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This 1s the final report for Phase II of the Scheduling Language and
Algorithm Development Study (NAS9-13616). It is contained in three
volumes. The objectives of Phase II were to implemefit prototypes of
the Scheduling Language called PLANS and the scheduling module library
that were desighed and specified in Phase I,

Volume I of this report contains data and analyses related to a
variety of algorithms for selving typical large-scale scheduling and
resource allocation problems. The capabilities and deficiencies of
various alternative problem solving strategies are discussed from the
viewpeint of computer system design.

Volume II is an intreduction to the use of the Programming Language
for Allocation and Network Scheduling (PLANS). It is intended as a
reference for the PLANS programmer,

Volume III contains the detailed specifications of the scheduling
module library as implemented in Phase II. This volume extends the
Detailed Design Specifications previously published in the Phase II

Interim report (April 1975).
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INTRODUCTION

The prineipal pgoductﬁ from the Scheduling Language and Algorithm
Development Study are first a programining language and second, an
applications program library. Both, of course, have special capa-
bilities appropriate to scheduling and resource allocation problems,
Thia determination of those capabilities has required considerable
analysis of a very broad class of problems, and further, a familiar-
ization with problem solving techniques that are being used success~
fully, Tasks in both Phase I and in Phase II have been aimed at
generating or verifying functional requirements for the language and
ptogram library. An intended by-product of these tasks has been in-
sight and ideas on how very large scheduling and resource allocation
problems can be solved using both cemputer algorithms and human
talents in integrated and organized approaches. These approaches
are referred to here as man-computer preoblem selving strategies.

The purpose of this document 18 to present the background froem
which these strategies emerged and to detail the strategies themselves.
Emphasis is on the type of scheduling and Tesource allocation problems
that are clearly visible in the planming and activity management of
the Space Transportation System (STS). No attempt is made to address
explicitly the classes of problems treated in textbooks on operations
research methods. These include for example the "traveling salesman"

problem, the "knapsack" problem, the "fixed charge” proBlem, and the g

"capital budgeting" problem., Yet the problems which have driven the :

strategy development discussed here are often both sub~ and supersets
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of these classical problems, For the problem solver who has tried
unsuccessfully to conform to one or more of these standard formats,
the contents of this volume should be insightful, The thrust is
neither to cast real problems into classical formats nor to extend
the state of the art in solution methods, but rather to determine
how large and complex problems can be solved by a combinatien of
computer algorithms and human skills using iterative and interactive
approaches with existing metheds.

A major premise underlies the work reported here, It is simply
that large and realistically complex scheduling and resource alleca-
tion problems can be solved more efficiently and effectively than they
are being solved now throug> “he preper allocation of computer capa-
bilities. It is a fact that solutions are being generated manually
now, that people know how to produce acceptable schedules and alloca-
tions ef resources, By understanding the manual methods and the under-
lying problem solving strategies of capable human schedulers, it should
be possible to facilitate strategies that are already proven. From
this peint of view, the computer can be rejected only on the basis
that it encumbers rather than facilitates the selution process or
that it attempts to make decisions that the human can make more
easily and with higher quality.

Section 2.0 of this report contains data and opinion relating te
the use of computer algerithms te produce complete feasible solutions
to scheduling and resource allocation problems. Beth mathematical

programning and heuristic programming techniques are addressed, The
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section concludes with a discussion of problem types for which no
complete solution can be guaranteed using a single execution of an
automa‘'<d algorithm or algorithm set,

Section 3.0 of this report presents concepts dealing with man-

computer problem solving strategies, These strategies are characterized

by iterative and interactive use of computer algorithms by a human

whe participates in the problem~solving process. Data are presented
from simulations of two major problem classes that dominate the NASA
S81S operations and mission scheduling functions. The computer elements
of a promising strategy have been implemented and Section 3,0 contains
a batch-iterative test case in which a human scheduler employs these
programs., Finally, Section 3.0 contains information on the design of
an intersctive scheduling system and suggests additional investigations

that are needed to establish an appropriate man-computer system design,
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2.1

FULLY COMPUTERIZABLE PROBLEM-SOLVING STRATEGIES

This section discusses the potential of using existing or fore-
seeable computer algorithms for solving large scheduling and resource
allocation problems without the need for human intervention between
program input and the final problem solution, Although the distinctioen
between these algorithms discussed in this section and those used in
interactive or batch-iterative problem solving strategies is net always
clean, the emphasis here is on algorithms that attempt to perform as
mmany of the decision making and associated bookkeeping chores as pos~
sible with the user invelved in initial input and final eutput only.
Although the recommendations which follow in Section 3.0 result from
the deficiemcy of any algorithm te handle the most general class of
large problems, the premise that no problems can be handled completely
by existing algorithins is certainly false. The power of mathematieal
pregramming and heuristic¢ programming fiethods is enorfious and should
be expleited where appreopriate. The mathematical or legical details
of ﬁhese algerithms are net diseussed here, Rather, the pros and cons
of applying them as completé solution strategies are addressed in the
fellowing subsecetions, |
MATHEMATICAL PROGRAMMING TECHNIQUES

