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FOREWORD

This task is a subelement of the Design of Training Systems (DOTS) project.
The objectives of the DOTS program are in consonance with the requirements of
Advanced Development Objective ZPNO7 (formerly ADO 43-03X), Education and
Training Development. ZPNO7 includes a number of projects concerned with
demonstrating and evaluating the technical , operational and financial feasibility
of apply ing advanced technological applications to improving the training process.

The Bureau of Nava l Personnel initiated the original ADO in 1966 to make
Naval training more responsive to the chang i ng times. As one project under
this effort, DOTS was desi gned to improve the process of managing training
resources through application of the techniques of system analysis and system
simulation as accomplished through mathematical modeling . The end objective
is a family of computerized mathematical mcdels enabl i ng training management
to more rapidl y predict the impact of changes in training resource availability
or requirements.

The support provided by the Fleet Anti -Submarine Warfare Training Center,
Pacific , San Diego , is gratefully acknowl edged , in particular , the outstanding
cooperation and assistance provided by STGCS P. H. Cooke and STSC (SS)
C. R. Honeycutt, as wel l as the initial interest and direction given by LCDR
R. Albright. The support and interest demonstrated by the Coninander Training
Coninand , U.S. Pacific Fleet , and especially LCDR P. Madden , are also appreciated .

A number of TAEG personnel should be acknowl edged for their contributions
to this study: Dr. Myron M. Zajkowski for his efforts in refining and editing
the presentation of the material; and Mr. Morris G. Middleton and Dr. Alfred F.
Smode, Director of TAEG , for their continued support and encouragement.
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SECTIO N I

I NTROD IJCT ION

STATEME NT OF THE PROBLEM

The qeneration and maintena nce of a feasible schedule for Navy t r a i n i n g
courses are labor intensive throughout the Naval Education and Training
Comand (NAVEDTRACOM). The major constraint .s affecting this scheduling are
planned input requirements and the suitability/availability of instruc tors ,
equipment , and facilities. An additional constraint is that schedules must be
established for the current year . updated and revised as necessar y , and proiected
for the out-yea r plannin g requirements of the 5-Year Defense Plan.

The present scheduling system can be characterized as r~-~ct ive and highly
labo r intensive. Guidance is minima l resulting in scheduling processes which
are subject to the vagaries of individual sty le an d competency. An improved
method for arriving at schedules is needed . Such a scheduling method should
optimize the utilization of school resources in meeting traini r .q requirements.
Other potential benefits which may be derived from the application of this
methodology are the reduction of average on board (AOB), the establishmen t, of
more defensible training capacity figures , and an increased ava ilability of
personnel for other school requirements.

BAC KG ROUND

Operationa l readiness is a function of the effectiveness of the Navy ’ s
educa tion and training programs . Efficient management is the ~~~~~~ to maintenance
of these programs. Therefore , training policies , plans, and nrno~’ a s  m ust be
fully capabl e of meeting current and future train ing requirem ents with reasonable
l evels of effectiveness and efficiency . The latter can be enhanced by e~ploit ing
the current concepts and techniques of op er -itions - ‘-sea r C h , educe ional technolog y ,
systems analysis , and management science in the desi nn and mana qem nt of Na vy
training .

The complex i ty of the scheduling of training within the NAVEDTP rPCM has
resulted in a process which termina tes when a feasible p l i r - is achieved , even
though that plan may not be optimal in terms of resource utilization. Trade
offs in schedules are made by exception when a crisis situation occurs. The
short planning horizon , possibly a week , is designed to result in a responsive
scheduling system. Unfortunately, t hi s resul ts i n m i nimum tra de ~ff considerationsand resource surpluses to maintain responsiveness. Initial indications are
that under the present system course planners need approximately 3 months to
generate a feasible schedule.

In the search for a viable alternative to the present system , a variety of
approaches to operations scheduling employed in industry were examined (see
appendix C). In essence, the approaches were found to be inappropriate because
they were unable to accomodate the complexity of the variables associated with
the scheduling of Navy training courses. Thus , it was determined that the
present scheduling system had to be documented in detail , with the necessity
for manual scheduling being el imina ted through automation , and the feasibility 
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of an opt imal resource uti li zat ion/sche dul i ng algori thm be i ng esta bli shed .

