The heading includes the date at which 

the schedule is made, the name of the project, the summa~ 

name" and :the . page number. The maximum period for Wh~ 

scheduling information can be provided on one 'page is four months. 

In addition to the activity name, the activity manpower requirement 

and slack 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. 'A)'eekends and holidays are 
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omitted. The first line, is the first digit" or tet;l,s', position of 

the calendar day" and the second line is the second .. digit or 

units position of the calendar day. The "XiS" span. :the time 

interval during which the activity is to be perforroed. A ttcn 

occurring on the last calendar day of a pageindica1;es that the 

nX" 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, tells, 

and units positions, respectively, of the manpower,value. 

(See appendix, pages A17-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 avoided because 

of the difficulties in showing the sequence relationships 

between activities, and because of the limited number of 

activities which can be shown on a'single sheet of paper. 

The collection of data for a project schedule is 
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begun by examining the finished product and asking the 

que'stions: Which components make up the finished product, 

and what is the last activity performed on each of these 

components before they are declared complete? 

This initial list of activities is called the end-

of-project activity list. 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 innnediate prerequisite activities. Then the 

immediate prerequisite activities to the activities preceding 

the end-of-project activities are sought, etc. The activities 

which must immediately 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 activities are 

related (immediate prerequisites) to the non-indented 

activity directly above. 

COMPONENT TEST 
OOMPONENT INSTALLATION 

COMPONENT INSTALLATION 
COMPONENT MATERIAL DELIVERY 
COMPONENT INSTALLATION DRAvlING REVIEW BY 

CONSTRUCTION 
COMPONENT AREA PREPARATION 

COMPONENT MATERIAL DELIVERY 
COMPONENT BID AWARD TO DELIVERY TIME 
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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 
is generally the engineering of some key 
drawing (i.e., one line wiring design 
eqUipment, or structural steel~ 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 ~repared, and manufacturer's drawing 
prepared. ) 

COMPONENT AREA PREPARATION 
(e.g. installation of equipment board, erection 
of a building, concrete cure, etc.) 
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The collection of data as shown in the above section 

for a proje9t schedule 1s accomplished by describing in order 

starting with the end-of-project q.ctivities, step by step, the 

activities necessary for the construction of a project. Once 

the construction phase of the data·collection has been completed 

far enough to require the 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 the data breakdown has been decided, time 

estimates are given to each activity. The time estimate is 

based on how long it 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 

activity has previously been completed, that information can 

also be entered. 

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 one 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, if everything 

that is needed to start the activity is available, how long 

20 

/2CJ 

o 

o 

o 



o will it take to perform the activity? 

Once each activity making up the project has been defined 

(given a time estimate and a relateq 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, 

sununary 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 

0) and have a completion date.equal to that of the coml?letlon date 

of the entire project. 

o 

If an activity is 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 activity time estimates and thelr.prerequisites. 

In the process of collecting data for a project schedule, 

one might wonder how fine of a data breakdown is necessary. The 
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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/or material 

necessary to complete the activity. If the input data is 

collected in sufficient detail, each activity's related 

(prerequisite) activities are scheduled to be completed before 

the activity requiring them is scheduled to be started. Thus, 

assunling reasonably accurate data and an adherence to schedule 

dates, the situation 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 against the argument that too 

much data just confuses the schedule and makes it 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 this 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 activities 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 effective reporting system, management needs 

only to be concerned with a few activities during any month. 

To further simplify the problem when one or more 

activities deviate appreciably 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 the 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 readies the complete, detailed schedule for 

distribution automatically. 

WHAT ARE THE SUPPORTING SYSTEMS AND ERROR CHECKING FEATUP£S 

OF THE SYSTEIvl? 

Since the Department has an IBM 1620 computer, several 

programs have been written f'or the machine which provide a 

convenient method f'or 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 }mown or 

fixed procedure in the Department. Three commonly used 

sequences are drawing, specification, and bill of material 

preparation. Given an equipment delivery because of formal bid 

or bill of material requisition, or a drawing delivery, this 

program will generate activities in the proper sequence dOl\~ 

to and including engineering. Other programs can delete, 

change, or list specific cards in a CADS data file. In order 

to provide a rapid method for producing data for similar 

proJects programs have been written which will reproduce and 

renumber CADS input data files. 

A 1620 program is also available which will generate 

o 

block diagrams of the project 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---------------tr, is 

printed out. Another common error is feedback. Feedback is 

an improperly defined relationship between two or more activities. 

When this occurs two or more activities are prerequisites of 
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each other, either directly or indirectly. Feedback is noted 

c:; when a list of affected activities is printed out with no 

subsequent schedule information. A sub-program has been 

written which will handle the feedback-affected activities and 

produce a list of activities showing the paths which are 

directly involved in the feedback. As can be seen, these 

features provide means by which data handling and correction 

can be reduced to a minimum. 

EDUCATION REQUIREMENTS FOR Ir.JIPLEMENTING CADS 

The problem in securing and training personnel to 

implement an automated scheduling program deserves conunent. 

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 

o 

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 training 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 are encountered, 

little knowledge is required 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 typical 1500 activity CADS schedule requires about 

two hours of IBM 1620 time. In addition to the IBM 1620, 

another computer, the IBM 1401, is used for report writing. 

These two machines are available 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 developing 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 ta~k 
/ 
I 
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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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Nse 8LD~ LIGHTING CONDUIT IN 
NueSERVIce£CONTROl HOUSE CaNST 
NSC BLDG LIGHTING CONDUIT DL 

Nse BLDG LIGHTING INtWIR 
NSC BLDG LIGHTING CONDUIT IN 
NSC BLDG lIGHTING EQUIP OL 

NSC BLDG TERM RM CABLE TRAV IN 
N~CSERVICE&CONTROl HOUSE CONST 
NSC BLDG TeRM RM CABLE TRAY OL 

NSC BLDG TEST eIRC PlSEQIN&WIR 
NUCSERVIceiCONTROl HOUSE CONST 
N5C BLDG TEST elRC PL&EQ Ol 

NSf BLDG VAULT CABLE TRAY SYIN 
NUCSERVICetCoNTROl House CaNST 
NSC BLDG CABLE VAULT IN 
NSC BLDG VAULT CA8LE TRAY OL 

NSC CAe~E TERMINAL EQ IN£WIR 
NUCSERVICE£CONTROL HOUSE CaNST 

FILE NO. 

0~0030 
040031 

0~0028 
040029 
040030 

0~023e 

180007 

040131 
010199 
04013$ 
040139 
040140 
040141 

040056 
010199 
040051 

040050 
010199 
040051 

040044 
010200 
040045 

040046 
010199 
040047 

040048 
040046 
040049 

040054 
010199 
040055 

040060 
010199 
040061 

0"0052 
010199 
010200 
040053 

040064 
010199 

ELECTRICAL tNSTAllATION 

a-INDICATES ESTIMATe USEDa 

N{!RMAL 
DAY'S MEN 

10- 0-

66- 0-

10· 4-

22- 0-

10- o. 

33· o. 

5· O. 

10- 0-

22* 0* 

22* o. 

33* o. 

22* 0-

22* 0* 

CRITICAL TOTAL 
DAYS ~eN MANHRS 

10 o o 

66 o Q 

9 ~ 320 

22 o o 

10 o o 

33 o ° 
5 Q Q 

10 a ° 
22 o o 

22 o o 

:33 a o 

22 o o 

22 o o 

DAyS 
SL~CK 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

a 

o 

a 

-- -- l' 
START DATE FINISH DATE -l-~-

1.-
22 MAy 1910 ~ JUN Bi10 I' 

, JUN 1970 ~ SEP 1970 , -j-

1 -
29 JUL 1970 11 AUG 1970 I: 
2q JUL 1~10 27 AUG 1910 f. 

I ! 
t: 

14 AUG 1969 27 AUG 1969 I., 
14 JUL 1969 27 AUG 1969 J' 

I 
23 SfP 1968 27 SfP 19.8 I' 

21 JUL 1969 
I I 

1 AUG 1969 f 

3 SEP 19691, 

II, 
4 AUG 1969 

" AUG 1969 3 se P 1969 1-

1'--
14 JUL 1910 27 AUG 1970 laT 

I 
27 JAN 1910 26 FEB 1970 J' 

111 

27 JAN 1970 26 FEB 1970 f· 
I 

f~ 
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ap«E«saUUITE ACTIV IT us ARE INDENTEDa 

.UUJ E,)( NO,., ACTIVITY NAME 

2" 

266 

2.67 

268 

269 

270 

271 

212 

213 

274 

275 

216 

211 

278 

88 Nle CA8LE TERMINAL EQ OL 

QFFiteCG~ARD BLDG ll~HT CON IN 
91 QfFICEGGUA~O BLDG lIGHt CdN O~ 

164 OF~ 8l0GGGUARD House CONST 

OFPCCEGGUARD BLDG LIGHT IN'WIR 
265 OFFICe&'YARD BLDG LIGHt CON tN 

92 OFfICE&GUARD BLDG LIGHT EQ DL 

263 
261 
ZS6 
217 
261t 
509 

93 

263 
261 
256 
211 
261t 
521t 

525 

526 

527 

586 

581 

588 

It 11 

PAGWOe UTILITY SERVICE FA IN 

PRESSURIZER ~TR fA CTLSPWR WIR 
"160 BLDG VAULT CABLe TRAV SYIN 
NSO BLDG TERM ~M CA8LE TRAY IN 
NSC IlDG CABLE RISER IN 
CABLE TUNNEL CABLE TRAY IN 
NSO OASLE TERMINAL EO IN&WJR 
PR~SSURIIER IN 

PRIMARYCONTA ELEe $ERV FA IN 

PWR CONTROL RELIEF VALVE IN'WI 

REACT 

PWR CONTROL RELIEF VALVE Ea DL 

COOL PP1A FA CTl&PWR WIR 
NSC BLDG VAULT CABLE TRAY SVIN 
NSC BLDG TERM RM CABLE TRAY IN 
NSC BLDG CABLE RISER IN 
CASLE TUNNeL CABLE TRAV IN 
NSC CASLE TERMINAL EQ IN&WIR 
Rep MTR LOOP A IN 

REACT COOL PP1B FA CTL&PWR wIR 
RCP MTR LOOP 8 IN 

REACT COOL PPIC FA CTl&PWR WIR 
RCP MTR LOOP C IN 

REACT COOL PPID FA CTl&PWR WIR 
RCP MfR lOOP 0 IN 

SAFETYINJ PP MTRIA CTL&PWR WIR 
SAFETY INJECTION PMP 1A INSTl 

SAFETVINJ PP MTR1B CTl&PWR WIR 
SAFElY INJECTION PMP 16 INSTl 

SAFfTYINJ PP MTRIC CTLtPWR WIR 
SAFETY INJECTION PMP Ie INSTl 

SHoPtWR€HSe B LIGHT CONDUIT IN 
SHOP&WREH5E SUPERSTRUCTURE IN 

FILE NO. 

Olt0065 

040208 
Olt0209 
020030 

Olt0210 
040208 
0402U 

580022 

0~0199 
Olt0052 
040054 
040056 
040058 
Olt0061t 
500058 

510031t 

0"0172 
O~Ol73 

00\0181 
Olt0052 
040054 
040056 
Olt0058 
040061t 
500007 

0~0182 
5000lt5 

Olt0183 
500031t 

040184 
500021t 

0~0189 
53000l 

040190 
5)0002 

040191 
530003 

040204 
020006 

E~eCTR1CAL iNSTALLATION 

a-INDICATES ES'IMA1E USEDa 

t40~MAL 
DAYS ~EN 

15- o. 

41t- 0-

15- O. 

10- O· 

1- 0* 

10- 0* 

10* 0* 

10* 0* 

10* 0-

10* 0-

10* o. 

10* 0-

10* o. 

22* 0-

CRll ICAl TOTAL 
CAYS MEN MAN~RS 

15 o o 

44 o o 

15 o o 

10 o o 

1 o o 

10 o o 

10 a o 

10 o o 

10 o o 

10 a o 

10. o o 

10 o o 

10 o o 

22 o o 

DAVS 
SLACK 

o 

Q 

952 

o 

1114 

o 

o 

187 

155 

77 

36 

36 

36 

o 

t' 11 
START DATE FINISH DATE II 

tw 

20 FEB 1969 12 MAR 1969 I' 
I 

13 MAR 1969 13 MA~ 1969 la 
I ' 

23 APR 1969 13 ~A~ 1969 I 
27 FEB 191~ 12 MAR 191~ I 

I I 

I i 

II 
12 MAR 197~ 12 MAR 1970 I! 
14 AUG 1970 21 AUG 1970 I' I 

n 
27 FEB 1970 12 MAR 1910 I ~ 

I, 
h, 
I f 

27 FEB 1970 12 MAR 1970 I~' 

27 FeB 1970 12 MAR 1970 I ( 
21 FES U70 12 MAR 1970 I ( 

• MAY 1970 15 MAY 1970 l~ 
~ MAY 1910 15 ~AY 1970 I ( 
• MAY 1970 1S MAY 1970 i-I 

17 APR 1969 1~ MAY 1969 I 
I ( 
I y~ 

__ . _____ ., __ . ____ . ____ . ____ . ________________________________ .J...._ 

e o 

fi 
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ELECTRICAL tNSTALlATION 

aPREREQutSITE ACTIVITIES ARE INOENTiDD aeINOI(AT£S £5'I"AIE USEoa 
....... - -.. - ---~ .. -- -----.. -- ...• _.- ---_. -- .. 