Mathematical pregramming algorighms are these which can be shown
to produce optimal solutions te problems for whieh they apply. The

guarantee of producing the 'best' solution is an attractive attribute

and sufficient to emcourage the problem solver to investigate theroughly

the possibility of using an appropriate algerithm frem this class. It
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2.1.1

is alse the motivation for algerithm developers to devise ingenious
means for casting preblems in the specific formats amenable to one
of these metheds,

The two subsequent subsections deal first with direct application
of mathematical programming methods to entire problems, and second
with the application of these methods to mathematically decompesed
problems,

Pirect Application

Historieally, attempts to automate the selection of a mathematical
programming algorithm based on problem characteristies have net been
completely sueccessful. This is due to the fact that a problem must be
modeled, i.e., converted to a computér compatible representation and
that this conversioen process is net unique. The modeling task is not
solely driven from the problem characteristies but is strongly influ-
enced by the solution techniques available, Various techniques are
advocated by analysts who have become ingenious in converting problems
to the formats compatible te their favered algorithms, Thus the
selection of an algorithm usually is influenced by an analyst's back=
ground, his available tools, and his style of thinking about problems,

General guides for selecting algorithms can be devised that are

at least acceptable to most analysts with broad experience., Such guides

are helpful to problem solvers in that they prevent selections that are
totally inappropriate or that would result in subsequent reselection.
Such a general guideline is shown in Figure 2-1. It is apparent from

the figure that dimensionality is a prime factor in selecting a
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mathematical programning method. Even if different algorithms were

substituted at the ends of the decision paths in Figure 2-1, the

S U ST S I L R

dominance of the dimensionality constraints would remain., Thus the

price for an optimal method is a problem model that possesses 'small’

R T A ey

dimensionality., It should be stated clearly thar the real problem
need not be small, only the mathematical representation of that
problem must be within dimensionality limits imposed by the state-
of-the~art of mathematical programming methods. For example, if 2

set of several thousand activities is to be scheduled and the relevant
constraints dictate that large numbers of these activities murt occur
in repetitive and relatively fixed sequences, then the activities in
each of these sequences might be merged. The merging would reduce
both the number of activities and the number of constraints needed in
the problem model and might be sufficient to make mathematical pro-

gramming an appropriate solution strategy.

A disadvantage of employing modeling ingenuity to make mathematical
programuing techniques applicable results from the lack of growth poten-
tial as the modeling simplification become less and less relevant.

Frequently the assumptions that were relevant for the "first solutions"

become inappropriate as more sophisticated answers are. gought. A
scheduling and/or resource allocation system design around mathematical
programming techniques could soon be subject to major redesign require-
ments unless the anticipated problem models are known to be dimensionally

founded,
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To illustrate this point, consider the problem of grouping pay-
loads into compatible groups for launch with the Space Tramsportation
System (SIS). The maximum number of flights per year that the STS can
support is known and cannot grow without redesign of the entire trans-
portation system. Similarly, the maximum number of payloads in any
flight group is bounded, The grouping problem can be formulated as
a set partitioning problem with known maximum dimensionality. Thus,

a mathematical programming approach could be considered without undue
risk of obsolescence due to growth. Contrast this with a launch ground
support activities scheduling problem in which initially only a few
activities are defined at a high level. Eventually each c¢f these
activities could be broken into entire subnetworks and each of the
subnetwork elements could be further subdivided into tasks, etc., Such
a problem is one in which growth of the problem model is likely. Thus,
even theugh the initial problem was amenable to a mathematical pro-
gramming algorithm, the ultimate problem will not be,

| Intuitive insight on how large dimensionality is obtained as
problems are cast in mathematiecal form can be geined from the following
example problem repeated from Volume 2 of this study's first interim
report.

The objective of the problem is to process three different
cars through a tire shop in a minimum znount of time, Each car
must complete a specified set of jobs in a given sequence (pre-
cedence constraints). All the cars must share the same set of

tire shep equipment (resource constraints). Additional complexity
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is added to the problem by the fact that some jobs may be com- i
pleted by more than one set of resources (substitutability). i ;
The precedence network Figure 2-2 consists of a series of jobs é
describing the processing needed for each car. The three series é
are in parallel so that the only interaction between the cars is é
the sharing of resources, ﬁ
Problems of this type can be formulated as integer linear %
progrins, However, to keep the resulting program tractible, it é
is usually necessary to decompose the problem or be somewhat é
clever in choosing the problem variables, Without taking inte g
account ~pecialties of a given problem, the most efficient integer %
linear programming (ILP) forimulation is that of Pritsker, Watters 5
and Welfe, (PWW)I. Using the PWW formulation, the tire facility
problem required 1438 zero-one variables and 474 constraints (see
Table 2-1), while the largest single-level integer linear programs é
currently being solved handle iless than 300 variables, Even if ;
the problem were decomposscd (processing each car would be a sub-
problem), the dimensionality is excessive.
The majority of the variables result from the high degree of g

resource substitutability., The PWW formulation reguires each sub-
stitutable combination to be treated as a separate job with a con-
straint added to insure that only one of the combinations appears

in the solution, If each job used only one set of resource types,

1 Multi-project Scheduling with Resources: A Zero=one Programming
Approach. Management Science, Vol 16, Ne 1, September 1969,
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Table 2-1, PWW Formulation of the Tire Facility Problem

Two cases considered:
1) WNominal tase - unique resources for each job;

2) Substitutable case - more than one set of resource types may
be used for each job.