The Fleet An ti-Submarine Warfare Training Center , Pac ific (FLEASWTRACENPAC)
was selecte d as the site at wh i ch to accom p li s h the above objectives for the
fo l l o w i ng reasons :

- it provides an operational setting

- ASW School personnel have solicited assistance , are receptive to
as si stance , and have a comprehensive understanding of the problem.

The major scheduling effort at the ASW School is divided between surface
and submarine sonar technician training. These two areas are comprised of 87
courses , app rox ima tely 300 i nstructors , and a myriad of training equipment both
s imulated and operat i onal.

PURPOSE

T he pur poses of t hi s report are to :

- document the essential components of scheduling training at the
FLEASWTRACE NPAC

- provi de results of initial effort to automate the current manual
schedul i ng p rocess

demonstrate the automated process on a limi ted sample of courses.

ORGANIZ AT ION OF THE REPORT

In addition to this introduction , the report is divided into three other
sections. Section II provides an analysis of the current scheduling approach
for a typical training activity . It contains explications of the logic and
rationale currently used in arriving at feasible schedules . Preliminary results
concerning the automation of this process are presented in section III. Section
IV contains the conclusions derived during the limited study period as well as
reconinendations for additional study efforts related to the development of an
automated optima l scheduling system. Appendix A contains a listing of the
computer program for the automation of the manual scheduling process with
representative outputs provided In appendix B. Appendix C contains an overview
of industrial scheduling methodology and Its application to Naval 

training. 6
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SECT IUN II

ANALYSIS UI THE T~ R I N I  ~ SY~ ’ L~1

This section describes the career paths of sonar technicians in order to
provide a better understanding of the training requirements for th is type of
special ized training . In audit ion , the data inputs and calcu lat ions used to
derive school “ ~suur~e require~i ents are ana l ,zed. The documentati -u n of this
process formed the concept ua l foundation for the attempt to automate the manual
scheduling process.

CAREER °AT H OF L E N A  ~~CH NI C IA N

The t ra in ing requirements are re f lec ted by ca re paths because of the
various sequences of courses a technician can take du ring his career . The
number and interdct iun of possible sequences ~ontribute si gn ifi cantl y to the
comple ity of the sched~ling problem .

Figur e 1 provides an overview of the traini ng career paths open o t~m surface
sonar technician. Similar career paths , with appropriate training , are ~Jaracter-
isti c of all enlisted Navy ratings or s kill categories . ~l l surface sonar
technicia n s take basic core requirements; i.e., STG-A , for 6 weeks. If the
trainee is a 4-year obligor (4Y0), he then proceeds to one of the four cla- s
“A” operator courses (3 to 8 weeks) before going to the fleet for a period of
18 to 24 months. Thirty percent of the 6 year obligor (6Y0) students Uroceed
directly from STG-A to a pipel i ne composed of 6 to 9 weeks of Basic Electricity
and Electronics (BE~E), 17 weeks of Sonar Electronics Intermediate (SEI), and
finally 12 to 31 weeks of spec i fic operator and maintenance class “C schools
be fore going to the fleet. The remaining 70 percent of the 6YOs go to the
same “A” school operator courses as the 4YQs and then directly to t~ie fleet.
A fter 18 to 24 months with the fleet , this 70 percent resume training on the
same pipeline as the other 6YOs previously described . The only additio n al
inputs to the training program are the conversion of sonar technicians from
one equipment specialty to another usually necessitated by a change in class
of ship assignment and the aperiodic addition of civilians SULh as contractor
or governmental personnel .

The scheduling of training courses in a manner which is responsive to the
numerous career paths and pipelin es throughout the Navy ’s rating structure is
complex and difficult. The fol l owing provides a description and analysis of
the manual scheduling system presently used at the FLEASWTRACEN PAC . This
discrip tion is limited to “A” and “C” Schools .