INOEl( NO. ACTIVITY NAMI FILE NO. NORMAL CR111CAL TOTAL DAVS START CATE FINISH DATE 
DAYS "EN DA'S MEN MAHHfU SUCK 

100 SH8P'WHEHSE B tiGHt CONDUIT Ol 040205 

279 6HOf'WR6HSE BLDG LIGHT tN'WIA 01t0206 3'. 0- 33 0 0 0 19 "AY 1969 ! JUl 1969 nll -"------SflOPCWREHSf! 8 LIGHT C{JffllUlT'lff 0"40204 ' ._ ..... -._- - ... ,-, 

,101 SHOPCWHEHSE 8LDG LIGHT EQ OL 040207 

210 STATOR 'OOLING SYSTeM INCWIR 040015 3'. 105 S~ATOR COOLING SYS EQUIP OL 040016 
o. 3,3 0 0 0 22 JUL 1910 4 SEP 1910 

281 -STE." n"PINSTR.cCONTROl 'INIWl 040170 -,-, 4~. 04f 4~' D- O 19~ 11 JUN U7G 11 AUG 1910' 
108 STEAM TEMP INS1RCCONTROL EQ Ol 040111 

282 TUR8 INsrrR WIR-TUR8 TERMCAI!I IN 01t0239 30'e 
111 TURa INSTR WIR-TUR8 TEAMCAaOL 04Q21t0 

It* 21 4 960 0 17 JUL 1910 27 AUG 1970 
,U8 lURe T&RMINAl CA8 INSTL 110015 

,283 lURI IN6~RUMeNT'C~NTRbL INCWIR 040004 It It- 0- 44 0 0 0 29 JUN 1910 27 MIG 1970 
112 TURS INSTRUMENT'CONTROl EQ Dt. 0"'0005 

,284 lUAS-GEN CASlE TRAY liYS IN 01t0040 66- Oli 66 (I 0 0 26 MAV 1969 27 AUG 1961f ,192 TURBPlT ELEV 35 CONC DeCK IN 010113 
118 TURB~GeN CABLE TRAY DL 040041 

'-. .285 TUR8GENGRD GRID4ELECTR'OD:E IN 00\001t2 31e o. 33 0 0 0 2' JUL 1968 10 SEP 1968-
>- 119 TURBGEN GRO GR1DCELECTROOe Dl 04001t3 

~ .... 
C\ 

\..J\i 286 TUR81NE REGULATING CAB tNeWIA, 040021 22,- o· 22 (] 0 31 20 JUl 1970 18 AUG 1970 
62 GENERATOR MAJO. PARts OL 01,0001 

217 TURe9LT BLDG LIG~T CONDUIT IN 040036 75'. 0- 75 0 0 0 22 JAN 1910 1 MAY 1970 
12'1 lURePLT ILBG LtGHT CONDUIT Dl 01t0031 
41lt TURePLT SUPERSfR WAllSCROOF IN 110039 

28B 'fURSPL,T ILOG UGtiTlNG IN,'WIR 040038 180- O. 180 0 0 (I 8 MAV 1910 22JAtc 1911 281 TURBPLT 8LOG LtGHT CONDUIT IN 040036 
:122 TURBPlT 8LOG L1GHT EQUIP OL 040039 

289 TUR8PLT GRDGRtO IN 040222 15. 0- 15 0 0 0 15 FEe 1968 7 MAR 1968 
355 TURBPLT eJ UNWATERING SY$ IN 000006 
125 TUABPLT GROGRIO Dl Olt0225 

,290 VARO CONDUIT~MANHOLe SYSTEM t~ 0"'0214 192- o. 792 0 0 0 II MAY 1961 15 Jut 1910 
130 YARD CONDUIT DUCT MATL DL 0"'0215 

291 120V INS1A SUPPLY PltEQ IN&WIR 040 13 It 22e 0- 23 0 0 0 8 JAN 1970 6 FEB 1970 
185 NUCSERVIce&CONTROl HOUSE CONST 010199 
131 120V INSTR SUPPLY Pl&EQ OL 040135 
132 120V INSTRSUPAUTOTRANSFERSW Dl 040136 

292 125~ DC BA~T CHARGER lA IN£WIR 040147 3- Oe ~ 0 0 0 2 FEB 1910 " FEB 1910 185 NUCSERVICe'CONTROL HOUSE CONST 010199 
133 125V DC BATT C~ARGER 1A&18 DL 01t0149 

.lr-_;;-' 
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CRITICAL PA TH 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 evaluate available resources (labor, 1TI.oney, 
materials, etc.) against the above schedule. This proces swill 
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 progres s, 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 managenlent levels. 
(See Exhibit H for a typical client oriented variance report). 

The System I s Detailed Components 

Time-scaling of the project schedule results' in benefit to the planners and mak-es 
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. Updating and revisions are expeditiously pro­
cessed with the system. 

/17 
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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 
Des c ri ptio n 
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 Advantage s 

Planning and scheduling using CPM/ COS T / PLOT offer s the following advantages: 

1. 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. 

z. 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. 

ZZiiiWnl&Gi& .... a;:;:;;"UJi"@,··;"", ... ,#,,··,k··· ·t. ·k "'". X"U:IZ"UUI·, 
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3. Reveals whether or not delays in doing specific activities will influence 
total job time. 

4. 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 reduces this time consuming phase of analysis. 

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

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

7. Allows scheduling and planning to be done in two dis tinct phas es. 
This avoids duplication of effort and allows a more coherent approach 
to the problem. 

8. 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. 

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

10. 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. 

11.. 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. 

o 

o 

o 
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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 
CAST RETAING ® 

_' DUMMY ---, 
l-__ W:.:.A:.:.=L:.::L;::;:S:....~ 4 ER E C T SIGNS 

... DUMMY 

I 
DUMMY , 
---~. , 

1 0 
PROCURE PILES 

3 

® --j 
DRIVE PILES ,(j) CAST FOOTINGS )t; 

Conventional Arrow Diagram . 

Precedence. Diagram .. 

@ 

Modified Arrow Diagram 
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SAMPLE OF NETWORK PLAN FOR BOOSTER PUMP STATION 

20} 

16' 

13' 

Procure & Oeliver 
I!. 

Procure & Oeliver 

l@ 

Procure & Oeliver 

Ii 
6 AS) 
Procure & Oeliver 

10 

%~-4 
~ ·~A 

Cur. 
5 

AD = Adminis tration 
ER = Erector 
EL = Electrician 
PL = Plumber 
CA = Carpenter 
LA = Laborer 
PA = Painter 
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~ 
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6 

9 

19 

15 

12 

7 

8 

10 
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o 
Date 8.:.l.:...6..5. 

Project Rooster pump Station 

. s By ~Omnjmetnc 

Time 
J EST JOB DESCRIPTION 

19 c:; STTRMT1' PATN1' C~R l' + SAMPLES 

15 . 5 SUBMIT ELECT MA TLS 

12 . Ii SURMIl" PLRr. MA l"LS 

9 4 SUBMIT PRE-FAB MET BLDGS D 

'3 Ii SURMTT CONC MA 1'I~C; +MIY n~.C::: 

2 2 MORTI .T7. ~ 

4 2 r.R A n~ ST7.~ 

3 1 SURVEY 

7 1 1'R ENCH FOO1'TNCtS 

4 o RESTRAIN 

7 n CUT + STUB-UP PIPE MAIN 

6 ~ CtOVT OK 

7 1 PROCURE 

10 4 GOVT OK 

20 c:; GOVT OK 

16 c:; GOVT OK 

13 Ii CtOVT OK 

8 3 FORM + PLACE 

11 5 CURE 

11 10 PROCURE + DELIVER 

15 9 13 

o 

CRITICAL PATH/COSTING/GRAPHIC PLOT SYSTEM 

INPUT FORM 

-
.:; Q; Est. Code! 
c:~~ Cost Onto o,,!C Zo. 

1 2 

1 1 

2000 1 , 
4000 5 1 

1000 5 1 

1000 5 1 

3000 4 2 

1 2 

6500 5 3 

"nn 6 2 

27000 1 2 

38 40 46 51 
-~ 

o 

Code! Code! Code! Code! SRT! 
Onto Onto Onto Onto ~ost 

L--:od~ 

6 3 

6 2 

6 

6 2 

56 6J 66~ 71 

Job 

No. 

1 

2 

3 

4 
c 

6 

7 

8 

9 

10 

11 

12 

1 

14 

1~ 

16 

17 

IE 

19 

20 

75 

«I 
CQ'tS 
_0 
CO 

i 

I 

79 

(1 
I .... 
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l>J 

1 

Date ' /t :! 
1/ 

Project I , 
By /; 

II 

Time 
J EST JOB DESCRIPTION 

13 11 C PROCURE + DELIVER 

16 17 lC PROCURE + DELIVER 

20 . 21 ,~ PROCURE + DELIVER 

11 18 1 SET PUMP 

11 14 '1 ER ECT STR STI 

18 22 ~ {;OMPLETE PIPING 

14 17 ' INSTAl.! ·ROOFING + SIDING 

17 21 2 INSTALL LIGHTS + PANELS 

22 23 1 WIRE PUMP 

23 25 1 TEST PUMP 

21 25 2 PAINT 

21 25 1 INSTALL POWER DROP 

25 26 2 GOVT INSPEC 

21 22 o RESTRAIN 

5 9 13 

. 

(J 

-.... 

CRITICAL PATH/COSTING/GRAPHIC PLOT SYSTEM 

INPUT FORM 

I:;~ Est •. Code/ Code! 

g~~ Cost Onto Onto 
~~: 

21500 

4000 

2100 

7000 2 2 4 2 

3000 1 2 2 3 

4000 4 2 6 1 

5000 1 2 2 4 

2200 1 2 3 2 

1500 3 2 

1200 3 1 4 1 

5000 1 2 7 3 

1200 3 2 

700 1 23 1 

, . 

38 40 46 51 

o 

Code! Code! Code/" SRT! 
Onto Onto Onto ~ost :nnp 

6 1 

6 1 

4 1 7 1 

" 

56 "1 66 ~l 

o 

Job 
No. 

21 

22 

23 

24 

25 
26 

27 

28 

29 

30 

31 

32 

33 

34 

175 

~ 
~'O 
_0 
OU 

[1.<1 

n 
I 
N 

, 

" 

, 

, 
, 
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NAP REPORT NU. 1 OMNIMETRICS CKITICAL PATH/COSTING/PLUTTING SYST~~ pAGE 1 

CPH SCHEDULc SAI"IPLE SCHEUULE FOR aOOSTER PUMP STATIm.,; 

~ MARKS CRITICAL PATH AND RESOURCES REQUIRED ANALYSIS 

SOf<TED BY ES,LF 

JOB ACTIVITY STAR T Et\D TIME EARL Y t:ARLY LATE LATE FREE TOTAL EST. ~ESOURCES REOUIRED bY THIS ACTIVITY 
NO. UESCRIPT lUN NODE NODE EST. START FINISH START F INI SH FLOAT FLOAT COST ~ESOURCE CODc/OUANTITY 

~ 4 SUBMIT PRE-FA~ ~ET SLDG S 1 ·9 4 Ob/02/65 08/06/65 08/02/65 08/06/65 0 '0 o 01/002 

5 SUBi-l IT CONC II,A TLS+IHX DES 1 5 5 OB/02/65 08/09/65 08/03/65 08/10/65 0 1 o 011001 
6 1-108 IL IZE 1 2 2 OB/02/65 08/04/65 08/06/65 08/10/65 0 4 2000 011002 
3 SUBMIT 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 It 0 
1 SUBMIT PAINT CERT+SAMPLES 1 19 5 08/02/65 08/09/65 08/17/65 08/24/65 0 11 0 
8 SUJ{VEY 2 3 1 08/04/65 08/05/65 08/10/65 08/11/65 0 4 1000 OSI001 