Comment: In PWW formulation, substitutability is handled by
creating a new job for each different feasible com-
binatien of resource types that can be used on a
given job,

Number of jobs in network:

nominal 22
gubstitutable 95

Number of 0-1 variables;
= (slack periods = 1
> )
jobs
neminal 282
substitutable 1438
Number of ceonstraints:
1) Precedence constraints - number of jobs with predecessors

nominal 17
substitutable 94

2) Substitutability comstraints = number of substitutable jobs

neminal ) 0
substitutable 20

3) Resource sharing constraints
= E_ (possible sharing periods)
Resources

nominal 285
substitutable 285

4} Objective functien censtraint

neminal 1
substitutable 1

5) Singlée job completion time constraints

neminal 22
substitutable 95
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. %
5; the problem could be formulated using 282 variables and 324 con- % 3
E straints, Still, the tire changing problem is small and relatively G g
; simple (only 22 jobs). More realistic problems requiring a com- é E
: é puterized solution are large enough to be completely unselvable ‘i g
g i using an ILP formulationm. é 2
; é The principle reasons for the high dimensionality of the tire 1 S
; changing problem are the large number of time periods necessary to §
? describe the precedence constraints and the large number of dif- ?
E E ferent resource types. If temporal constraints are te be described, B
the number of time intervals and consequently the number of problem
; variables usually inereases., Similarly, the number of problem var-
; iables is directly related to the number of resource types needed
i for each job,
; Reference to Figure 2-1 indicates that the application of mathe-
i g matical programming techniques alse requires that a single quantified
‘ é; objectivé and quantified constraints be defined. This requiremeft ean
% be ﬁelpful in éausing agreement to be reached onm the real purpose for
E solving a problem, or it can be harmful because ii: impeses artificialties
5 on the problem model that are not there in the real problem., The case
% for explicit quantifiable constraints is stated effectively by Forresterl.
The mental fodel is fuzzy, Tt is incomplete. It is impre-
E ; cisely stated, TFurthermore, within one individual, a mental model
changes with time and even during the flow of a single conversatien. é
; 1 yay W, Fér;;;z;¥;mrre5timeny for the Subcommittee on Urban Grewth of ;
! the Committee on Banmking and Currency U.S, House of Representatives, ;
October 7, 1970. Copyright 1971, i
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The human mind assembles a few relationships to fit the context

of a discussion. As the subject shifts so does the model. When

only a single topic is being discussed, each participant in a

conversation employs a different mental model to interpret the

subject, Fundamental assumptions differ but are never brought
intoe the cpen., Geals are different and are left unstated. It

is little wonder that compromise takes so long, and it is not

surprising that consensus leads to laws and programs that fail

in their objectives or produce new difficulties greater than

those that have been relieved,

For these reasons we stress the ifiportance of being explieit
abcut assumptions and interrelating them in & computer model., Any
coitcept or assumption that can be c¢learly described in words ean
be incorporated in a computer model, When done, the ideas beceme
clear. Assumptions aré exposed so they may be discussed and
débated,

If the debate on the assumiptions referred te by Forrester is more
difficult te resolve than selving the original scheduling problem it-
self, the requirement for a Single quantifiable objective is a deterrant
to the choice of mathematical programming metheds, Typiecal of this
situation is the almost endless search for ‘weighting' factoezs. Typieal
questions that arise are ‘What is the equivalent benefit in dellars of
an equal distribution of payload types flown over a one year period?"
or "What iz tradeoff between risk of being able te hold to an intricate
schedule with little slack as opposed to the dollars saved if such a
schedule is followed successfully?"

14
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An objective view of the recuirement for a single quantifiable
objective and quantifiable censtraints would admit that the resulting
problems are net unique to mathematical programming methods. They
occur whenever computer decision-making is employed. It is safe te
state, however, that the rigorous formats required by a mathematical
prograin encourage greater use of artificial censtants, nermalizing
factors, and benefit ratios than do other classes of solutien algorithins.
Application via Mathematical Decemposition

The dimensionality limitations fmposed by the direct applicatien
of mathematical programming techniques are relieved substantially if
the problem model lends itself to mathematical decempesitien. Decompo~
sition is the partitienming of a problem inte smaller subproblems that
can be solved independemtly but which are related mathematically.

Because of the mathematical relatiomships that exist between subprob-

of the subpreblems.,

Methods of decompositien are varied and numerous. Books by Wismerl
and Lasdon2 are excellent references for the mathematical details ef
available decompesition strategies. Several examples related te sched-
uling are provided i Volume 2, First Interim Report, Scheduling Lan-

guage and Algorithm Development Study, February 1974.

1 Wismer, David A., Ed., Optimization Methods for Large-Scale Systems
ves With applications, McGraw-Hill Book Company, 1971.