THE FLEET ANTI -SUBMARINE WARFA RE TRAINING CENTER , PACIFIC

The scheduling process at this activity is assumed to be representative of
other Navy training activities. Figure 2 illustrates the general developmental
flow of a schedule and ident ifies the constraints and requirements impacting on
this flow . The training req~.,irements or demand figure s generated by tb~ Ch i ef
of Naval Operations (CNO) via the Bureau of Naval Personnel (BUPERS), and
the Chief of Naval Technical Tra ining (CNTECHTRA ) are the basic input to the
schedul ing process. Based on the availability of suitable equipment and

7
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au thorized manpower levels for instructor billets as established by CNO 1 000/2
report , an assessment is made as to whether the input requirement can be
feasi bly met . I-f requirements can be accommodated , a schedule is generated .
If the training requirements cannot be met, the viable alternatives are limited
to either a reduction in the training requirement for this activity , subject to
its capacity constraints , or suff i cien t equi pment and/or personnel are added.
The latter alternative also has associated with it the additional problem of
long lead times.

COURSE REQUIREMENTS

The Ch ief of Naval Opera tions , BUPERS , and CNTECHTRA esta b l ish the specific
training requirements for each training activity and each course. The documenta-
tion of the process is beyond the scope of this study .

Subsequent to the identification of requirements or demand levels for each
course , specific course descriptive data such as the course identification
number (CIN), the ti tle , the length , and class size are in put for considera-
tion. The total demand , or planned input, is divided by the class size to
determine the number of course offerings needed to satisfy the input. The
num ber of instructional weeks in a year is then divided by the number of
classes required to determine the convening frequency . Based on convening
frequency, the number of classes required to be in session concurrently is
easily obtained by divisi on of the course length by the convening frequency .
This establishes a baseline for the minimum resource requirements necessary to
satisfy the training requirements. This process is outlined in figure 3.

INSTRUCTOR REQUIREMENTS

Instructor requirements for a course are established by CNTECHTRA Instruction
531l. 1A. The log ic used in the generation of instructor requirements is shown
in fi gure 4. This log ic employs the course descriptive data used in the generation
of course requirements . In addition , up to seven pairs of student/instructor
ratios with appropriate instructional contact hours are used . The total contact
hours are calculat ed by suming the quotients of the individual pairs of contact
hours and student/instructor ratios, and mult iplying this sum by the class
quota or size. Basic instructor requirements are then determined by considering
the conven ing frequency , the number of contact hours an instructor teaches per
week; e.g., 25 , and adjusting this figure wi th a 10 percent increase to cover
supervision. The final instructor requirements or fractional instructor require-
ments are adjusted 12 percent to take into account such considerations as leave
and duty . This figure is then rounded upwards to give a whole number value for
instructor requirements.

FEASIBILITY ASSESSMENT OF PROPOSED SCHEDULE

Once the basic course requirements ; i .e., number of convenings required ,
are established the course schedule Is subjected to a feasibility assessment.
As figure 5 illustrates , the assessment examines the resource constraints for
meeting the requirements . The basic instructor requirements , calculated as
described previously, are compared with the manpower authorizations as es-
tablished by CNO 1000/2 report. If the manpower authorized Is equal to, or

10
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exceed s, the basic requirements , it is then possible to proceed with scheduling .
If, however, the instructor requirements exceed those authorized , there are
several options availabl e to the school . The first is to reprogram instructors
within the school from areas which have a surp lus. The second is to request
additional instructors from external sources. Third , the basic requirement can
be modified to agree with capacity figures based on instructor availabilities.
The latter tactic is the one usually fol l owed because the first two involve
significant time lags. Occasionally, however , the requirement remains fixed
and the school must utilize existing resources to meet the requirement. This
is accomplished by increasing individual class sizes , but the school tries to
avoid such a situation because the resultant training is considered to be
degraded .

Equipment requirements and availabilities cause the biggest scheduling
constraint at the ASW School in San Diego . The minimum requirements are determined
by establishing the concurrent convenings required . If the concurrent convenings
exceed the basic number of equipments available , then the options are restricted
to requesting additional equipment , changing the basic demand requirements , or
scheduling the equipment for more than one shift if instructors are available.