1 GRAUE SITE 2 4 2 00/04/65 08/06/65 08/11/65 08/13/65 0 5 4000 05/001 06/003 . 

10 RESTRAIN 3 4 o 08/05/65 08/05/65 08/13/65 08/13/65 1 6 0 
11 CUT+STU~-UP PIPE MAIN 3 7 3 08/05/65 08/10/65 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 o 01/002 
9 TRENCH FOOTINGS 4 7 1 08/06/6~ 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 5 08/09/65 08/16/65 08/12/65 08/19/65 0 3 0 
16 GLJVT OK 15 16 5 08109/65 08/16/65 08/13/65 08/20/65 0 4 0 
15 GUVT UK 19 20 5 06/09/65 08/16/65 08/24/65 08/31/65 0 11 0 
13 PRUCURE 6 1 1 08/12/65 08/13/65 08/13/65 08/16/65 0 1 0 

~ 20 PRUCURE+DELIVER 10 11 10 08/12/65 08/26/65 08/12f6~ 08/26/65 0 0 27000 01/002 
10 FORrHPLACE 7 8 3 08/13/65 08/18/65 08/16/65 08/19/65 a 1 6500 0~/003 06/002 

""'"'. 
21 PROCURE+DELIVER 13 11 5 08/16/65 08/23/65 08/19/65 08/26/65 3 3 21500 

~ 
22 PROCURE+UtLIVER 16 17 10 08/16/65 08/30/65 08/20/65 09/03/65 4 4 4000 
23 PKOCURE+DELIVER 20 21 5 08/16/65 08/23/65 08/31/65 09/08/65 11 11 2100 

~ 19 CURe 8 lJ· 5 08/18/65 08/25/65 08/19/65 08/26/65 1 1 500 06/002 

?4 ScT PUi·W 11 18 1 08/26/65 08/27/65 08/30/65 08/31/65 0 2 1000 02/002 04/002 

~ 25 ERECT STR STL 11 14 3 08/26/65 08/31/65 08/26/6~ 08/31/65 0 0 3000 01/002 02/003 

26 COMPLETE PIPING 18 22 5 08/27/65 09/03/65 08/31/65 09/08/65 2 2 4000 04/002 06/001 

* 27 INSTALL ROOFING+SIDING 14 17 3 08/31/65 09/03/65 08/31/65 09/03/65 0 0 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 o 09/08/65 09/08/65 09/08/65 09/08/65 0 0 0 
~ 29 WIRE Pur:IP 22 23 1 09108/65 09/09/65 09/08/65 09/09/65 0 0 1500 03/002 
.:: 31 PAII~T 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 OKUP 21 25 1 09/08/65 09/09/65 09/09/65 09/10/65 1 1 1200 03/002 

'" 30 TEST PUt-'.P 23 25 1 09/09/65 09/10/65 09/09/65 09/10/65 0 0 1200 03/001 04/001 

* 33 (iQVT IN SPEC 2S 26 2 09/10/65 09/14/65 09/10/65 09/14/65 0 0 700 01/002 03/001 04/001 07/001 

TOTAL ESTI~ATED DURATIO~ 30 COMPLETION DATE 09/14/65 TOTAL ESTIMATED COST 103,400 

CODE RESOURCE DESCRIPTION 
1 ADMINISTRATIUN (AU) 
2 ERECTORS (E:R) 
3 ELECTRICIANS (EL) 
4 PLlJr·lt3ERS (PU 
5 CARPt:NTERS (CA) 
6 LABORERS (LA) 
7 PAINTERS (PA) 



Kt:IJUI~t:,·.bH kc:PUi<T Ufoli'e Ikl:TR I CS C;{IT ICAL t>ATH/CUS T I,'lG/P LUTT h~G SYSTt:i·, PAGE 1 

Fu~ KcSUUKCc: COU~ 01 SA~PLE SCHEUULE FOR ~OOST~R PUHP STATIU~ 

:;; I"',AKKS CR IT I CAL PATH ANU RESOURCES RECUIREO ANALYSIS 

?~OJ JU.l ACT! VI TY START EN() T H~t: EARLY EARLY lATt: LATE FRt:F. TOTAL eST. TOTAL THIS CURR 
T Irl:E 1'4{J • lit:SCRIPTIul~ NOOE NODE EST. STA.RT FINISH START FINISH FLOAT FLUAT CUST AVAIL JOts TOTAL 

~ 0 4 SUcl~IT PRE-FAa ~ET BLDG S 1 9 4 r' 0 4 0 4. 0 0 >-0 2 2 2 
0 5 SU~~IT CONC hATLS+~IX DES 1 5 ~ 0 .5 1 6 0 1 i! .0 2 1 -3 

~ 1: 
0 6 j.,u:jILIZE 1 2 ,2 0 2 4 6 0 4, 2000 ? 2 !) 

2 6 CUhPLt:TcU 2 2 3 

4 4 CUi;PLl:TEU ~-"'--; 
2 '2 ' 1 

lOr 4 14 GOVT OK .9 , 10 4 4 8 4 8 0 0 0 2 2 3 

5 5 CW-iPLI:TEU 2 1 2 

0 14 COi-,PLETt:U 
,,/ 

2 2 '0 
* ij 20 PROCURE+DELIVE~ 10 11 10 8 18 8 18 0 0 21000 2 - 2 2 

l~ 20 CUj·l P LE TE D 2 2' 0 
:; l~ 2S ERECT STK STL 11 14 3 18 21 18 21 0 0 3000 2 2 2 

21 25 COi'jPLI:TEU 2 2 0 

* 2.1 27 INSTALL ROO~ING+SIOING 14 17 3 21 24 21 24 0 0 5000 2 2 2 

24 27 COi-IPLETED 2 2 0 

* 24 28 I~STALL LIGHTS+PANELS 17 j 21 2 24 26 24' 26 0 0 2200 2 2 2 
.......... 

cm-, P LE TE 0 2 2 0 

~ 
26 28 

.* 26 31 PAINT 21 25 2 26 28 26 28 0 0 ' ~ooo 2 ~ 2 

~\ 28 31 COi',PLETEIJ 2 2 0 

'* 2~ 33 GOVT,INSPEC 25 26 2 28 30 28 30 0 0 700 2 2 2 
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0 
~eQUIR~MENT ~~PURT 

FUR RcSuURCt CODE 02 

* MARKS CRITICAL PATH 

PROJ JOa ACTIVITY 
T ll'it: I~O. IJESCRIPTIUN 

18 24 SET PUl'lP 

* 18 25 ERECT STK STL 

19 24 CQ.·,PLETEO 

21 25 COi1PLETED 
:>:: 21 27 INSTALL ROOFING+SIDING 

24 27 C Ui'j P LET t: 0 

0 
OMNlhETRICS C~ITICAL PATH/COSTING/PLUTTING SYST~M 

SA~PLE SCHEDULE FOR aUOSTER PUMP STATION 

AND RESOURCES REOUIREO ANALYSIS 

START I:::ND T IHE EARLY EARLY LATE LATE 
NODE r\ODE EST. START FINISH START FINISH 

11 18 1 18 19 20 21 
11 14 3 18 21 18 21 

14 17 3 21 24 21 24 

FREE TOTAL EST. 
FLOAT FLUAT C05T 

0 2 7000 
0 0 3000 

0 0 5000 

0 
PAGE: 

TOTAL THIS CURR 
AVAIL JU~ TOTAL 

4 2 2 
4 3 5 

4 2 3 

4 3· 0 
4 4 4 

4 4 0 

2 

tx:I 
I 
N 
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K.::JUIKt:'·lb~r kt!-'UKT 

FUK Kt:SUUKCt CUU~ 03 

* hAKKS CKITICll PATH 

PK~J JfJil ACTIVITY 
T ll'.&:: NO. U I: S CR I tJ Tl U i~ 

:;: 24 2B Ii\STALL LIGHTS+PAI\lI:LS 

26 2ti CUI·,PLi: TI:U 

* 26 2'; ~"I KI: pur·;p 
26 ~2 IMSTAlL PO~E~ URU? 

27 29 CUI·.PL~TEU 

27 32 Cl,..·.PLE THJ 

* 27 30 T I: S r' PUi·Oj-) 

.2tt 30 CUr·.PLt::TI:U 
:;: 2d 33 GUVT II~SPt:C 

C') 

uM~Iht:TKICS C~ITICAL PATH/CUSTI~~/PLUTTI~6 SYSTth 

SAl"; PL t: SCht:UUL E FUP. BUUS T t: K PUi-IP S TA T·I Ol'i 

ANu RESUURCt:S REQUIRED ANALYSIS 

S or ART EN UTIl'I E EARLY I:ARLY .. LATE LATE 
I~OUE I\IUOE: I:ST. START FINISH START FINISH 

17 21 2 24 26 24 26 

22 23 1 26 27 26 27 
21 25 1 26 27 27 28 

23 2~ 1 27 28 27 28 

25 26 2· 28 30 28 30 

o 

FREE TOTAL EST. 
FLOAT FLOAT CU!)T 

0 0 2200 

0 0 1~00 

1 1 1200 

0 0 1200 

0 0 100 

-

PAGt: 

TOTAL THIS CUKH 
AVAIL Jeb TUTAL 

2 2 2 

2 2 0 
2 2 2 
2 2 4 

2 2 0 

2 2 0 
2 1 1 

2 1 0 
2 1 1 

o 

3 

t:rJ 
I 
VJ 
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REQUIREMENT REPORT OMN~METRICS CKITICAL PATH/COSTING/PLOTTING SYST~M PAGI: 4 
FOR RESOURCE COOE 04 SAr-iPLE SCHEUULE FOR BOOSTER PUI>iP STATI{JI'l 

* MARKS CRITICAL PATH AND RESOURCES REOUIRED ANALYSIS 

. PROJ JOB ACTIVITY START, END TII'-iE EARLY EARLY 'I;ATE LATE FREE TOTAL EST. TOTAL THIS ClJRR TINE NO. DESCRIPTION NODE NODE EST. START F IN I SH START FINISH FLOAT FLOAT CUST AVAIL JOB TOTAL 

3 11 CUT+STUB-UP PIPE MAIN 3 7 3 3 6 7 10 3 4 3000 2 2 2 
6 11 CONPLETED 

2 2 0 
18 24 SE T PUI-i P 11 18 1 18 19 20 21 0 2 7000 2 2 2 
19 24 COi-'IPLETEU 

2 2 0 19 26 COMPLETE PIPING 18 22 5 19 24 21 26 2 2 4000 2 2 2 
24 26 COMPLETED 

2 2 0 

* 27 30 TEST PUNP 23 25 1 -27 28 27 28 0 0 1200 2 1 1 
28 30 CONPLETEO 

2 1 0 * 2a 33 GOVT INSPEC 25 26 2 28 30 28 30 0 0 700 2 1 1 

" 
~ 

Kf' tt1 
I 
~ 

atJ 



REQUIRE~ENT REPURT OM~IMETRICS CKITICAL PATH/COSTING/PLOTTI~G SYST~K P~Gt: , 
FOR RESOURCE CODe 05 SAMPLE SCHE~ULE FOR BOOSTER PUMP STATIO~ 

~ MARKS CRITICAL PATH A~D RESOURCES REQUIRED ANALYSIS 

PROJ JOB ACTIVITY START END TIi'll: EARLY EARLY LATE LATE FREE TOTAL ':ST. TOTAL THIS CUl~l~ 

TUiE NO. UESCRIPTION NODE NODE EST. START FINISH S'TART FII~ISH FLOAT FLOAT COST AVAIL JUu TuTAl 

2 8 SURVEY 2 3 1 2 3 6 7 0 4 1000 2 1 1 
2 7 GRADE SITE 2 4 2 2 4 7 .9 0 5 4000 2 :; 1 2 

3 8 COMPLETED 2 1 1 

4 7 CQr'IPLETED 2 1 0 
4 9 TRENCH FOUTINGS 4 7 1 4 5 9 10 4 5 1000 l ? 1 1 

5 9 CUfviPLET~U 2 1 (l 

9 18 FORH+PLACI: 7· 8 3 9 12 10 13 0 1 6!>OO 2 3 3 
9 18 CANNOT BE RUN - TOtAL REWU: ·2MENT GREATER THAN AVAILI3ILITY 

12 18 COr-1PLETED 2 3_ CJ 

'--

~ 
~ 

o o o 
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REQUIREMENT REPORT OMNIMETRICS C~ITICAL PATH/CUSTING/PLOTTING SYST~M PAG~ tJ 

FOR RESOURCE CODE 06 SAI'IPL~/" SCHEDULE FOR ~OOSTER PUt-!P STATION 

* HARKS CRITICAL PATH AND RESOURCES REQUIRED ANALYSIS 

PROJ JOB ACTIVITY START END T Ir'IE EARLY EARLY ·l.ATE LATE FREE TOTAL eST. TOTAL THIS CURR TIME NO. DESCRIPTIUN NODE NODE EST. START FINISH START FINISH FLOAT FLOAT CUST AVAIL JOb TUTAL 

2 ;. 7 GRADE SITE 2 4 2 2 4 7 9 0 5 4000 2 3 3_ 
,; 

2 7 CANNOT BE RUN - TOTAL REQUIREMENT GR~ATER THAN-AVAILIBILITY 

3 11 CUT+STUB-UP PIPE MAIN 3 7 3 3 6 7 10 3 4 3000 2 1 4 
4 7 COhPLt:TEU 

2 '3 1 4 9 TR~NCH FOUTINGS 4 7 1 4 5 9 10 4 5 1000 2 2 3 
5 9 CUi'iPLt:TED 2 2 1 
6 11 CUl-/,PLETEI) 

2 1 0 
9 18 FORH+PLACE 7 8 3 9 12 10 13 0 1 '6=»00 2 2 2 

12 18 CONPLETEI) 2 2 a 12 19 CURE 8 11 5 12 17 13 18 1 1 ~oo 2 2 2 
17 19 CUMPLt::Tt:1) 

2 2 0 
19 26 COMPLETE PIPING 18 22 5 19 24 21 26 2 2 4000 2 1 1 

* 21 21 INSTALL ROOFING+SIDING 14 11 3 21 24 21 24 0 0 5000 2 1 2 

" 24 26 COMPLETED 2 1 0 ~ 

D 24 27 cor'! PLE TE I) 2 1 0 

* 26 31 PAINT 21 25 2 26 28 26 28 0 0 ~ooo 2 1 1 

28 31 CO/';PLETI:D 
2 1 0 



SRMPLE OF R TIME SCRLED PLOT FOR R BOOSTER PUMP 'STRTION 

)TIME ESTIMATE FLOAT TI? 