2 Lasdon, Leon S , Optimizatien Theory for Large Systems, The Macinillan
Company, 1970,
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Decomposition techniques have extended the utility of mathematical
pregramming techniques substantially. Problems that are well suited
for the direct application of mathematical programming methods may
often be substantially enlarged and solved through the use of decompo~
sition. However, the class of problems that are mathematically decom-
posable iz a subset of those tha; can be cast in the appropriate format
for a direct application of mathematical programming. Thus the effort
of transforming the problem deseription te a mathematical model must
be dene before it ¢can be recognized whether decompesition factors are
appropriate, For example, a decompesition strategy called Generalized
Upper Bounding is only applicable to problems that can be expressed as
linear programs and which ih additien have a particular tableau strue-
ture (see Lasdon, 1970, page 324, op. cit.), Thus, if a problem exists
that is already expressable as a linear program and is pressing the
dimensienality limits of that method, some effort is worthwhile in
checking for particular structures amenable to decomposition.

However, ﬁecause net all probleins are expressable in forms amenable
to mathematical programming, and because those that are cannot always
be decompeosed, the use of optimizing methods is still restricted rather
severely, Even when decomposition is possible, the resulting sub-
problems may themselves be tee large. Finally, the practicality of
computer exeécutlon time must be considered whem many iterations through
large subproblems is required for a single cenverged selution.

in those cases where either mathematical or practical limitations

appear inevitable, the advantages of guaranteed optimality must be
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sacrificed. Algorithms that produce solutions that satisfy all con-
straints and that approach the optimal objective are called heuristic
methods, The use of heuristic methods for completely solving schedul=
ing and resource alleocation problems is discussed in the next section,
HEURISTIC ALGORITHMS
Heuristic logic offers increased flexibility in modeling various

problem characteristics. - Any method that produces a feasible solution
but which may not produce the optimal solution is considered a valid
heuristic method. Thus, the variety of methods is unlimited; often
heuristic solution methods are devised for a single problem and custom-
ized to that problem's peculiar characteristiecs. Thus it is impessible
to comstruct a rigérous classification of heuristic methods., However,
ah informal correlation between problem characteristies and heuristic
characteristics can be made and is used for organizational purposes
in this section,
Problems With Dominating Network Constraints

| Scheduling problems often deal with aetivities that are related
to one anether by relationships of sequences. Such problems are
vsually deséribed with fietwork or task flew diagrams., Figure 2-3
illustrates a pertion of a task flow diagram associated with Spacelab
operations, If durations are attached to each element of such a
network diagram, and if the commections in the network indicate only
predecessor/successor relationthips, a schedule can be generated by
using earliest start time decision criteria for each task, The well

krown PERT and Critical Path Methods (CPM) are relevant to this class
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é ? of problems. A top level logic diagram of time-progressive heuristics %
; é (as a class) 1s shown in Figure 2-4, The nature of the sequence rela- g
% % tienship between jobs can be generalized to include more realistic f é
; relationships. For example, if JOB B must start within three hours g
é of when JOB A ends, the relationship between JOB A and JOB B is no i ;
; longer a simple predecessor, In this document, job relationships that %
é 2 are not simple predecessor/successor relationships are called general i
g temperal relations. Standard network analysis techniques have to be ?
; extended to accommodate such relations, The extensions are a good :
é % example of how heuristic methods evolve. As new problem characteristics é
5 % must be accommodated by the solution algerithm, appropriate logic 1§ . 5
é é added, Eventually the logic may be a good representation of a skilled é
£ ' analyst's solution strategy, yet at the same time it may be limited in :
é its generality, ‘ .
; In problems where the comstraints include temporal relationg be- é
g tween all jobs (i.e., a network defines the operations) the algorithms
g that are applicable are those which step through time segments in in=
; creasing or decreasing order, Considering each time interval.in turn,
é tne algorithms assign start times for these jobs that can be started
; in that interval. Often resource constraints must be considered in

the algorithm to determine if jobs can be scheduled in each time frame,
The characteristic of considering time segments in sequence provides
the term "timesprogressive" for this class of algorithm, It is logiecal

that time-progressive logic is appropriate for problems with dominant

temporal relations sinece any legic should attempt to satisfy the most

19
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restrictive constraints first. In the case of network problems, the
dominating constraints invelve time sequencing. Therefore, appropriate
solution algorithms proceed in a time-sequential fashion,

Problems dyminated by network constraints or general temporal
relations are usually minimum time preblems, i.e.,, usually include the
objective of completing all jobs in the shortest span time. Modifica-
tion of this objective might inclﬁde the restriection that maximum
resource demands be limited or even "smoothed". Often the sensitivity
of the span time to complete all jobs te a delay or extension in any
one job is of Interest, Critical path analyses can be performed on
network problems in order to determine such sensitivities. Slack is
a measure of how much schedule shippage can be allowed in the start or

finish of any one job before the entire span time for completing all

jobs is affected., Computation of slack alse requires a tilme-progressive

‘analysis.

Thus a correlation exists between problems with dominating network

or temperal relatiens and a type of heuristic rule called a time-pro-

gressive algorithm. Even this weak correlatien is not complete, however,

since some problems with network constraints have very strong resource

constraintse, In such cases time-progressive logic may not be effiecient.