After the feasibility of meeting a training requirement is established , a
week-by-week schedule is generated for each course for the fiscal year.
Variables or constraints specific to the nature of courses , equipment , pipelines ,
and peopl e are considered at this time. Ideally, the courses would be scheduled
on a single shift basis , convening at the predetermined convening frequency,
and l evel loaded for the entire year.

As indicated earlier , the scheduling process described in this section is
estimated to require 3 man months of labor to arrive at a feasible schedule.
The automated scheduling process described in the next section is designed to
accomplish the same objective; i.e., a feasible schedule, while reducing the
labor intensive aspects of the process.

14

_ _ _   V 



TAEG Report No. 52

SECTION III
AUTOMATION OF THE MANUAL PROCESS

The ultimate objective in studying the course scheduling process for Navy
specialized training is to develop a methodology which will optimi ze the schedule
and use of resources for a course or group of courses. An initial step in this
optimization process is to automate the tedious manual scheduling process and
concurrently to determine subsequent efforts to fully optimize the process. An
optimal solution will be contingent upon the objectives established by NAVEOTRACOM
managers .

Compelling reasons for automating the present manually constructed scheduling
system inc l ude the following:

the existing system is most labor intensive

the basic logic for calculation used in determining the feasibility
of a course schedule is straightforward and adaptable for programing

time and resources were adequate to allow initial automation

• the ASW School would obtain a useful product as a result of involvement
in the study

the analysis would enable a better understand ing of the unique parameters
of the technical training system which could be applicable to future
modeling efforts in other functional areas

• the initial effort would:

provide an assessment of the utility of the automation of
the scheduling process

identify additional research needs

provide an evaluation of the generality of automated scheduli ng
programs.

The computer scheduling program developed during the study does not generate
an optimi zed schedule for a course or group of courses. Rather , it generates
a feasible schedule based on stated resource constraints and requirements. This
initial iteration could be modified by training planners and individual course
coordinators to accolTunodate the uni que characteristics of course content, personnel
qualifications , and equipment requirements.

The scheduling program was written in BASIC for use on a WANG 2200 pro-
gramabl e calculator. Figure 6 illustrates the basic inputs and outputs of the
program. The program listing is given in appendix A , with schedules for the
surface and submarine sonar technician courses given in appendix B. It should
be pointed out that the data used to illustrate the process Is not to be
considered an official statement of the FLEASWTRACENPAC schedule. For instance ,

15
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not all courses are included , some course l engths have changed , and instructor
level s may be different.

PROGRAM LOG IC

The program logic is illustrated in the flow chart of figure 7. The logic
follows that of the manual process described in the previous section , which is
used by the training planners at the ASW School in San Diego to assess the
feasibility of a schedule. In addition , the computer program employs the same
input data as that used in the manual process.

PROGRAM INPUT

For the purpose of illustration assume that today ’s date is December 1 ,
1977, and the schedule to be run is for the SQS-35 course in fiscal year 1 979.
The data required by the program for a single course is presented in table 1.
Data for additional classes would be entered in the same manner.

TABLE 1 . INPUT DATA FOR COURSE SCHEDULING*

SEVE N PAI RS OF
PLANNED CLASS COURSE MPA CONTACT/RATIOS,

G IN TITLE INPUT SIZE LENGTH MPA (Support) LABS CONTACT HOURS

~-13O-OO69 SQS—35 64 8 13 1 1 1 25/ 179
5/60
9/148
0/0
0/0
0/0
0/0

*Data in table 1 is available from the NITRAS Master Course Reference File
(MCRF).

PROGRAM OPERATION

To run the program and to generate the worksheet and course schedule the
followi ng is keyed in:

STEP 1

LOAD DCF ‘NEW 2’ (Load the program on a floppy diskette into WANG )

RUN

The CR1 (screen) responds :

ENTER TODAY ’s DATE (MONTH, DAY , YEAR )

17
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/ INPUT :I TODAY S DATE

/ FISCAL YR & NO. OF COURSE/

FINPUT/ COl , TITLE , PLANNED INPUT!
CLASS SIZE MPA , LAB /

_ _

/ INPUT:
/ SEVEN PAIRS OF CONTACT

/ RATIOS AND HRS

COMPUTE INTERNAL
CONTACT SITUATION

COMPUTE
SKED CLASSES

COMPUTE
CONVENING FREQUENCY I

COMPUTE I
CURRENT CLASSES

COMPUTEI INST I WO RKSH~ET

_________ 
I COURSE

Lj
LE

Ftgure 7. Flow Chart of Program Logic

18
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STEP 2

Enter 12 , 1 , 1977 right after the “ = “ sign , and press the return key.