~!~t~ ~T OK ~E+OELIVER - - - - -- - -- --- - - - - - - - - - ~~~-as 
I 

FIT ELECT MFiTLS ~OVT OK ~+OELIVER 11 
5 S - - - - - - - -'7 =-, 

.eT ~~Iw'C( ""~'1' FIT FLBG MFiTLS F OK ,ROCURE+OELIVER _____ ~ETE PIPING _ _ _ ..... ", "' .... ". E 
e S.· I a .2 S 

RECT STR Z.aS'tALI.. CooF'11tI4. SItlSt'AI." ""'$' ,Tl: _ _ __ .,.,,,e. _ _ __ "AIJJ&.S E'AINT 
~~---..:r----~Efl 

FIT CONe MFiTL5+MIX F OIl- AORM+FLRCE ~ _ -" 

......... . NOTE: 1 CALENDAR DATES MA Y ALSO 
. DE ::!:!!::> ~ 

reILI~'" ~Il.w.'t "ST~1. RE. NOH FOOTINGS _ 
~ ...... Ii S- ------- 7 

rw: , 
F+5TUS-UP PIP!. ~!!:' __ -, 

o 5 10 

~ 

15 

o 

WORK 
DAYS 

) 
SCALE lIZ ~ 
. INCH 

eo PER WORK DAY es 

Z '!"lME SC..AL.ES ARE VARIABLE 
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PROJECT-NO. 1100 VARIANCE KEPORT FOR PERIOD ENDING 07/12/65 CURx-ENTtur;ipTe-nU,'4---10i31165--'------------PAGt - 'Oul 

--Jtji:r---"l)B1:lfJlfT 101~ EST. ON IT P'£{aGR"ES""S.HTS--pERIOO---- oNI rt"OSTS------··--c;OSTS--«r--riATE· -- --TOTAL' iO'-COi-iPL ET~ -0 
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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 different~l. ei. uation 

a { (1-x') a e =" x'l a e 
ax x I\. trB" (1) 

The equation must be solved subject to the conditions 

ae + ke = 0 ) 
"lfj{ X= 0 (2) 

and e at X= 1 be finite. Here A. is a physical parameter depending on the 

o physical properties of the gas, e, a non-dimensional temperature difference, 

k, a parameter depending on the conductivities of the gas and wall insulation, 

and rand i§ are non-dimensional radial and axial distances and X= (1_r2)1/7 • 

In addition, the distribution of temperature at i§= 0 is given as: 

e (0, x) = f(x) (3) 

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

series n 

9 =1 
a. ."1. 

A e -, r .. 1iI! 

n 
\fI (x) n ) (4) 

n= 1 

where the constants A are chosen such that 

. I'{~ Fn ~n (x: J -f(x>f ' xq 
dx (5) 

o 



is a minimum. The 1/1 n a~e eigenfunctions of the ordinary differential 

equation 

-k-t (I_x" ) d1/l n ) '1- 0. i\ x" 1/1 = 0 
~ n n 

(6) 

rhese and the corresponding eigenvalues ~a.n are found by the Ritz method 

in terms of the 'eigen functions of the equation 

:x j (I-x") :: }+ [3 x
5 

y = 0 (7) 

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 

gamma functions. This is accomplished by a root-finding subroutine using 

tt 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 eigenvalues 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 (61,;i* lftaking use 

of the orthogonality relations for these functions (according to equations (3) 

and (4»)." 'W'ith the An known, the temperature at any value of rand i§ may 

now be determined. 
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PREFACE. 

Arrival of calculat ing machines originated a reVolution in numerical 

calculus and nowadays, electronic computers represent the highest 

exponent of this marvelous revolutiono-

The old classical logarithmic treatment of problems, often with 

long and tedious transformations only to make possible the use of 

logarithms, has been substi tuted by new calculating methods which still 

are in a continuous transformation and evolutio-oD, based on new concepts 

derived from existence of calculating machineso-

"Cracovian methods" constitute a good example of trese new ooncepts 0 

At first they were created because of the needs of new methods to 

o compute with calculating machines but very soon, they showed a gre'at 

analitical power which caused the origin-of "CracOYian Algebra" by 

m~ans of which it has been ~ossible to atta~ka lot of problems with 

many advantages over classical methods.-

o 

Some typical applications of Cracovian Algebra are: 
\ 

Direct solution of problems in spheri~al: poligono~etry very 

common in Astronomy. The new method is shorter and simpler 

than classical method of decomposition into spherical triangleso-

Solution of linear equations systems by means of a typical cr-i 

covian operation' which makes possible to solve practically 

systems with any number of unknownso-

New treatment of Errors Theory and Least Squares Adjustmentwi~ 

very general procedures to solve symmetrical systemso-



II 

In all these applications, cracovian calculus offers 'the following 0 
advantages: 

a) A great analitical power verified by discovering of l~ws and 

relations in Physics and Mathematics Scienceso-

b) Brightness and briefness of cracovian expressionso-

c) Calculating procedures very easy to memorize, lightening in 

this way mental effort of calculatoro-

d) Economy of calculations and good propagation of eTIro~ because 

of compact manner of cracovian calculating schemes which. in 

a fluid way and using only additions of products, make PQs~bre 

to shorten the intermediate noteso-

In spite of the mencionated advantages, cracovian methods are 

practically unknowno The capital reason for this is that the biblio= ,~ 

graphy is written in polish, because their inventor, Oro Tadeusz 

Banachiewicz, Director of the Astronomical Obs~rVatory in Cracow 

Poland, and his follower, like Kochsmanski, Sierpinski ani HausbTandt~ 

are all polisho 

However, in Venezuela and thanks to the interest of polish~fo 

Ing? Bernardo Wahl, two articles written in Spanish have been pOOlishw~ 

"Calculo de Cracovianos" (Cracovian calculus) and "La Aplicacion del 

Algebra Cracoviana en el Cilculo de Compensaci6n" (Application of 

Cracovian Algebra in Least Squares Adjustment) 0 These two articles, 

published by the Engineering School of La Universidad del Zulia j 

constitute the basis of this worko-

o 
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III 

Two programs developed to solve 'linear equations systems by means 

of cracovian calculus, are described in this worko The first one is 

applicable to general linear systems; the second one is a mo'difieation 
,'1..:, 0( .,. ,.r . . ~.I '. .• • • ! . Ii '\I I 

of a program developed by the author in .his special work to obtain 

the title of Engineer and is applicable only to' normal equations systemS 

derived from least squares adjustments 0 The last section of this­

second program is devoted to calculate the mean s4uare error of 

unknowns although northameridan geodetist do not consider important 

this calculationo However, if it is poss~ble to use an electronic 

computer, it is advisable to calculate these errors which offer a very 

good criterion of measurement precissiono Moreover, cratovian methods 

make possible this calculation with minnimum programming e:fforto 

All .these programs have been made with aids of an IBM 1620 with 

1.622 Card Read-Punch which works in the "Institutode Calculo Aplic,! 

do" in Engineering Schoolo-

In addition to the descriptions of the programs j 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 unknowno- As it is explained in those sections, 

"cracovians" are rectangular arrays of numbers which obey to certain 

operations rules and whose name is derived from Cracow, natal city 

of Dro Banachiewiczo There is a great similitude between matrix 

algebra and cracovian algebra; nevertheless, there is a remarkable 

difference between them derived from the different way to accompl~h 

4C) muitiplication: with matrices, this operation is rows by columns 

17D 
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IV 

while with cracovians it is columns by columnso This fact, apparently 

with no importance, is the reason f.or all advantages of cracovian 

algebra in calculations practice as it can be noticed in the appUcations> 

described in the present work which are only a very little example of 

the innumerable cracovian applicationso-

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 methodso-

Marco To Rinc6n 80 

-November, 19650 
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0 1 1 • .,. '. GENERAL DEFINIjIONS (1) 

1 • 1 • "Cracovians" are rectangular arrays, of numbers subj ecti to the 

rules of operations ,giveri below.-

'They will be represented by means of the symbols 

. . . 
.!,= 

• • • • • • • • 0 • • 0 • • ~ • • 

. . . 
"' , . . . . . . . . . . . . . .0. . 

b 2n ' ••• 

The numbers a rs are called "elements of the crac.o.v,ian". The fiIst 

subscript indicates the column .. , and the s.econd subscript ind:ica1es 

the row in which the element stands.-
, ,- ~ 

In-:::agreement with the "Cracovian Cal,culus N~rms In Geodetic 

Computati9ns" dated the 30 - 6 - 1 ~S9 and prepared ~ the "Polish 
, ~ . 

Committee of Norms", the symbolical repr,esentatio~s of cracoVians 

are 

a)'Por";printing, black letters 

b) In writing by hand or t9~iwtit~r, underlined lettets 
, ",". .~ 

. 1.2. A cracovian "()f m columns and Ii rows is said to be of order tIm 

(1) This section and section 2 have been taken. with some modifica­
tions, from the article of Proff.s$ors B. Wahl 'and Ernesto Ho 
Battiste1la "Calculo, de Cracoviartos" published in N: 2 'of the 

0'" "Revista de laFacultad de Ingenier~a"''''' Universidad del Zulia -
Maracatbo - Venezri~la-

- 1 • 

172---



1 .3. A "square cracovian" has equal number of columns and rows. It is 0 
said to be ~'diagonal" when d -0 rs 

o o • • o 

d 22 • • • 0 

o • • • • • • • • • II • II II II 

o 

r;, s 

The cracovian 1: , or "unit cracovian" is a special case of diago-

nal cracovian in which d - 1 rr 

o 

1 

1:-
... o 

• • • • 0 • 0 • • • • • • • II 

o . . . 

1.4. The elements all' a22' ••• ', ann are call~d "diagonal" elements". 

The straight line which contains aii'these elements is called 

"principal diagonal" and is a g~ometrical resemblance that helps 

to unde;stand many operat i~ns ,. of c1;'a~ovian algebra <I -

1.S. A crac()vian, every element of: which is zero, is called:a:uzero 

cracovian'·1. ~ 

1 .6. The cracoviafi of order n.m obtaihea~<\tiy intercnanging"thecoJuritns 

and rows of an mon cracovian,!.-:is called the "t,ranspose of 

,!. " and is denoted 'ta 0-

1.7. A square cracovian is "~ymmetric" when it is equal to i15 tmnspose.-

- 2 -

o 

o 
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2. BASIC OPERATIONS IN CRACOVIAN ALGEBRA. 

2.1. !wo cracovians are said to be equal if and only if each element 

of one is equal to the corresponding element of the other, that 

is 

if and only if 
-

a -rs 

b 

b rs 

2.2 Addition or substraction of cracovians is accomplished by adding 

or substracting the corresponding elements. If 

theri~:-
:, • i;"" 
;:.1". 

a + b • c rs - rs rs 

This operation is only possible with cracovians of the same 

order.-

2.3. If "x" is a constant, 

x. '!'-.!,. x-A 

is obtained by multiplying each element of .!. by "x", that is 

A - x • rs 

2.4. The product of a column of a cracovian by a column of other era 

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

- 3 -
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plying the elements of the" same row and adding this binary pro­

ducts. ThUs, the product of the r-th colu~n of a , named a , by 
- r 

the a-th column of b , named' b
s 

' .is obtained in the following 

way 

a 
l' 

b 
a 

a • rn 
b 

so 

2.S. The product of a row of a craco~i.n by a row of other"crac6vian, 
, " 

wi th the same number of columns, is obtained by mul tiplying th,e 

elements of the same column,and adding this bipary pr~ductso-

2.6. The product £ of a cracovian ~ by other cracovian b, only­

possible when they have the same number of rows, is obtained -

from 

... 