Problems without dominating network or temporal relations are discussed
in the following subsectien,
Problems Without Dominating Network Constraints

For the sake oi brevity, problems in which network constraints are

misging or at least non-dominant will be called activity scheduling

21
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problems, Usually such preblems have the objective of fitting as many
activities into a fixed time period or window as possible., The cone
straints are normally the availability of resources to support each
joeb or alternatively the availability of resources in the correct
state, In activity scheduling problems, it is usually not important
which order the jobs are scheduled, If some jobs must rrecede others
it is usually because the predecessor jobs produc: resources that the
successor jobs need. Therefore, temporal relations can often be
removed from the problem model by forcing compliance with sequence
relations through the use of appropriate required resources for each
jeb.

An example of an activity scheduling problem from the NASA context
is experiment scheduling in an earth orbital mission., Experiments that
must be scheduled in short windows (e.g., over ecertain points en the
earth) or experiments that are critical to mission suecess provide the
dominating comstraints, These experiments should be scheduled before
the less critical of more flexible experiments are considered.

Heuristic methods for aetivity scheduling problems are usually
based on a prierity list of jobs. The jobs are scheduled in order from
the priority list and are given start times for "best fit' to the
partially completed schedule, The start times are usually not assign-
able in menotonic order, thus the name given to heuristic algerithms
appropriate for activity scheduling problems is °®time-transcendent.'

A top level logic flow diagram of time-transcendent heuristic (as a

class) is shown in Figure 2-5, The decision criteria within time=
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transcendent heuristics are extremely customized, Intuitive measures
of scheduling flexibility are derived by almost every different analyst,
For example, one might arbitrarily assign a priority number to each
job and let the computerized heuristic assign highest priorities first,
ete. Alternately, the priorities could be calculated by the computer
using some measure of time slack within a window plus percentage of
total resources used. The priority ranking may be computed only once,
or may be récomputed after every N assigmnment (where N may vary from

1 to any integer). The variations on this type of logic are infinite;
therefore, time-transcendent scheduling programs are usually highly
speeific to a single application.

Often activity scheduling problems are overconstrained, Thére may
be ne selution that assigns all jobs a start time and alse violates no
constraints, The desired solution may be te schedule as many jobs as
possible without vielating any constraints or to assign all jobs but
to vielate the constraints as little as possible, This latter objec=
tive is partieulérly difficult to realize in a computer program. Soft
constraints car be handled enly if a médsure or hardness 1s associated
with each constraint. Usually it is difficult or impessible to quantify
the comparative impeortance of constraint violatioeid, For example the
algorithm designer might have te decide if scheduling a sleep period
for a erewman to start thifty mibutés late was fore or less undesirable
than using 110% of the recommended RMS power for two minutes, The sub-
jeetivity of such decisions leads to extreme difficulty in designing

computerized legic. The need to permit the human to make such decisions
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is discussed subsequently. However, time-transcendent heuristic algor-
ithms tbhat incorporate logic to handle cheices between constraints to
violate or decisions about constraint softness are so specialized that
they have very limited general applicability.

Sone standardized heuristic algorithms do exist, however, and these
are the subjeet of the next subsection.

Integrated Heuristic Programs for Large Problems

This subsection discusses briefly four categories of general heur-
istie algorithms that are available in preprogrammed form and which are
relevant to large scheduling problems, Since references to most of
these techniques have already been made, the emphasis here is on
functional limitations of the technique,

The first generally available class of heuristic algerithms are
the network analysis routines. These routines can preduce gchedules
for problems that eontain only predecesset or successor constraints,
Job durations are required alsoe. [I'xteénsion to network analysis methods
pérmits the éutamatic decompoesition ef large networks inte subnetwerks
that econtain all their own predecessors and successors, the conversion
of job metworks into event node networks (events have no duration but
are separated by delays), the assembly of separate networks that contain
zommon events, the incorxporation of earliest and latesgt start times for
each job (windows), and the incorporation of continuous suc¢essor
relations (JOB B must start when JOB A eads), The PLANS module library
(Volume IIT, Phase II Final Report) contains a complete set of extended

network scheduling algorithms.
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The deficiencies of these algorithms include the following items:

l. no resource relations are handled;

2, only a subset of problems described in Subsection 2,2.1 are

handled;

3. only a limited class of temporal relations are handled.

The well known PERT and Critiecal Path methods are basically network
analysis algorithms, These techniques have been extended to permit
estimates of duratioms to be given by the preblem solver and, in some
cases, to permit resource requirements for each jeb to be considered,
Althrough the inclusion of reseources inte a PERT analysis is sometimes
called Extended PERT, it more commonly is called Project scheduling,

Projeect scheduling algerithms allow problem resources te be modeled
as pools of identical items that are substitutable one for anether within
a single poel, For example, a manpowetr pool contains a certain number
of persons with a single skill, any or all jobs te be scheduled may
required a certain number of persoms with this skill., When a job is
scheduled the pool is depleted of the number of persons required by the
job unless that number is not available, Because the power of network
analysis is coupled with a resSource model, project scheduling algorithms
are very useful, The problem model (networks plus resource pools) is
simple enough that logie for high dimensional problems can be written
that executes efficiently, The PLANS library contains a complete set
of project capabilities for smoothing resource pool usage, and for
optional usage of contingenecy resources if necessary to aveid an exten-
sien of the total project duration, The functional deficiencies of

preject scheduling algorithms are:
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l. only predecessor/successor temporal relations are handled;

2. only pooled resources are handled; i.e., assignment of specific

resource e¢lements cannot be dene,

Discrete simulation methods are available which can be used to
solve scheduling problems. GPSS, SIMSCRIPT, GASP, SIMPL/I, SIMPL, and
others are effective tools for discrete simulation., The similarity of
simulation logic to time-progressive heuristies is apparent., To under-
stand the functional deficiencies of discrete simulatiom for selving
scheduling problems, one has te consider the distinctions between the
information that is sought when performing a discreteé simulation and
that which is sought when solviug a scheduling problem.