Then the CR1 responds:

ENTER FISCAL YEAR AND NO. OF COURSE

STEP 3

Enter 1979 after the word “course”, push return key , and key in the following:

“A— 1 30-0069”, “SQS-35” , 64, 8, 13, 1 , 1 , 1

25, 179, 5, 60, 9, 148, 0, 0, 0, 0, 0, 0, 0, 0

STEP 4

CONTINUE OR COMPUTE (reenter step 3 for each additional course)

STEP 5

PRINT (specified input conditions, calculated values , and feasible
schedule).

SAMPLE RESULTS

COURSE SCHEDULE WORKSHEET. A sample course schedule worksheet for ASW surface
training is presented in figure 8. This worksheet provides a suninary of input
data and the results of calculations utilized in generating a schedule. Re l evant
courses are listed by GIN and short title. The scheduled planned input (SKED
PLANNED INPUT) is provided by BUPERS and CNTECHTRA. The school establishes the
most efficient class size for specific courses. The computer program calculates
the number of classes (SKED CLASS) required to meet the planned input , how often
the class is convened (CONy FREQ), and the number of concurrent convenings
(C/C CLASSES). Instructor calculations are derived using CNTECHTRA Instruction
5311. A as described previously. The worksheet also provides the training
planner with support personnel figures for each course and the number of labs
available . The number of labs is critical to feasibility consideration since
the practical training using training devices , operational equipment , etc., is
conducted in the labs . The worksheet provides for a specific fiscal year (FY)
consideration but Is expandable if desired . Space for specific remarks is
also provided for the planner ’s use.

COURSE SCHEDULE. As shown in figure 9, a schedule is plotted for each course
on a week-by-week basis. Courses which start 1 week before the end of the
current FY and continue into the next year are considered to be current FY
courses. The CIN is identified wi th the short title. The four digit number
after each course plot indicates the FY and sequence number of the course ;
e.g., 7827 means ‘FY 78’ and the ‘27th ’ offerIng of that course.

Complete sample worksheets and schedules for the ASW surface and submarine
sonar technician training are provided in appendix B.

19
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S E C T I O N  IV

CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

Conclusions based on the analysis of the present system of scheduling ~SWcourses and the feasib i lity of automa ting this sy stem are summar i zed below :

1 . The scheduling problem can be classified as a combinatorial problem
involving limited resource allocation .

2. An optimal schedule is diffi cult to establish due to:

varying course lengths and start dates

varying class sizes , student/instructor ratios, and contact hours

course resource interactions and dependencies

- the multip le resources required for eac h course

• ava ilability of resources

delays in resource acquisitions

factorial growth i n problem com p lexi ty.

3. Conflicting scheduling objectives result in suboptimal schedules.

4. There is potential for significant savings resulting from the automation
of scheduling in the form of:

• a reduction in labor to produce a feasible schedule

• reduction in AOB levels by reducing the time awaiting instruction.

5. Significant benefits can be accrued in the standardization of the
scheduling process. This results in a continuity of the scheduling process
with minimal disruptions due to changes in school personnel ..

6. Present scheduling necessitates the conritment of classrooms for each
course across blocks of time . This results in uneven ut ilization of classroom s ,
making the justification for additi onal classrooms difficult.

RECOMMENDAT IONS

An analysis of the documentation of the manual scheduling process and an
evaluation of the automation of this process at the FLEASWTRACENPAC l ead to
several reconrendations.

23
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1 . Conduct a veri fication/validation of the automated system. This
requires a practical fiel d test and evaluation wi th improvements/format
modifications to be undertaken in cooperation with the FLEASWTRACENPAC.