............... " . . . . . . . . . . . . 
. "!,f, 

I 

in which C' • a 1.b + a .b + ••..•. + arnob 
rs r sl r2 s2 an 

- 4 -
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The elements of £ are obtained by multiplying the columns of ~ 

by the' columns of .k. • The multtplication in this way, so di.f£e,rent 

from matrices multiplication, is the most important difference 

between the tAl a1gebras of the two groups· lWtid the capital <reason 

for a lot of advantages of cracovian algebra in calculations 

practice.-

2.7. Cracovian multiplication is neither com~utative nor associative, 

that is 

A . b P b . .!. 
f :'h 

(A . J!) • £. P A ·(1 0 c) 

However, 

.!. 0 b - 't(k 0 A) 

(A 0 b) • £. • a • (.£ - o'ib) ..... 

are valid relationso-

2.8. The square of a cracovian ~2 is the product of A g A and is 

always a square symmetric cracoviano-

2.9. A cracovian quotient is the result of cracovians division 

.£ = A:b 

This operation may be substituted by the product 

••. , !t 

• 5 • 
17~ 
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2.10. Any cracovian different from zero Jltay be decomposed into two 

"canonical cracovians". In a car,onical cracovian all the elements 

under the principal diagon1l1 are equal to zerQ, thus 

a .. 0 
rs 

if r <8 

The number of possible solutions is reduced by stablishing to 

the decomposition 

.!. .. .& • h 

that all the diagonal elements of .& be equal to 1, that is, m 

the case of a square cracovian of order 3 

,;,~ 

~ F a 21 
a

31 
: 821 h21 .':'. 11 

tl2 a22 a 3 2 ~~- 1 h 

i 
22 

a 13 a23 a3~} 0 0 
~, 

It can be noticed that the canonical cracovians of a square 

cracovian, are square too.-

2. 11. The "cracovian rO,ot It of a symmet ric cracovian is obtained by 1be 

decomposition into two equal' canonical crac~vians 0 This can be 

written in the following way 

• 6 • 
177 
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C''; 
;' 
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In geodetic problems, it is always possible to obtain the cra­

covianroot as eXp'lained later.-

2:12. The inverse of a cracovian ~ designated ~-1 is a cracovian 
i 

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

A
-I • r')J A. v 

and also -1 
A • A 

The same is valid for the traspose. 

?:.!. 0 /:a- 1 -?: 

?:A- 1 • "ta •. "t 

2~13. The calculation of the inverse of a cracovian is only possib~e 

when its determinant is different from zero. Once this condition 

is fulfiled i.. this calculation may beif'acaomplished in different· 

.ways 

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

b) Calculating t\le inverse of the. canonical cracovialls into 
which it can be decomposed, since if' 

.! • .& . h 

then .1.-1 - -1 
.& • !l,r.;L 

• 7 • '/75' 
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It is very easy to calculate the "inverse of a canQ,nical 

cracovian because 

o o 

". ~" ' 
h-10 

:':;";;22,,' 

x 23 

and the unknowns are obtained from ,the definition h .h -1.~,;. 

c) If A is a symmetric cracov~~n, then &. h • VA I and 

-1 .! . • 

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

obtained from the inverse of its cracovian root.-
'""' '11 

3. GENERAL SOLUTION OF LINEAR EQUATIONS SYSTEMS 0 

3.1. Desc,iption of method.­

The equations system 

.00 • • • • • • • 

+ a .x + l • 0 
nl n 1 

+ a 20X n n + l • 0 2 

• • • • • • .. 0 • .0. • • • • • • • • 0 • 0 .00 0 .0. .. • • 000 .. .. • 0 • • 0 • 0 .. 

+ a oX + t ~ - 0 
nn n n 

wi th n, equations and n unknowns may be represented by meaJli 

of the cracovian expression 

.!. .. ?:!! + &'-0 
(8 - 2) 

- 8 -
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C'.! 
••• 1 

o 

in which 

x = .!. = 
•••••• 0 ••••••••• 

Cracovian .!. is obtained from 

x - - l. .! - - l. 

l -

-1 
.! 

1.;. 

(9 - 1) 

(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 coefficients".- The obtain~ent of the inverse of the craco -, r 

vian of coefficients, like the obtainment ,of the inverse of a 

matrix, is a very difficult operation, specially in case of a 

high number of unknowns. Because of this~ it is advisable to use 

the method of decomposition into two canonical 

explained in 2. 10 , page ~ ... 

Introducing the cracovians 

X t = .!' = \ 
\ ••••••••• ct.e.oClo.o.o 

= 9 = 

{fa 

a 
nn 

t nl 
.. ~./ 

cracovians as 

(9 - 3) 

LZ!LLL 



the system (8 - 1) may be written 

.!.' • 'r.!.' -_. 0 
(iO-l) 

Cracovian A' may be decomposed into the cracovians 

g21 g31 ... gnl h21 • -t ~-

1 g32 o •• 8n2 h22 .00 

.& - h • (10-2) • • • • • • • • G • 0 • • • 0 • 0 0 0 0 • 

0 0 ... 1 0 

such that 

A' - .& • h 
( 10-3) 

Introducing this expression into (10-1) 

.!, i e ~ (.& e h ) == 0 
(10-4) 

Using the properties of cracovian multiplication this equatio~ 

becomes 

.!,' • (h "g,> == 0 

(~ , ,,~ .&,) " h == 0 (10-5) 

o 

o 

o 



o 

o 

o 

As cracovian h is diff~re~t fro~ zero, then 

(11-1) 

The cracovian of unknow~s is easily obtained fron this craco -

vian equation by using the definition of cracovian multipli~Dnt 

In order to make clear this procedure, it is advisable t~ devekp 

equation (11-1) supposing n - 3 

that is 

1 r,' 0 0 x· ·1 1. 

X2' tg
21 1 0 

= 0 

x3 r\g31 g32 1 

1· ." .f.' i' 
.,v .' 1 2 

Xl + g21 • x 2 +' g31 • x3 + ii - 0 

x2 + g32 0 x3 + l~ - 0 

X + i 9 
- 0 3 3 

( 11-2) 

(11-3) 

Obviously, the'unknowns are· obtained from back solution of this 

system.-

By making the substitutions 

L1 - a 1· n+ ,1 (11-4) 

- 11 = 
l12--

---..;....-----------------------------------------; .... 



and supposing ag~in n - 3,the following equality is obtained 4[) 
t, " 

,~ 

8 21 8 31 g21 g31 h21 

8 22 8 32- == 1 832 h22 ( 12-1) 

'. 

8 23 8 33 0 1 0 

The elements of cracovians ,& and h are obtained :in the following 

way: 

a) The first row of' h is obtained by multiplying the first 

column of.& by each coltimn of h , so 

(12-2) 

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

the first column of ~ 

b) Once the first row of h is'obtained,:the first row of.,& 

can be obtained by mul tiplying the first column of h by 
I 

each column of .&, so 

As h 11 == 8 11 ' the fi rst row of .& is equal to the first 

row of A divided by all 

== 12 == 

Ir3 

o 

o 



0 

c! 

o 

c) Using now the second column of .& , the expressions 
• 

821- h21 + hll - &22 

g21 - h31 + h32 
~ 

- &23 
(13-1) 

make possible to obtain the second row of h 

d) The second row of .& is o~tarrlid by mUltiplying the 

second column of a by each column of .& , that is 

(13-2) 

e) The last element of h is obtained from 

( 13-3) 

and the last element of A from 

• a 43 
( 13-4) 

It is remarkable that each element of cracovians .& and h is 

alw,ys obtained from solving .an equation with an unknown, Moreover, 

as all operations are additions of pro~ucts, they can be acoomplished 
~:. I 1\ 

with a calculating machine making no notes of intermediate re -

sults.-

In brief, the typical cracovian operation of decomposition into 

two canonical cracovians, makes possible to obtain the solution 

--------------------------------------------, "', 



of practically any system of linear equations in a very simple 

way.-

3.2. THE PROGRAM. 

3.2.1. General organization Q-

According to the explanations of preceding section, it is very 

easy to develop general expressions to obtain the elements of 

cracovians & and h. By considering substitutions (11-4) the 

first row of h is obtained from 

h a a 
r1 lr 

(14-1) 

and the first row of & from 

g a a /h 
r1 r1 11. 

r == 2t 3 t . . .. 
" 

.t n, n+1 

The second and other rows of h are obtained from 

h - a - (g 0 h + g • h + ... " + g .. h ) 
s r rs r 1 s 1 r 2 s 2 r , r- 1 S , r-1 

starting from r == 2 and s == r, r+1, "0" , n (14-3) 

and the second and other rows of & from 

(g • h .. + g • h +. .... + g .. h )l/h 
r 1 • 1 r 2 s 2 r ,S- 1 s, S -1 J s s 

(14-4) 
starting from s == 2 and r == 8+1,8+2,0"0 , n+1 

== 14 == 
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o 

o 

These expressions allow ihe obtainment of the elements of ~ and 

~ in alternated way: first and element of 

of &. and so on.-

h , later an elemEnt 

"-. 

In order to save core storage, the program has been developed in 

such a way that the elements of A and ~ are obtained by-

accomplishing a convenient trasformation on cracovian ~ 0 Once 

this trasformation has been accomplished, cracovian .!. contains ~ 

a) over the principal diagonal, the elements different from 

zero of cracovian A , except the diagonal elements whose 

value i$ always 1 0 

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

from zero of the transpose of h • 

That is, supposing n = 3 , c~icovian .!. is transformed into 

a
21 

a
31 

a22 a 32 

a 23 a 33 

g21 g31 

h22 g32 

h32 h33 

In order to achieve this transformation, expressions (14-2) 0 

. I 

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

r = 2, 3, Q 0 0 , n+1 ( 15=2) 

a ~. _. a - (a 0 a + a <> a + 
rs 'r8 r1 1s r2 2s 

+ a 0 a ) 
r, r-1 r-1,8 

( 15-3) 
starting from r = 2 and 8 = r, r+ 1, 0 Q <> , n 

= 15 = 
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1/ 

I 

, j; 

starting from 8 = 2 and r • 8+1,8+2, _,ItO, 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 A has been ,obtainedo-

The flow chart and program listing may h~lp the reader to make 

clear the whole procedure of decomposition and to study all the 

possibilities of the programo-

= 16 = 
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3 •. 2.2 FLOW CHART OF PROGRAM' l 

(General Solution of Linear Equations Systems) 

o 
NONSYMMETRtCAl.. 
COEFFICIENTS 

j+- j + 1 

.i+-i+l 

o 

Ma ....... m 

.j +- 1 

j +-1 

< 

< 

m • NUMBER OF UNKNOWNS 

i ...... 1 

Oij +- Oji 

= 

== 17 it; 

< 

< 

SYMMETRICAL 

COEF FIC IE; NT S 

J+- J + 1 

i +- i . .fa 1 

WiUWAiUilUlli=====k:& h,4 ,\Lana; " , .. '!f.I4fA4 ,Hf.A .. Mf44T?TA&fMI£¥4RW ",.. 



ajl+-- ail 1011 
J :: 2~ 3'.0" ...... ml 

J+--2 

ia+-J-l 

+-- j 

s..--o 

k4-~ -1 

0ji4- Oji + S "'--_.IIC 

i+-i + 1 

< 

= 18 = 

{fC{ 

i +-J + 1 

S4-- 0 

k+--l 

Qij .-COij + S}/Ojj 

k'+- k + 1 

o 

OJ 
t 

o 



...... -----t" Xi +- - Oml,i - S 

+-- m ~--,,'+-i-l 

J +-- m 

s.. 0 

= 

s~s + 0" X· . J I J 

J..-J-l 

;. 19 -



3.2.3. Program listing and solution.~f a numerical example 

C 0 
C DECOMPOSITION OF A CRACOVIAN INTO TWO CANONICAL CRACOVIANS 
C AND SOLUTION OF GENERAL LINEAR EQUATIONS SYSTEMS 
C 

C 

DIMENSION ~(21,26), X(26) 
1 READ 100 ,M ! 

PRINT 101,M 
. M1=~1+1 .) 