Typically, discrete simulation analysis seeks to find where delays
occur, or where queues build when various loads and/or contingencies
occur. The operatienai policies and facilities are chosen and then
subjected to hypethetical operational cenditions. The objectives of
the simulation analysis are usually to configure the operational system
in a manner to handle expected real environments in an optimum way.
Before each simulation, decision rules (usually queueing policies) are
established. Usually the desired output is a statistical measure of
operational performance that can be expected from a statistically
medeled demand profile and/or contingency event profiles. Much of the
power of discrete simulation tools is derived from automated statisties
gathering and random event generation capabilities.

Scheduling, by way of centrast, invelves a set of defined opera-

tions with known (i.e., not statistically modeled) input traffic. The
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objective of solvirg a scheduling problem iz teo find decisions that
will utilize the operations facilities and resources in an optimum
way for single set of tasks. The table below emphasizes the contrast

between scheduling and discrete simulation,

Simulation Schedulin

Decision criteria for opera= Decision criteria for opera-
tional alternatives are pre- atienal alternatives are the
specified, output objectives.

Jobs teo ocecur and event contin- Jobs teo oecur are khowh and
geneles are usually modeled described explicitly.
statistically.,

Objeetive often is to medify Objeetive is tec maximize through-
operatien procedures to maxi= put effieciency or quantity for a
mize throughput efficlency or knowm sét of requirements and

quantity over a statistically explicitly defined operational
deseribed range of requirements, facilities and pelicies,

As stated in previeaus subseetiens, the satisfaction of scheduling

objeetives may require a time-tréanscendent logie which is net pessible

- using dis¢rete simulatien toels. However, for problems amenable teo

time-progressive logic, discrete simulation tools used witheut the
Mon&é Carle Sta£istieal appreach and use in an iterative manner can
produce gooed schedules, Figure 2-6 shews a set of simulatiens in which
the reséurce availability level was successively reduced between runs
in order to effect a smoeth resource profile, Since the scheduling
problem was of the network=deminant type (Subsection 2,2.1) the result-
ing schedule is cemparable to that which would have been produced by
a time=progressive scheduling algorithm,

An appreciation for the subtle difference between scheduling and

simulation objeétives can be gained through a simple example, Suppose
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Piaure 2-6 Resource Smoothing Aceomplished by Suscessively Iterating Simulations
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four jobs were to be scheduled; each job had the duration and levels

of required resources shown in the figure below:

Resources

Required _ 7
Maximmm Resource Usage Allowable

3

L ey e e o o e g——

! --
1 4 i L o N N
oL 271 [ b |

6 hrs. 5 hrs. '3 hrs.
PREDECESSORS 3 PREDEGESSORS: PREDECESSORS: PREDECESSORS ¢
None None Aor B Aor B

A simulation which used the simple decision rule of starting each

job as soon as possible would build the following schedule:

Resources

Required

12 hrs. ~ Time

A minimum time scheduling algorithm should discover, however, that
by not scheduling either job € or job D when job B ends but rather

waiting one hour until job A ends produces a shorter schedule:

Résources

Required

;l’
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To produce the proper schedule, the user of the simulation code
would have to recognize that a reordering of the start times for jobs €
and D would improve the output and modify the input by some artificial
means, He could create a dummy job or perhaps program a look-ahead
decision rule. The look-ahead rule is really logic typical of schedul~
ing and is difficult to program using simulation tools because of the
necessity to run the simulated clock forward and then backwards again,
Thus although simulatien toels can be helpful, they are not ideally
suited nor completely adequate for solving scheduling problems,

THE PROBLEM MODEL - ALGORITHM GAP

Neither mathematical programming techniques nor generalized
heuristic metheds provide all the capabilities needed to solve the
scheduling and resource allocation problems that are typically asso-
ciated with shuttle operations, The operations models are generally

larger than mathematical programming methods can handle, or more com-

plex than heuristic methods can handle. Although decompesition methods

ané greater computing efficiency are permitting larger and larger
problems to be selved with MP's, the dimensionality gap appears too
great to expect that currént scheduling systems could realistically
be designed solely around such methods, Historically attempts to
modify heuristic loglc to accomhodate more complex problem models
have led to very complex programs that are very difficult to debug
and which are extremely sensitive to small changes in problem scope.
Nearly two years of searching for fully automated or automatable

methods to solve the scheduling and reseurce allocation problems
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foreseen in shuttle-related applications has led to the conviction that
a set of algorithms is only a part of the answer. Even with a program-
ming language such as PLANS to permit easy development and modificatien
of programs employing the set of algorithms, the solutiom of the complex
problems will require iterative approaches., With this realization in
mind, analyses of man-computer iterative and interactive solutien
strategies were undertaken, The hope was that smaller and logically
less complex algorithms could be linked into a logical process involving
man's ability te make decisions based on subjective information, recog-
nized pattern and a conceptual understanding of censtraints and objec-
tives, The results of these investigations have been very encouraging.

