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Preface

The mission objective of Space Operations Squadrons is
continuous support of military satellite systems. The first problem
associated with conducting continuous satellite support operations is
finding cyclical crew shift schedules that meet daily workforce manning
requirements, adhere to current regulations, contain a minimum number
of workshift changes during consecutive duty days, and maximize the
non-duty time allowed between duty shifts. The second problem is to
establish a set of criteria to evaluate alternative shift schedules. Finally,
the third problem is to minimize the number of personnel required to
meet the scheduling requirements stated in the first problem.

This study developed mathematical relationships that led to an
approach for generating cyclical crew shift schedules. This method was
then used to generate an alternate crew shift schedule which was
compared to the current schedule using a set of criteria developed for
determining the effectiveness of a schedule. This study also tested if
non-crew scheduling could reduce the number of people needed to
support satellite operations. Non-crew scheduling was modeled as a set
covering problem. The set covering method shows that the scheduling
requirements can be met using a smaller number of personnel.

To meet the objectives of this study I was assisted by a number of
people whora I wish to express my deepest appreciation. I wish to thank
the First Space Operations Squadron for providing me with data to this
research. A very special thanks to Captain Fetter who was my point of
contact at the 1SOPS. He introduced me to the operations staff and
ensured I was given information pertinent to my research.

I especially wish to thank my advisors, Major Borsi and Lt. Colonel
Moore for their numerous suggestions and constructive criticisms; and

for their guidance and patients throughout this project.

Marianne Idzi
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Abstract

The day-to-day mission objective of Space Operations Squadrons
(SOPS) is to support military satellite systems. It is essential for these
military satellite systems to operate twenty-four hours-a-day, seven days-
a-week. The scheduling problem associated with conducting continuous
satellite support operations for SOPS is threefold. The first problem is
finding cyclical crew shift schedules that meet daily workforce manning
requirements, adhere to current AFSPACECOM regulations, contain a
minimum number of workshift changes during consecutive duty days,
and maximize the non-duty time allowed between duty shifts. The
second problem is to establish a set of criteria to evaluate alternative
shift schedules. Finally, the third problem is to minimize the number of
personnel required to meet the scheduling requirements stated in the
first problem.

This study developed mathematical relationships that led to an
approach for generating cyclical crew shift schedules. This method was
used to generate an alternate crew shift schedule. The alternate shift
schedule was compared to the current schedule using a set of criteria
developed for determining the effectiveness of a schedule. Using these
criteria, the alternate schedule is better than the current schedule used
by the First Space Operations Squadron (1SOPS).

In addition, this study tested if non-crew scheduling could reduce
the number of people needed to support satellite operations. Non-crew
scheduling was modeled as a set covering problem. This approach was
best suited for scheduling the Crew Commander position. The Crew
Commanders are qualified to support specific satellite programs; thus, it
is more difficult to manually schedule this position. Currently, the
1SOPS uses forty-eight Crew Commanders to support its shift schedule.
The set covering method shows that the scheduling requirements can be
met using a total of thirty-six Crew Commanders.

xi




CREW SCHEDULING OF
SPACE OPERATIONS SQUADRONS (SOPS)

Chapter I

1. Introduction

The purpose of personnel scheduling is to allocate people to meet
the workforce requirements that are vital to an organization's day-to-day
operations. The day-to-day mission objective of Space Operations
Squadrons (SOPS) is to support military satellite systems. It is essential
for these military satellite systems to operate twenty-four hours-a-day,
seven days-a-week. The personnel assigned to Space Operations
Squadrons ensure the operability of US military satellites by performing
continuous satellite support operations.