IF(SENSE S~ITCH2)2,4 
2 DO 3 l=l,M 

DO 3 J=I,Hl 
READ 102, A(J,I) 

3 A ( I , J ) =A ( J, I ) 
GO TO 6 

4 DO 5 l=l,H 
DO 5 J=l,Ml 

5 READ 102,A(J,I) 
6 IF(SENSE-SWITCH 1)7,15 
7 PRINT 103 

IF(M .... 6)8,8,12 
8 DO 9 l=l,M 
9 TYPE 104, I 

TYPE 105·· 
DO 11 l=l,M 
DO 10 J=1,M1 

10 TYPE 102,A(J,I) 
11 CONTROL 102 

GO TO 15 
12 DO 14 l=l,M 

DO 13 J=1,~11 
13 PRINT 102,A(J,I) 
14 CONTROL 102 

C DECOMPOSITION OF CRACOVIAN A 
C 

15 DO 16 J=2,Ml 
1 6 A ( J, 1 ) =A. (J , 1 ) / A (1 , 1 ) 

0020 J=2,M 
IA=J-l 
DO .18 I =J ,M 
SaO. 
DO ,17 K=::l I A 

17 S=S-A(J,K~*A(K,I) 
18 A(J,I)=A(J,I)+S 

Jl=J+l 
00 20 I=Jl,Ml 
S=O. 
DO 19 K=l IA 

19 S=S-A (K, J~*A CI , K) . 
20 A(I,J)=(A(I,J)+S)/A(J,J) 

= 20 = 

{cr I 

1 



o 

o 

C 
C 
C 

CALCULATION OF UNKNOWNS 

I-H, 
21 JaM, 

.'_ SaO. 
22 IF(J-I)23 t 24,23 
23 S=S+A(J,I}*X(J) 

. Ja:J-l 
GO TO 22 

24 X(I)=(-A(Ml,I)-S) 
I F ( 1-1 ) 25 , 26, 25 

25 1=1-1 
GO TO 21 

26 I F (SENSE SWI TCH 1 )27,44 
27 PRINT 106 . 

I F .( M-6 ) 28 , 28 , 36 
28 ONE-l.·,· 

DO 31 l=l,M 
TYPE 102,ONE 
11=1+1 
-00 29 J==ll,M1 

29 TYPE 102. A(J,I) 
CONTROL 102 ". 
IF( I-M)30,32,30 

30 DO 31 K= 1 , 1 
31 TYPE107· 
32 PRINT 108 

DO 35 l=l,M 
DO 3 3 J ==1 , M , 

33. TYPE 102,A(I,J) 
IF(I-M)3Q.,44,34 

34 CONTROL 102 
DO 35 K=1, I 

35 TYPE 107 
36 ZERO=O. 

DO 39 l=l,H· 
PRINT 102,ONE 
11=1+1 
DO 37 J=ll,Hl 

37 PRINT 102,A(J,I) 
CONTROL 102 . -- 0' 

I F( I .... M) 38,,40,38 
38 00 39 K=l" I -, 
39 PRINT 102,ZERO 

= 21 = 
,12-
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40 PRINT 108 
.. DO 43 l-l,M 

.00 41 J-I,M 
41 PRINT 102,A(1

4
J) 

IF ( I-M) 42,44, 2 
42 CONTROL 102 .. 

DO 43 K-l, I 
.43 PRINT 102,ZERO 

44 PRINT 109 
DO 45 l-l,M 

45 PRINT 110,I,X(I) 
PAUSE 
GO TO 1 

100· FORMAT (14) 
101 FORMAT(/ll0HUNKNOWNS - 13) 
102 FORMAT(El'.4) . , 
103 FORMAT(//25HCOEFFICIENTS OF EQUATIONSII) 
104 FORMAT(4X2HX{,12,3H ) ) 
105 FORMAT (3X7HC •... TERMI I) 
106 FORMAT(//11HCRACOVIAN GIl) 
1 07 FOR~1A T ( 11 X ) 
108 FORMAT(//11HCRACOVIAN HII) 
109 FORMAT(/II0X8HUNKNOWNS/I) 
110 FORMAT(2HX(,13,2H)-E".4) 

END 

= 22 = 
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'0 

UNKNOWNS = 6 

COEFFICIENTS OF EQUATIONS 

X( 1 ) xc 2 ) x ( 3 ) X( 4 ) x ( 5 ) X( 6 ) c. TERM 

~6518E 03 -.2392E 03 .9460E 02 .1880E 03 .1480E 03 .5800E 02 -.4315E 03 
-.1196E 03 .8867E 04 -.9610E 03 -.2260E 03 -.5150E 03 .1860E 03 -.1885E 03 

.9460E 02 -.1922E 04 .2439E 05 .4740E 03 -.4820E 04 .5920E 03 -.8270E 02 
-.9390E 02 -.2260E 03 .2370E 03 .4810E 05 -.2370E 04 -.2015E 04 -.1200E 03 

.7420E 02 -.5150E 03 -.2410E 04 -.2370E 04 .7860E 05 -.6420E 04 -.5250E 02 
~5800E 02 .3720E 03 .5920E 03 -.4030E 04 -.1284E 05 .1585E 06 -.3350E 02 

CRACOVIAN G 

.1000E 01 -.3669E 00 .1451E 00 .2884E 00 .2270E 00 .8898E-01 -.6620£ 00 
.1000E 01 -.1069E 00 -.2170E-01 -.5529E-01 .2228E-01 -.3033E-01 

.1000E 01 .1678E-01 -.2045E 00 .2588E-01 -.3198E~02 
.1000E 01 -.4816E-01 -.4170E-Ot -.3935E-02 

.1000E 01 -.8276E-01 -.4539E-03 . 
• 1000E 01 ~.1880E-04 

CRACOVIAN H 

.6518E 03 -.1196E 03 .9460£ 02 -.9390E 02 '.7420£ 02 .5800E 02 
.8823E 04 -.1887E 04 -.2604E 03 -.4877E 03 .3932E 03 

.2417E 05 ~2227E 03 -.2472E 04 .6256E 03 
.4811E 05 -.2360E 04 -.4048E 04 

.7793E 05 -.1289E 05 
.1572E 06 

UNKNOWNS 

X( 1)= .6715E 00 
X( 2)= .3079E-01 
X( 3)= .3225E-02 
X( 4)= .3957E-02 
X( 5)= .4554E-03 
X( 6)= • 1880E-04 

= 23 = 
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4. SOLUTION OF NORMAL EQUATIONS SYSTEMS o -

4.1.' Description of method Q 

-.I 

I 4.1.1. Obtainment of unknw.Dso 

App~ication 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 waYo~This special 

method consists in decomposition of cracovian of coefficients 

into two equal canonical cracovians and it is called "the cra 

covian root method"o-

The system of error equations 

v. = 
1 

i = 1,2,0000 , n 

0000 + g.oX 
1 m + l . 

1 

(24-1) 

may be written very conveniently in cracovia.n notation as 

v = x • 'ta + l (24-2) 

= 24 = 

o 

o 

l 
0 ,. 

"Iij 

I ,~ 
, 

,j 

I,:' 



() 

o 

in Which 

:x. = 

b 
1 

b 2 

• • • 

• • • 

• • • • • • • • • • • • • • 

b 
n · ... 

Jntroducing the diagonal cracovian 

o • •• 0 

= 
• • • • • • • • • • • 

o 

;~= 

(25-2) 

in which the p. are the weight coefficients of observations, 
1 

it is obvious that cracovian expression 
'':"'. 

~ • [ (!; 0 I!J 0 .!J + t' 0 (.! • l!.)' = 0 (Z5-- 3) 

represents the normal equations system deTived from system 

-( 24-1).- Making the substitutio'ris 

a -.. 
L = t 0 (!! 0 :e,) (Z5-4 ) 

= Z5 '= 
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expression (25 -3) becomes 

x • A + L = 0 (26-1), 

Developing this last equation, the following system is 
. ~ .... ,. 

All· xl + AZ1 • x2 
+ .0. + Am loxm + Ll = 0 , 

A21 • xl + AZ2 • x2 + eo. + Am 2 0xm + L2 = 0 , 
• • • • • • 0 • • 0 • • • • • • • • • • 0 0 0 • 0 • • • • 0 0 e 0 0 0 0 0 0 0 0 (26-2) 

A xl + A 2.x2 + ... + A oX + L = 0 
m ~ 1 ,m, m,m m m 

where, in agreement with classical Gauss notation 

All = [paa] ; A: - FpabJ 21- '- .00 'A rn, 1 = Ji>ag]; L 1 =[ P a lJ 

A: = [pbbJ 
22 

and so 

Let rn'=m +1 and Li= Am' i; then the normal equations system 
, , 

(~6 -2) may be enlarged and transformed into 

All .x,+ A
Zl 

• x 2 + ••• + A , . • xl',+ A = 0, 
m, m' , 1 

A 21' . • x"l + A 22' ' .x2 +0 • 0 + A 1.: oX + Am' 2 = 0 m, ' ~ , 
~ ••••• 0' ••• 0 ••• 0 •• 0 0 • 0 0 000 0 0 •••. ~ 000 0 0 0 0 000 0 0 (26-3) 

A ,.,. x, +'A t 2 0 x2 +00. m , m , = [pvv] 

= 26 = 

o 

o 

o 



o 

0 

o 

The la~t added equation,. equivalent to the known relation 

[pal]' xl + [pbl] x2 + •• , t [pgl] ~ + .[ pi!] = [pvv] 

will provide the very important control of [pvvJ as explained 

later.- Introducing the cracovians 

A A • • • A A 0 
, 11 21 m, 1 m' 1 , 

·A A • • • A A 0 
21 22 m,2 

x' = At= • • • • • • • • • • • • • • • • • • • • • C = 00. 

x A A • •• A A 0 
m m, 1 m,2 m,m m',m 

1 A A • • • A A f:pvv J 
m' , 1 m' ,2 m' ,m m' m' , 

system ( 26 -3 ) may be wri tte-n as 

x' • A' = .£ {27~ 1} 

CracovianA' may, be decomposed into tW{) e{fual canonical 

cracovian's such that 

A' = B B = B2 (27-2) 

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

= 27 = 
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B B o • • B B 
1 1 21 m, 1 mt ,'I 

0 B .0. B B 
22 m,2 m t ,2 

B = • • • • 0 • • • • • • • • • • • • • • 0 • • 0 • • • • • • 0 

0 0 . . . B B 
m,m mt ,m 

0 0 . . . 0 B 
m t ,m' 

The elements of cracovian B are obtained by applying the 

definition of cracovian multiplication by means of the 

following relations 

Bl1 = R,; 11 • Arl / All r = 2,3, r1 .. 0 0 , 

VArr Brr 
2 2 B2 ) = - (B rl + Br2 ... 000 + r r-1 , 

·r = 2»,,3,. o ... m' , 

B = 00. rs 

starting from s = 2 and r = s + 1, s + 2~ 

Introducing (27 -2) into (27-1) 

x' 0 (B • B) - c 

OF- "- (!o' • 'tB) • B = C 

= 28 = 

m' 

000 

(28-1 ) 

(28-2) 

m' , 

(lS-7J) 

0 

o 

o 
I 

I 

I 

I 

I
!, 

,I 



o 

o 

Multiplyng both sides by ~B-l 

.. \ 

According to 2.7, page S, this ex,Tession may be written 

as 

that is 

o 

o 

C' • • 
. . . 

[pvv] 

(.!. ' • 1:8). ('rB -1 • ':i ~). = C • n -1 

(!.;' • ?;'B) • ~ = £.. 't'~-1, 

-1 
Bl1 

o 

x' .?fB = . .£. ')fB- 1 

• •• y 1 m' , 

• •• y 2 m' , . 

,/ then 

= 
o • • • • • • • • • • • • • • • 

o o . . . 

= 29 = 

o 

-1 
Bm' m' , . 

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

B11 • xl + B21 • x2 + • • • + B m 10xm + B m' , 1 = 0 , 
B22 • x2 + .0. + B m,2· Xm + B = 0 m" 2 • 
• • • • • • • • • • • • • • • • • • • • • • 0 • • 0 • • • • • • • • • • 

Obviously, unknowns are obtained £rom b~ck solution of this 

system and the last relation gives the sOhtrol 

(pvv] = 82 

m!· ,m~ 

It is remarkable that cracovian of normal equations coeffi­

cients is equal to the square of ~Tacovian of error equations 

coefficients which is different from zero o Thus, it is always 

possible to obtain the cracovian root in case of geodetic prQ 

blems.-

4.1.2. Obtainment of mean square errors of unknowns,,-

Mean square error of unit weight observation may be obtained 

from 

m 
0 

= V[PVV] / (n - m) (30-1) 

or m = B /y'n - m' (30- 2) 
0 m' Tn' , . 