2. Conduct a cost/benefit analysis of the automated system .

3. Assess the general applicability of the automated scheduli ng process
to other training areas. Conduct a systematic examination of potentia l program
use at the FLEASWT RACENLANT and CNTECHTRA for ASW training . The potential
applicability to other special i zed training areas should be examined with the
other Training Program Coordinators (TPCs) at CNTECHTRA. This analysis should
examine the time and effort expended in alternate methods; i.e., manual versus
automated . Opportunity costs (i.e., the loss incurred by utilizing a resource
in an alternative fashion) need to be considered . This analysis must be under-
taken prior to wholesale investment in automated scheduling of Navy specialized
training .

4. Establish the criteria , objectives , and policies which determi ne the
acceptability of schedules at various other activities .

24
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APPENDIX A

PROGRAM LISTING
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APPENDIX B

PROGRAM OUTPUTS
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APPENDI X C

IND USTR IAL SCHEDLJLI lIG METHODOLOGY
AND ITS APPLICATION TO NAVAL TRAIN ING
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To schedule is to make a timetable for activities. While our interest is
in making a timetable for offering Navy training courses using available
resources, initially the scheduling problem appears to be not too different
from those encountered in setting industrial production schedules. Consequently,
the scheduling methodology used in industry may be applicable to the scheduling
of training courses. This section will present how production scheduling is
done in i ndustry and then single out concepts and techniques which may be
useful for the scheduling of Navy training courses.

INDUSTRIAL SCHEDULING METHODOLOGY

In an industrial production system , the variables subject to contro l are,
fundamentally, labor , materials , and capital inputs. More labor effort will
theoretically generate more volume of output , so the employment level and use
of overtime are highly relevant. Materials can also be used to regulate the
flow of output by studying and depleting inventories , backordering , and sub-
contracting i tems to other firms . In addition , the capital input represents a
variable controlling the overall plant capacity in a longer-range sense.

Figure C-l depicts the major interrelationships of the industrial production
planning and scheduling activities. A production plan is a statement of
production goals , based on forecasts of demand and resource avai lability , that
consciously attempts to manage employment and i nventory levels to attain
organizational objectives. The master schedule flowing from the production
plan is a high— level schedule that translates the production plan into specific
product terms by speci fying what end products are to be produced and the time
periods during which they are to be made. From the master schedule are derived
the component inventory and scheduling requirements . The detailed schedule is
a low-level schedule specifying precisely what must be produced and the starting
and/or completion dates.

Not all industrial firm s perform the same production control functions.
Indeed , there is a striking difference between the production control activities
in continuou s, intermittent , and project-type operations.

ASSEMBLY LINE BALANCING . Continuous systems are designed to produce large
volumes of a single item (or relatively few items) on specialized , fixed-path
equipment. They often utilize assembly lines (e.g., the automotive industry ,
television producers) or continuous-processing equipment (e.g., oil refineries).
Raw materials and component parts are comon to each unit produced , labor
operations are repetitive , and the transformation technology used is the same
in each case. Scheduling in this mode of production system consists of es-
tablishing the rate of flow of raw material s and subassemblies to the line ,’
balanc i ng the capacities of workers and machines along the line , and smoothing
the flow and shipment of items off the line . This  type of problem is called
the assembly line balanc ing problem.

Figure C-2 is a network representation of assembly line balancing with
seven work elements. The network shows how the end product Is put together.
For exampl e, work element 5 is not processed until elements 2 and 4 are completed .
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PRODUCTIO~~~~~~~~

_—_-_——————__-—--_]

RESOURC E
AVAILABILITY

• CAPITAL

• MATERIALS

• LABOR AND
EQUIPMENT

MASTER ~~~~~~~~~~~~~~~~~~~~~~~~~~
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( MATERIA L ) (LABO R AND EQU IPME NT)

Figure C-i . Major Interrelationships of the Industrial Production
Planning and Scheduling Activities
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The number adjacent to each node is the time required for the work element.
This type of problem attempts to determine the best grouping of work elements
for workstations such tha t the processing time for each workstation is as
un iform as possible.