They are reported in the following seections,

P T AT T COP




1f the human capabilities are to be exploited in order to provide
solutions to scheduling and resource allocation tasks that defy entirely
automated solution, then a fundamental problem i; the proper allocation
of roles for man and computer. This apparently straight-forward task
is evidently not so simple since user-defined systems have not been as
successful as might bée imagined, Nonecritical acceptance of user re-

quirements ggrshateg;by the user appears to be the first step on the

road to potential disaster, Most users understand the end product they
are to deliver (e.g., a schedule or resource profile) but very few
users fully understand and can express verbally or mathematically the
process that they use to perform that job. Yet an understanding eof the

total job to be performed by the total man-computer system is necessary

before it is possible to appropriately allocate tasks to man and cemputer,

What is needed then, are formal metheds for developing an under-
stainding of the total problem selving process, Such formal metheds are
scarce today; research related to this problem but beyond the scope of
this study is being conducted to develep and improve such methods, The
sections which follow deseribe materials that were used in this study
to determine typical user's logical processes in solving scheduling
problems,

METHODS FOR ALLOCATING ROLES IN MAN-COMPUTER SYSTEMS
Proper allocation of toles demands a complete understanding of the

total task to be performed by the man-computer system. One method for

determining this total task is to simulate the problem selving environment

33
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with test subjects as problem solvers who have at their dispesal hypo-
thetical but functionally deseribed problem sclving aids, This technique
1s referred to here as 'paper simulatien'. In the .context of this study,
the problem solving aids are computer programs., A real implementutien

of these programs i1s not required to conduct a paper simulation. However,
the functional legiec that exists between input and output must be pre-
visely desecribable so that a "manual' executien can be accomplished in
support of the test subjects usage of the 'program.'

The two paper simulations described here led te impertant conclu-
sions. In the first case, several functional capabilities were dis-
covered that are not now supported directly by the PLANS program library
(see Volume IIT of this report). In the second case, a postulated
problem solving strategy for a major class of problems was supported.

This has led to a batch iterative program design and later te an inters

"active scheduling system design using a veetor graphics terminal as an

interface device (Section 3.5).

‘The second paper simulation alse supported a postulated model of
user decisgiem behavier that had been formulated, The ability te con-
struct Ssuch a model was encouraging because it provided a concise and
surprisingly complete description of user leogical processes, If
decision modeling could be developed to a forimalized procedure it
would be a major contiibution to the proper design of man-computer

systems.
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3.2

3.2.1

3.2.2

PAPER SIMULATION OF ACTIVITY SCHEDULING PROBLEM
Introduction

A paper simulation was performed to study the activity scheduling
problem, Five people participated ~ two experienced activity schedulers,
two experienced project schedulers and ene naive scheduler, Each subject
was given a statement of the problem to be solved (see Section 3.2.2).
Four participants requested a g?aphic aid whieh was provided as shown
in Figure 3-1, All participants were requested to record the way they
solved the problem, specifically the order in which they placed activi-
ties on the timeline, the information they needed to solve the problem
and any regressions in their logical appreach.

The problem was conceived as a typical activity scheduling problem
facing flight planners on a manned earth orbiting mission, The different
'experiments' were designed to illustrate typical operating constraints
present on these types of missions in order to detect how the partici-
pants solved problems of this type.

The Activity Scheduling Problem Statement

Following is a list of experiments and other activities which
must be scheduled during a two day missien for twe crew members. This
mission is on an orbiting spacecraft and many of the experiments are
dependant upon orbital parameters for their data acquisitiom. Thus, in
addition to experiment and activity descriptions, the scheduler will be
provided with a listing of orbital parameters necessary to perform the

task.
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All activities, experiments and other performances alike, must be
scheduled in a manner consistent with their individual snecified con-

straints in order to satisfy the mission geals.

Additional Requests

1, Please write down the order in which you put the schedivle units
on the timeline,

2. What is the most significant piece of information needed teo make
each asgigrnment to the timeline?

3. What aids would you like in solving this problem?

4, When you've finished, what kind of feedback would you expect from
an analytical source?

Experiment Deseriptiens

A, Duration 1,6 hts,
Must be performed on each erew member at 24 % 2 hr., intervals.
It must be perferméd no less than 1.5 hrs, after a meal.

B, Duration .3 hr.
Requires one crew member. It should be performed as often zs
possible with a maximum ef 1.5 hrs, per day.

C. Duratien ,75 hr.
Must be performed immediately after every meal for each subject.

b. Duration 1.3 hrs,
Must be performed three times during the missien, Only one crew
member is required te perform it, but it uses the only piece of

equipment of type A on board.
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G.

I,
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K,

Duration .4 hr,

Must be performed as often as possible for a minimum of three
non-concurrent operations a day. Each performance must start

.1l hr. before orbital sunrise, It requires oenly one crew member
for operation,

Duration .25 hr.