= 30 = 

0 

o 

o 
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o 

o 

Weight coefficients are then used to obtain m~an square 

errors of unknowns from 

= mo VQii I 

If F is a linear function of QnkJ:lowns such that 

F = x 

o 0 0 

. 't"'., ;: .. 

f 

+ f.x m m 

(31-1) 

(31-2) 

(31-3) 

The normal equations sr~"tem" i. c"as'e:"of uniform weight 

opservations may be writt"en:f as 

x (31-4) 

Multiplying bo~h sides by (!?) -1 

2 _1 
+ (t 0 a) 0 (~) = 0 (31~S) 

o (31-6) 

= 31 = 

/ 
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". Introducing this value of x in (31 - 3) 

Application 

F 

F 

of law 

m2 
F 

= {-

= .. 

of errors propagation leads 

= m2 
o { f.era 0 (a 2) -1 ] }2 

0 - - -
m2 (r- 2-1 

o ?:a J ~ f} = o f 0 L (.!, ) 
0 - -

= m2 · {fi· (.!,2)-1]. f } 
0 

This expression may be written as 

to 

(32-1) 

To obtain the mean square error of xi it is only necessary 

to stablish F = x. , that is 
1 

0 

0 
f.= 1-

• • 0 

1 in i-th row 

0 

= 32 = 
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o 

0 1 ,,~ 

o 

Expression (32- 1) becomes 

m = m JCf. ~-1) .. f. 
x 0 -1 -1 

i 

= m ~ 0 11 

This means that weight ~o-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 unknownso-

Calculation of thtse elements is made in a very simple way by 
, 

calculating first the inverse of the cracovian root of A 

because 

= (53=1) 

and obtainment of the inverse of a canonical cracovian is 

inmediate .. -

Let Q = B- 1 ; then, the ernements of 0 are obtained from 

o = rr 

Drs = 
D = rs 

lIB rr 
o if r s 

startin from r =1 and s = r + 1, r + 2, 000, m 

= 33 = 
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4.2. Tb.e program 

4.2.1 General organization 

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

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

0\£ normal equations in and over principal diagonal by means 

of an unidimensional arrayo-

The correspondence in nomenclature is 

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

In the first part of program, the CRi are transformed into 

the elements of cracovian root and the unknowns are obtainedo 

In the second part, the CR i are again transformed into the 

elements of the inverse of cracovian rci'ot and the mean square 

errors of unknowns are calculatedo-
'\ 

Flow chart and program listing may help the reader to 

understand better these short explan~tionso 

= 34 = 
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4.2'.'2 FLOW CHART OF PROGRAM I I 

(Solution of Normal Equations Systems) 

ml+-m'+ 1 
m2+- 2.ml 

nx ... ! (m+l)(m+2) 

CR1+-VCR1' 

CRi 4-- CRi/CRl 
i= 2.3,: ..... ml 

INDEPENDENT 

OBSERVATIONS 

m = NUMBER OF UNKNOWNS 
nobs = " .. OBSERVATIONS 

CONOITIONATEO 

OBSERVATIONS 

nx = NUMBER OF COEFFICIENTS OF NORMAl. 
EQUATIONS OVER PRINCIPAL DIAGONAL 

_a=-Wi.tUnk a:U$MM4A 7A .. ,,%4&,9&&.¥;::O, 



J .. 2 

i 'II J 

k+- i +(J ... l}(m2-J) /2 

k3+-k 
il +- i-I 

kl4- i .. (1-1 )(m2-f)/2 

CRk+-CRk -(CRkl)2 

.e= ',2, ......... il 

CRk1-- VC'Rk 

< 

= 36 = 

i..--i+l 
k~k+ 1 

i2 +- (l-l){ m2 -.e) /2 
i<1 +-- i +i2 

ka '--J+i2 

CRk.-CRk - CRkl· CRk2 

.e= ,,2, ........ i 1 

< 

J4--J+l 

o 

o 

o 



o 

o 

i.~---m 

J4 m 

i 1 +- (i -1)(m2-i)/2 

A 4 0 

k+-J+il 

A+- A+ CRk • X j 

J+-J-l 

k+-ml til ..-__ ----1.-
kl4-- i + il 

mo+- CRnx/Rn 

= 37 = 
2-O? 

i.-i-l 

m 0;: MEAN SQUARE fR 

OF UNIT WEIGHT oeSER 
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i 1 .... (i - 1)(m2-i)!2 

k +-- i + il 

J<4-J .. l 
k+-k .. 1 
i2+-J -1 

ka4-Jt (J-l)(m2·-J),I; 
A4-0 . 

kl+J +(t .. l )(m2-~)/2 

ka-.e+ it 
A.- A-CRk1 .CRk2 

~ ;'j, i + I ............ i ~ = 38 = 

o 
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~, 

~~ 1 

H 

i. 1 

~ 

~ 

H 

A~ 0 

H 

J~ i 

.. 
~ 

" 2 
A4 A + (CRe) 

0 .. , 
.e +--.e+ 1 

'H 

< 
J ::m 

= 

.. , 
CR,,+-- A 

H 

.e+-~+ 1 

.. , 
i 

< :: m 

= 
0 

i+- i +1 

4~ 

J'-J+l 

2/0 

..-----ooot~M m6CRnx/JnobS-m' 

k +--ml 

i • 1 

.. 

mX4--mo.~ 

< 

PRINT 

Xi t mx, CRk 

ml+--ml-l 

k4- k+ ml 

i::m 

= 

PRINT mo 

= 39 = 
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4.2.3. Program listing and solution of a numerical example 

C 
C 
C 

C 
C 
C 

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

DIMENSION CR(496)t X(30) 
1 IF(SENSE SWITCH 2j2,3 
2 READ 100,H 

PRINT 112 
TYPE 100,~1 
GO TO 4 

3 READ 100,M,NOBS 
PRINT 103,M,NOBS 

4 M1=M+l 
~12=2*Ml 
NX=(M+2)*(M+l)/2 
DO 5 l=l,NX 

5 READ 101,CR(1) 
IF(SENSE SWITCH 1)6,10 

6 PRINT 106 
1 F (~1-6 ) 7 t 7 , 9 

7 DO 8 1 =1 ,~1 
8 TYPE 107, I 

TYPE 108 
9 EXECUTE PROCEDURE 300 

CRACOVIAN ROOT 

10 CR(l)=SQRT{CR(l» 
DO 11 1=2,Ml 

11 CR(I)=CR(I)/CR(l) 
J=2 

12 I =J 
K=I+(J-1)*(M2-J)/2 
K3=K 
11=1-1 
DO 13 L= 1 11 
K1=1+(L-1'*(M2-L)/2 

13 CR{K)=CR(K)-CR(K1)**2 
CR(K)=SQRT(CR(K» 
IF(J-M1)14,17,14 

lL~ 1=1+1 
K=K+l 
DO 15 L=~, 11 
12=(L-l)*(M2-L)/2 
Kl=I+12 
K2=J+12 

15 CR(K)=CR{K)-CR(Kl)*CR(K2) 
CR(K)=CR(K)/CR{K3) 
I F ( I -M 1 ) 1 4, 1 6, 1 4 

16 J=J+l 
GO TO 12 

17 IF(SENSE SWITCH 1)18,19 
18 PRINT 109 

EXECUTE PROCEDURE 300 

::; 40 = 
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C 
C 
C 

C 
C 
C 

CALCULATION' OF UNKNOWNS 

19 I=M 
20 J=M 

11=( 1-1 )*(M2-1 )/2 
A=O. 

21 IF(J-I )22,23,22 
22 K=J+11 ' 

A=A+CR(K)*X(J) 
J=J-l 
GO TO 21 

23 K=M1+11 
K1==1+ll 
X(I)=(-CR(K)-A)/CR(K1) 

. IF(I-1)24,25,24 
24 1=1-1 

GO TO 20 
25 IF(SENSE SWITCH 2)26,28 
26 PRINT 112 

CONTROL 102 
T=M 
ECERO=CR(NX)/SQRT(T) 
DO 27 1=1 ,M 

27 PRINT 102,I,X(I) 
GO TO 39 

INVERSE OF'CRACOVIAN ROOT .. 
28 1 =1 
29 J= I , 

11=(1-1)*(M2-1)/2 
K= 1 +11 
CR(K)=l./CR(K) 
IF(I-M)30,33,30 

30 J=J+l 
K=K+l 
12=J-l 
K3=J+(J-1)*(M2-J)/2 
A=O. 
DO 31 L= I 12 
Kl=J+(L-l~*(M2-L)/2 
K2=L+ll 

31 A=A-CR(K1)*CR(K2) 
CR(K)=A/CR(K3) 
IF(J-M)30,32,30 

32 1=1+1 
GO TO 29 

33 IF(SENSE SWITCH 1)34,35 
34 PRINT 110 

Ml=M 
EXECUTE PROCEDURE 300 

== 41 == 

._4UU:ni¢[(H4. ,,, ,"", ,4# .. && ..... .4$¥ibffii¥4(1~''.r~ 



C 
C CALCULATI~N ~F WEIGHT C~EFFICIENTS OF UNK~OWNS 
C 

35 Lal 
'. DO 3,7 l=l,M 

AaO. 
D~ 36 J==I,M 
A-A+CR(L)**2 

36 L=L+1 
CR (L)=A 

37 L=L+1 
, 'T==NOBS-H 

ECERO==CR(NX)/SQRT(T) 
PRINT 112 
TYPE 105 
Hl-M+l 
K=Ml 
DO 38 l-l,M 
EHX==ECERO*SQRT (CR,(K» 
PRINT 102,I,X(I),EHX,CR(K) 
Ml=Ml-1 

38 K=K+~11 
39 PRINT "',ECERO 

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

40 L=1 
DO 45 1==1 ,H1 
D~41 J=I,Ml 
T YP E 1 01 , CR ( L) 

41 l=L+1 " 
I F ( I -M 1 ) 42 , 46, 42 

42 CONTROL 102 
IF(M-Ml)44,43,44 

43 l=L+1 " 
44 D~ 45 K== 1 , I 
45 TYPE 113 ,. 

,46 RETURN 300 
47 l=l 

D~ 50 I a1,M1 
DO 48 J==I,M1 
PRINT 101 ,CR(l) 

48 L=L+l " , ,,', 
IF(M-Ml)50,49,50 

49 L=L+l " 
50 CONTROL 102 

END PROCEDURE 300 

II: 42 • 
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0) 100 FORMAT(214) 
101 FORMAT(El'.4) -' 

Q 

o 

102 FORMAT(2HX(,13 2H)==E1'.4,2Et,5.4) 
103 FORMAT(119HUNK~OWNS==14/13HOBSERVATIONS==1411} 
105 FORMAT(5X10HMEAN ERROR 5Xl0HQ COEFF. II) 
106 FORMAT(/32HCOEFFICIENTS OF NORMAL EQUATIONSII) 
107 FORMAT (4X2HX(., I 2, 3H » I 

1 08 FORMAT (3X7HC.- TERMII) 
109 FORMAT(/14HCRACOVIAN ROOTII) 
110 FORMAT(/25HINVERSE OF CRACOVIAN ROOTII) 
111 FORMAT(/19HMEAN SQUARE ERROR ==El,.4/1) 
112 FORMAT(1110X8HUNKNOWNS) 
11 3 FORMAT ( 1 -1 X ) 

END 

= 43 = 
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.UNKNOWNS- 4 
OB~ERVATIONSa 8' 

COEFFICIENTS OF NORMAL EQUATIONS 

x (. 1) x ( 2) X( 3) X( 4) C. TERM 
\ 

.1200E 02 - •. 2000E 01 - .. 4000E 01.0000E-SO - •. 2000E-01 
~6000E 01 .0006E-50 -.2000E 01 .S600E 00 

.2000E 02 -.7000E 01 .2020E 01 
.1700E 02 -.2560E 01 

.2176E 01 

CRACOVIAN ROOT 

.3464E 01 -.S773E 00 -.1154E 01 .0000E-50 -.5773E-02 
.2380E,01 ~.2800E 00 -.8401E 00 .2338EOO 

'.4311E 01 -.1678E 01 .• 4821E 00 
.3671E 01 -.4233E 00 

.1307E 01 

INVERSE OF CRACOVIAN ROOT 

X( 
X( 
X( 
X( 

.2886E 00 ~7001E-01 .8186E-01 .S344E-01 
.4200E 00 .2728E-01 .1086E 00 

.2319E 00 .1060E 00 
- .2723E 00 

UNKNOWNS MEAN ERROR Q COEFF. 

... .'Or . , 

1)= -:.3154E-01 .• 2044E 00 .9779E-01 
2)= - ... 6540E-01 ... 2842E 00 .1890E 00 

, 3)= - ... 6694E-01 .,1667E 00 •. 6503E-01 
4)= .1153E 00 .1780E 00 .7419E-01 

.. 

MEAN SQUARE ERROR .. • 6537E 00 

= 44 = 
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MRI PLarTER SUBROUTINES 

by 

David A. Bingham 
Dean W. lawrence 
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MRI PLOTTER SUBROillINES 

I NrR ODUcr I ON 

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 pen to any location without 
dropping the pen when the move is 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. 

SUBROUTINE 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 dire cti on. 
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4. XD = X increment to be indicated on plot outline = (XMAX -
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. 