3 2

2 5

3 3

1 4 7

3 6

Figure C-2. Network Representation of a Line Balan cing Problem

The assembl y line balancing problem is one of the combinatorial problems
which has been proved to be frustrating to deal with , and no optimum algorithm
has been developed to solve it. For an assembly line with 70 work elements
(nodes in the network) and 105 precedence relations (arcs), an estimate of the
number of feasible sequences is 7072105 = 1065. It would take years to find
the optimal solution even with the fastest computer presently available.
Arcus (1966), Ki lbr idge and Webster (1961), among others , have proposed heuristic
procedures to obtain a good schedule for the line balancing problem .

JOB SHOP SCHEDULING . The second mode of production is intermittent systems
which are designed to produce small quanti ties of many i tems on relatively
general purpose equipment. More specifically, a number of jobs , each comprising
one or more operations to be performed in specified sequence on specified
machines and requiring certain amounts of time , are to be scheduled such that
due dates associated with each job will be met or , failing this, some measure ,
such as the sum of lateness times , is minimized . Such a problem is called
the job shop scheduling problem.

Like the assembly line balancing problem , the job shop scheduling problem
Is  a difficult combinatorial problem . Normally, the solution method is to lay
out all possible sequences and then pick the best. Despite the power of
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modern computers , such a method is not feasible for any rea l-world problem.
For J jo bs and M machines , in the general case there w i ll be (j.11M such
sequences. \ small problem with 5 jobs and 5 machines , for example , would
have approximately 2.5 X 1010 sequences to evaluate.

In the past two decades there has been a substantial growth in the field
of job Shop scheduling research. However , no exact optimum algorithm has been
found , and , in f ac t , research resu lts indicate the optimal solution for the
job shop sc heduling problem is computationally diff icult to obtain. Thus ,
numerous simulation studies are made to see which heuristic scheduling rules
are best. For example , the shortest-job-first rule has been shown to be rather
favora ble in some cases.  In a recent paper by Panwalker and Iskander (1977),
a list of over 100 scheduling rules is given according to different categories.
The scheduling rules are presented in a form that can be readily used by both
practitioners and researchers. Conway , Maxwe ll , and Miller (1967) and Baker
(1974) also provide a detailed account of job shop scheduling rules.

PROJECT SCHEDULING . The third mode of production is large-sca 1 e one-time project
systems. Projects usually consist of multiple parts and components and involve
huqe labor hours , dollars , and equipment requirements. Such complexity makes
project schedul ing of extreme importance , since opera 4ions performed out of
schedule can cause delays and extra costs. Problems concerning the contro l
and coordination of projects are ca lled the project scheduling problem .

Since the late l950s, the critical path method (CPM) of scheduling has
been used to sequence project activities so that the project completion is
minimized . The method provides a knowledge of permissible slack or schedule
slippage of certain activities. This slack in the schedule gives management
f lexibi lity in achieving the schedule.

Li ke the assembly line balancing problem , projec t scheduling problems can
be represented by a network. Figure C-3 shows the network representation of a
project containing six act iv i t ies : A , B, C , D, E , and F. The network depicts
the logical relationships , and the number adjacent to each arc is the t i me
duration for the act iv i ty . For example , activity F cannot be started until 0
and E are comp leted . The dashed line 3-4 is a dumy activi ty of zero duration ,
used for correct logic in some situations. In this example , activities A , B,
0 , and F are crit ical ones. An excellent coverage of the CPM is found in Moder
and Phil l ips (1970).
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3
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1
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Figure C-3. Network Representa tion of Project Scheduling

The basic CPM assumes unlimited resource avai labi l i t ies.  In some situations ,
one may desire to complete the project by a specified due date while utilizing
resources at a relatively constant rate. Thus , the objective of the eveling
process is to smooth as much as possible the demand for each specific resource
during the life of the project. This is accomplished by judicious rescheduling
of activities within their available slack to give the most acceptable resource
constraints. This type of problem is called the unlimited resource leveling
prob 1 em.

In some situations , however , the unlimited resource assumption is i nvalid.
One may be given fixed amounts of resources during each period of project
duration. When the amount available are not sufficient to satisfy demands of
concurrent activities, sequencing decisions are required , often resulting in
some increase in total project completion time . Thus , the scheduling problem
here is to meet project due dates as much as possible , subject to stated
constraints on availabl e resources. This is called the limited resource
allocation problem.