Must be performed once each da§ on each crew member while he is
eating a meal.

Duration 2.0 hrs,

Requires one crew member and must he performed once per mission.
It cannot be performed while experiment E is being performed,
Duration ,75 hr,

Requires one crew member and must be performed once per mission,
it must be started dutring the night cyele.

Duration 2.2 hrs.

Tt must be performed when daylight sighting of target is in view,
The performance requires a one hour set up and a one hour stow
with the ,2 hr, centered over thé target sighting. Requires
both crew members for the set up and perfermance, but only one
for the stow. Tt muét be performed as often as possible.
Duratioen 1.5 hrs.

Requires both crew members. Must be performed ence per missien,
Duration 1.6 hes.

Must be performed omce per miséion, Requires one crew member.

Requires only piece of equipment of type A on board,
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All of the above experiments should be scheduled according to
their constraints. However, experiments A, C, E and 1 are especially
inportant in that their completion goes the furthest towards satisfying
the goals of this mission., The data received for these particular
experiments will be degraded if their constraints are not met. In
particular, 1 should be performed at every feasible opportunity.

In addition to the above experiments, meals must be scheduled
three times a day and it is desirable that the crew eat together.

One hour must be allotted for each meal.

Meal #1 must start at 0100 + 30 min.

Meal #2 must start at 0600 + 60 min,

Meal #3 must start at 1200 F 30 min,

Each crew member should have a minimum of 2,5 hours a day ef
personal time which alse must be included in the schedule. The minimum
schedule period for this aectivity is .25 hours. Each crew member must
have some persenal time immediately after rising and it's desirable
thét each one has some time immediately before the sleep period. It
is mandatory that they have some time to themsélves in the forenoon
and the afternoon.

There are twe crew members on this missien.

The erew must have their sleep to insure the success of the mission
and thus the sleep period for both crew members (1600-2400 hours day 1
and 400-4800 hours day 2) is sacrosanct.

The schedule interval is 48 houts long with each day 24 hours long

and the start of the first day is 0000 hours. A military elock is used,
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ORBIT #

10
11
12
13
14
15

16

DAY/NIGHT CYCLES DAY 1

NIGHT CYCLE

START

1000
0130
0300
0430
0600
0730
0900
1030
1200
1330
1500
1630
1800
1930
2100

2230

TARGET COVERAGE

0524
1224

1901

STOP

0030
0200
0330
0560
0630
0800
0930
1100
1230
1400
1530
1700
1830
2000
2130

2300

EXPERIMENT T DAY 1

0536
1236

1913

DAY CYCLL

START

0030
0200
0330
0500
0630
0800
0930
1100
1230
1400
1530
1700
1830
2000
2130

2300

STOP

0130
0300
0430
0600
0730
0900
1030
1200
1330
1500

1630

1700@

1930
2100
2230

2400
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DAY/NIGHT CYCLES DAY 2

n NIGHT CYCLE DAY CYCLE L
ORBIT # START STOP START STOP :

17 2600 - 2430 2430 - 2530
18 2530 - 2600 2600 - 2700 [

-] 19 2700 - 2730 2730 - 2830

| 20 2830 - 2900 2900 - 3000 :

3 21 3000 - 3030 3030 - 3130

22 3130 - 3200 3200 - 3300
- 23 3300 - 3330 3330 - 3430
i 24 3430 - 3500 3500 - 3600
25 3600 - 3630 3630 - 3730

26 3730 = 3800 3300 - 3900

L T gl

27 3900 = 3930 3930 - 4030
28 4030 - 4100 4100 - 4200
29 4200 = 4230 4230 = 4330
30 4330 - 4400 4400 = 4500
31 4500 - 4530 4530 - 4630

32 4630 - 4700 4700 - 4800

'
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TARGET COVERAGE -

2538

2550

3224 3236

3912 3924
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Results

The results of the simulation indicated that an interactive system
with graphic aids used iteratively was an effective way to solve an
activity scheduling problem., It is mest effieienﬁ to assign the com-
puter to the mechanical bookkeeping tasks such as placing activities
on the timeline until a confliet occurs and have the human perferm the
more complicated tasks of assessing which activities need to be re-
scheduled, or which censtraints need to be relaxed in erder te reselve
the conflict, The functional capabilities required for selving the
activity scheduling problem are basically window orderers, window
finders, window filters and window fillers where a2 window 15 a time
period during which no activities are yet scheduled,

A windew finder weuld provide the scheduler with the capability

to determine all of the scheduling opportunities, or windows, available

on the timeline for a certain activity based upon its unique operating
censtraints and requirements. For example, a windew finder might be
askg& to find all windows on the timeline greater than four heurs in
duration, during which a plumber is available. A window filter provides
the scheduler with the capability te filter available scheduling windows
on the timeline based on criteria whieh he specifies, sueh as eliminat-
ing those windows above which occur after 5:30 PM. A window orderer
orders available scheduling windows by ceriteria specified by the user,
such as shertest duration windows to longest duration windows., A
window filler would provide the scheduler with the capaﬁility te auto-

matically fill all scheduling windows, satisfying certaim eriteria
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with a specified activity, For example, the scheduler might want to
filli all windows of duration of 15 minutes or less with routine