7. YL = the required physical length of the plot in Y direction. 

8. YD = Y increment to be indicated on plot outline = (YMAX -
YMIN)/INC, where INC equals the number of increments desired. 

9. IC = control integer which must have one of the following 
values: 1, 101, 201, 0, 9, 89, 90, 99, 7, 70, -7, -70. 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 variable 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: 
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XL ex = X scaling constant = XMAX-XMIN 

cy = Y scaling constant = Y.MAX:~N 

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 (Ie) 

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

Ie = 1 

Ie = 101 

Ie = 201 

When Ie = 1 is used, scale constants are calculated and a plotting 
area outline is drawn (Fig. 1). When Ie = 101 is used, scale constants are 
calculated and a grid over the plotting area is drawn (Fig. 2). When Ie = 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 Ie = 201 is used.) The latter control integer is 
used when a reference frame is already available or when one is not required. 
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7 XMIN, Y MAX 

YL 

YO 

T 

~--------XL----------~ 

X MIN, Y MIN X MAX, Y MIN 

c Fig. 1 - IC = 1 

7 X MIN, Y MAX 

YO 

YL 

X MIN, Y MIN X MAX, Y MIN 

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

CALL PWT (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 (J'f 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 = 0 

IC = 9 

IC = o. When IC = 0 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 af'ter the character is drawn. 

IC = 9. When 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 (ICRAR) 

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

POINT VALUE Of 
REPRESENTATION ICHAR 

1 

+ 2 

e a 

m 't 

~ 5 

• S 

x 7 

.. S 

, 9 

Fig. 3 

Pen Movement Section 

CALL PLOr (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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Ie = 90. When Ie = 90 is used, the point (X, Y) is scaled, and the pen moves 
to the resultant coordinate (X plot, Y plot). The pen is corruna.nded down when 
the point to be plotted is reached. 

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

NOTE: If the pen up or dawn status is altered manually or by some 
routine other than PLOT (for example, the annotation routine) Ie = 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 Ie = 99 call, as just described, pen up status is established 
physically and within the program. 

Reinitialization Section 

CALL PLar (Ie) 

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: 

Value of IC 

7 
70 

- 7 
-70 

Position to Which Pen 
Will Be Moved 

(XMAX + 3. 0", YMIN) 
(XMIN, YMAX + 3.") 
(XMIN - (XL + 3."), YMIN) 
(XMIN) YMIN - (YL + 3."» 

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

CALL PLOT (89, X deSired, Y desired) 

CALL . PLOT (1, . . ) 

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

Prior to calling the PLOT subroutine, the programmer m~ 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 PIDT subroutine is accessed by the following statement: 

CALL PLOT (IC, LlST) 

where IC must be equal to 1, 101, 201, 0, 9, 89, 90, 99, 7, 70, -7, or -70. 
LIST depends upon the value of the control integer (IC) as follows: 

If IC = 1, 101, or 201, LIST must contain XMIN, XMAX, XL, XD, YMIN, 
YMAX, YL, and YD as previously defined. 

If IC = ° or 9, LIST must contain IeHAB (the character control 
integer), X, and Y where X and Yare the coordi­
nates of the point to be plotted. 

If IC = 89 or 90, LIST must contain X and Y where X and Yare the 
coordinates of the point to be plotted. 

If IC = 7, 70, -7, -70, 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, constant~ 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 PLOT (IC, ICHAB, X, Y) 

CALL ProT (Ie, x, Y) 

CALL PLOT (IC) 
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IC ICHAR = 3 
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IC 101 

Fig. 4 - Plotter Options 
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SUBROUTINE CHAR 

This relocatable 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/O subroutine from the 
FORTRAN II or FORTRAN II-D Programming System. When the CHAR subroutine is 
called, it modifies the typewriter I/O routine to perfor.m the lettering func­
tion and restores it when the function is campleteo 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 infor.mation to be plotted is obtained from For.mat 
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 dra.w 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 pla.cement of char­
acters with respect to the X axis is accomplished internally by the subroutine. 
The conversion fram horizontal placement to vertical placement or fram verti­
cal to horizontal, requires less th~~ 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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ABCOEfGHIJKLMNOPGRSTUVWXYZ 

.1 Inch Lettering 

ABCDEFGHIJkLMNOPQRSTUVWXYZ 

0123Lf-56789 -} 

.2 Inch Lettering 

Fig. 5 - Character Set 

Programndng Procedures 

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

CAIL CHAR (N, SIZE, lIN, VAAl' 
V~--VARN) 

The arguments in the call statement are defined as follows: 

N = A fixed-point variable or constant e~ual in value to the number of 
variables and/or constants (VAR) whose obj ect time values are to 
be plotted as specified in the Format statement that follows the 
Call statement. 

Example! If one variable (VARl ) is to be plotted, N 1. 
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SIZE = A floatinS-point variable or constarit equal in value to the size 
(expressed 111 inche,s) of the characters to be plotted. 

Example: It characters are to be drawn two-tenths of an inch high, 
SIZE = 002. 

mY = A fixed-po111t variable or constant. It mv = 0, characters are 
drawn parallel to the X-axis, otherwise the characters are 
drawn para.llel to the Y-axis. 

v~ = 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 1ntonoa­
tion to the subroutine as to what 1s to' be drawn and under what Format speci­
fication. It 1s also used to calculate the correct return address trom. the 
subroutine. It is, therefore, mandatory that a Format statement follow the 
Call statement. The items in the Format statement are detined as follows: 

S = A Format specification. The Format spec 1tic at 10n ( s) may not be 
separated by a slash </). .' 

n = A statement number. 

l 

Program ExampJ.es 

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

Solution: 

CALL CHAR (0, 0.2, 0) 

n FORMAT (6mc:· AXIS ) 

NOTE: Because there are no variables to be plotted, H, the first 
argument of the ~all is a fued-point zero. 

Problem: Draw an alphameric field, horizontally, and the variable 
(X) using characters one-tenth of an inch high. 
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Solution: 

r 

CALL CHAR (1, 0.1,' 0, X) 
II II 

n FORMAT (14H VALUE' OF .X lB, ~.3) 

NOTE: Because one variable is to be plotted, the' t1rst argument ot 
the Call statement is a fixed point 1. 

Problem: Draw an alphameric field, vertically, and three variables 
(X, Y, Z)using characters' one-tenth of an inch h1gh. 

Solution: 

CALL CHAR (3, O.~, 1, X, Y, -Z) 

n FURMAT (2lHXYZ HAVE mE VALUES, 3F 6.3) 

Problem.: Draw three variables (X, Y, Z) using cba.racters one-tenth 
ot an inch high. 

Solution: 0 
CALL CHAR (3, 0.1, 1, X, Y, Z) 

n FORMAT (3F 8.4) 

SUBROUTINE FRAME (mIN, XMAX, XL, )CD, »tIN, YMAX, IL, In) 

This subroutine draws a complete recta.ngu.lar frame with axis mark­
ings (tltics") along all. sides. The arguments are those de tined in the PLOT 
subroutine with the tollowing exception: 

If Xl) = 0., the X axis is marked off in 10glO increments. In this 
case, XMIN and XMAX are assumed to be log quantities. For example, it XMIN = 
1., XMAX = 4., and XD = 0., ,then three complete cycles of 10810 marks will be 
drawn on the X axis (both top and bottom). --- It YD = ,0., the same remarks hold 
true tor the Y axis. It both XD and YD are zero, then loglO marks will be 
drawn on both axes. 

NOTE: FRAME 1n1t1al1zes the PLOT routine with the following state-
ment: 

CALL PLOT (201, XMIN, XMAX, XL, XMAX-XMIN, lMIN" lMAX, .YL, 'YMAX-lMIN) 
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FRAME uses about 16J 994 positions of core storage. The following 
illustrations are examples of the use of FRAME: 

t 
t· 

Fig. 6 -

C Framing demo Start in upper left ~orner, draw four types 
C of frames. Sequence is clockwise. 
C 

CALL FRAME (1.J4.J6.JI.Jl.J4.J6.J.5) 
CALL FLar (7 ) 
CALL FRAME (J'.J4.J6.JI.JI.J4.J6.JO.) 
CALL FLOI'( -70) 
CALL FRAME (1.J4.J6.JO.JI.J4.J6.J .5) 
CALL FLOI' (-7 ) 
CALL FRAME (I.J4.J6.,0.JI.J4.J6.JO.) 
PAUSE 
END 
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SUBROUTINE GRAPH (I, J z D»OINT, XDfCH, YINCH, X, FX) 

This subroutine i., provided to graph the points" (X(K), FX(K» and 
dray curv1l1near lines joining the points. The 8\l'.guments are defined as: 

,X(K) = A single-subscripted ~ ot the abscissa (X-axis) values 

FX(K) = A single-subscripted ~ ot ordinate values 

I = ihe subSCript ot the "first point to be plotted' 

J = ihe subscript ot the last point to be plotted 

n>oD'T = The digit that governs which point character is to be used 
(see character control integer in PLOT arguments). It 
IPOINT is ze~, the actual. points will not be plotted. 

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

XMAX-XMIN " 
XINCH = XL in terms ot the PLOT subroutine 

arguments. 

YINCH = The value ot one physical inch on the Y-axis. 

GRAPH uses the second order Lagrangian polynom1al 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+l) and X(J).) ihecurve is " 
composed ot short line segments less than 0.1 inch long. The actual length ot 
these segments 1s a variable that depends on the physical distance tram (X(K), 
F.X(K» to (X(K+l), FX(K+l». " 

The tollowing assumptions are made tor GRAPH: (1) '!he points are 
stored in either ascending or descending values ot X. (2) No two successive 
values ot X are equal. 

GRAPH uses about 14,374 positions ot core. 

The tollowing "illustrations show the two types ot plots ava1labJ.e 
when GRAPH is used. 

23~ 
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Fig. 7 
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'I II 

SUBROUTINE IABEL (SIZE, XMAX,· XMm, XL,XD, YMm, ·YMAX, YL, YD) 

SUBROUTINE IABELX (Same Arguments) 

SUBROUTmE !ABLE (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. 

SIZE 

XMm 
XMAX 

XL 
YMm 
YMAX 

YL 

The arguments are the same for all four subroutines. SpecificaJ.ly, 

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

= Must be exactly the same as used in (1) 

~} = The same as used in (1) or integer multip1es* of' that value 

All four subroutines will place numerical values adjacent to the "ticl! 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
sum~d to be the midpoint of the axis.) '!he following chart shows the exact 
distinctions of the four routines. 

o 

o 

* If XD is the value used when PLOT is initialized, and 3.*XD is used as this ~ 
argument, then every third II tic" mark on the X axis will be labeled with 
a value. 
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Name 

IABEL 

IABELX 

IABLE 

IABLEX 

Range of 
Values 

-999 to 9999 

Any 

Same 

Same 

as 

as 

Format of 
Representation 

14 

MAX* ~ 10,000 ; ES.l 

10 ~ MAX < 10,000 ; 15 

.1 ~ MAX < 10 ; F5.2 

MAX < .1 ; ES.l 

IABEL 

IABEIX 

Axis 
Headings 

No 

No 

Yes 

Yes 

Core 
Required 

1402 

2550 

2314 

3472 

* MAX = is the maximum of IXMAXI and IXMINI (or of IYMAXI and IYMINI ); e.g., 
if XMIN = -10 and XMAX is 0 then MAX = 10 and 15 format is used. 
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t-..... 
..... 
14-

9.99 

8.88 

7.77 

6.66 

5.55 

't ....... 

2.22 

TIM£ 
CALL PLOT (1,0.,10., 5.,1.,0.,9.99, 5.,1.11) 
CALL LABLEX (.1,0.,10., 5.,1.,0.,9.99, 5.,3.33) 

o.oo~'--~--~~ __ ~ __________ ~ ____ ~ __ ~ ______ __ 
o 2 6 8 10 

-rIME 
CALL PLOT (1,0.,10.,5.,1.,0.,9.99, 5.,1.11) 
CALL LABLEX (.1,0.,10., 5.,2.,0.,9.99, 5.,1.11); 

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 for.mula: 

Y=A+BX+C~ 

X = The single-subscripted arr~ 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 applicatioIl$ .• 
The regression curve can be plotted by the following sequence of statements: 

:xJ' = J* 

DX = (X(N) - X(l))/XJ 

Xl = X(l) 

CALL PLOT (99) 

CALL PLOT (90, Xl, A+B*Xl.+C*Xl*Xl.) 

DO 10 I = 1, J 

Xl = Xl + DX 

10 CALL PLOT (90, Xl, A+B*Xl*C*Xl*Xl) 

* Where J is sane suitable number that depends on the degree of curvature and 
the physical distance between X(l) and X(N) or the plot. 
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SUBROUTINE LINREG eN, 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), Y(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 PLDr (99) 

CALL PWI' (90, X(l), A + B*X(l)) 

CALL PLDr (90, X(N), A + B*X(N)) 

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