While the basic critica l path schedule can be optimally determined rather
easil y, finding an optimal schedule for projects with resource constraints is
as difficult as that for line balancing and job shop scheduling problems .
Heuristic scheduling rules seem to be the only promising way in large real-
world problems . Burgess and Killebrew (1962) described a simple procedure
based on minimizing the sum of squares of resource requirements In consecutive
time periods to dea l wIth unlimited resource leveling . Levy , Thompson , and
Wlest (1963) proposed an approach of setting “trigger l evels ” of maximum
resource usage and attempting to smooth resources to fall within these levels.
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During our visit with the Pacific ASW School , two observations were made.
Utilization of resources appeared unleveled . For instance , it was observed
tha t classrooms were likely to be used for 20 hours in a week , 60 hours in the
following week , 40 hours following that , and then 80 hours . The second obser-
vation made was that the existing scheduling procedure did not seem to consider
minimizati on of tra i nees ’ waiting time for courses. The existing course schedules
are laid out uniformly distributed throughout the year. If the number of
classes needed is greater than the number of weeks available in the year,
double shifts are made and uniformly distributed again.

It -is believed that some modifications to the existing course scheduling
procedure may result in a more level resource utilization and reduced AOB
level . The first sucigestion is that the idea of resources level i ng , as de-
scribed earlier , be incorporated . The second suggestion is that course schedules
be generated with consideration to the AOB level .
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A number of heuristic procedures have been proposed for the limited
resource allocation problem . Davis (1973) provides an excellent overview and
classification of contributions to the project scheduling field up to 1973.
Wiest (1967) developed a computer program called Scheduling Program for Allocating
Resources (SPAR). His procedure is based on two scheduling rules: the activity
with the least slack is scheduled first and the one with the shortest time
duration is scheduled first if two activities with the same slack are eligible
for scheduling. The program has been applied to single and multiple project
problems of more than 200 jobs and 20 different resource types. Other important
papers in the development of thi s subject are written by Fendley (1968),
Cooper (1976), and Thesen (1976).

Table C-i suninarizes industrial scheduling problems and solution techniques.
All in all , industrial scheduling problems comprise a class of difficult combina-
torial problems . This class of problems is characterized by a factorial growth
in the amount of computation required to consider all po ssible solutions as
problem size increases. However , there are strong similarities among some of
these problems , to the extent that solution procedures developed originally for
one type problem have been appl i ed on the other , with considerable success.
This cross application of soluti on procedures is one of the important developments
in this field.

APPLICATION TO NAVAL TRAINING

The Naval course scheduling problem does not appear to resemble the three
basic types of industrial scheduling problems as reviewed earlier. Although
training a student may be viewed as assembl i ng a car , the nature of the scheduling
problem in an assembly line , mainly, desiring the smoothing of product flow by
grouping of work elements, is not nearly the same as that of course scheduling .
In a job shop environment , job shop scheduling rules are intended to resolve
conflicts of the cross -utilization of expensive machinery and/or high -skilled
labor. Some similarities exist between courses and jobs and between training
resources (instructors , trainers , and facilities) and job shop machinery .
Cross -utilization of training resources , however , does not seem to exist at the
Pacific ASW School ; instructors and trainers are seemingly dedicated to the
respective courses.

Initially, project scheduling with resource constraints was thought to be
an excellent model i ng technique for the Naval crurse scheduling problem . It
was thought that an enlisted trainee completing some NEC skill came close to
accomplishing a project with interrelated course requirements. Based on this
thinking , course schedules with a reduced AOB level and l eveled resource utili-
zation could have been developed by employing project scheduling techniques
reviewed earlier. It turned out that interrelationships among courses were
rather simple; namely, one following another. For example , to be rated in 26
BX maintenance , one must take the basic core course (6 weeks), sel f-paced Basic
Electricity and Electronics (6 to 9 weeks), Sonar Electronics Intermediate (17
weeks), and then 26 BX maintenance (20 weeks). This simplicity nullifies the
powerfulness of project schedul i ng techniques.
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