1.1 Background

Air Force Space Command's (AFSPACECOM's) 50th Space Wing
(SPW) is organized into seven Space Operations Squadrons. Each SOPS
is responsible for the support of one or more military satellite programs.
Their fundamental mission is to command and control US military
satellites through ground antennas located around the world. Through
these antennas, SOPS personnel provide the ground support necessary to
maintain and ensure the operability of US-owned space vehicles. They
monitor the health, status, and orbit position of each operational
military satellite. When necessary, SOPS personnel adjust the satellite's
orbit alignment to maintain maximum performance capability. They also
correct, if possible, any malfunctions that occur on the satellite vehicle.
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Each SOPS is manned with a designated number of personnel
trained for satellite operations. The Chief of Operations in each
squadron assigns these trained individuals to a permanent "crew." Then
the Noncommissioned Officer-in Charge (NCOIC) of Scheduling
Operations assigns the crews to support operations based on a cyclical
crew shift schedule.

1.2 Cyclical Crew Shift Schedules

A cyclical shift schedule is a sequence of workshifts and off-shifts
that repeat indefinitely. The three cyclical crew shift schedules described
below have been used by Space Operations Squadrons. They are referred
to as the 2/2/2/4 shift schedule, the 6/4 shift schedule and the 6/2 -
6/4 shift schedule. Each day of a shift schedule is divided into workshift
and off-shift periods. Note that each day of the 2/2/2/4 shift schedule
and the 6/4 shift schedule contains three workshift periods called day-
shift (D), swing-shift (S), and midnight-shift (M); and every day of the
6/2 - 6/4 shift schedule is composed of two workshift periods called day-
shift (D) and night-shift (N). On any day in the cycle, one crew must be
assigned to each workshift period. A crew not assigned to a workshift
has an off-shift. In each of the figures depicting shift schedules, off-shift
are denoted by having no letter entry on that day of the cycle.

1.2.1 The 2/2/2/4 Shift Schedule. A crew that follows a
2/2/2/4 shift schedule progresses through its cycle as follows: two day-
shifts, two swing-shifts, two midnight-shifts, and four off-shifts. Figure
1.1 illustrates one month's shift schedule using the 2/2/2/4 option.




DAYS IN SCHEDULE
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Figure 1.1: 2/2/2/4 Shift Schedule

This schedule requires a total of five crews to support satellite
operations. Thus, on any day in the cycle, three crews are assigned to
workshifts and two crews are off duty. The shift cycle consists of six
days of duty followed by four days of non-duty. During the six days of
duty, a crew rotates through each of the three workshift periods. That is,
a crew works two day-shifts, then rotates to the swing-shift for two days,
and then rotates to the midnight-shift for two days. Thus, the 2/2/2/4
shift schedule requires a crew to change workshifts twice during a six day

period.

1.2.2 The 6/4 Shift Schedule. Like the 2/2/2/4 shift schedule,
the 6/4 shift schedule requires each crew to serve six days of duty
followed by four days of non-duty. The difference is that each crew
supports the same workshift period for six consecutive duty days as
opposed to changing workshifts as in the 2/2/2/4 shift schedule. After
completing the six days of duty, a crew has four off-shift days before
starting the next set of duty days. The crew begins its next set of duty
days by changing to a new workshift period. An example schedule using
this type of shift schedule is presented in Figure 1.2.
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Figure 1.2: 6/4 Shift Schedule

1.2.3 The 6/2 - 6/4 Shift Schedule. The 6/2 - 6/4 shift schedule
requires each crew to have six consecutive same workshift periods
followed by two off-shifts; then rotate to a new workshift period for six
days followed by four off-shifts. Figure 1.3 shows an example of a 6/2 -
6/4 shift schedule that uses three crews and two workshift periods.

DAYS IN SCHEDULE
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Figure 1.3: 6/2 - 6/4 Shift Schedule

Each of the three cyclical crew shift schedules described in this
section have been used by the First Space Operations Squadron (1SOPS).
The 1SOPS is the primary source of information and data for this

research.




1.3 The First Space Operations Squadron

1.3.1 The 1SOPS Organization. The 1SOPS is responsible for
providing routine command and control support for three satellite
systems: Defense Support Program (DSP), Defense Meteorological
Satellite Program (DMSP), and Navstar Global Positioning Program
(GPS). The squadron operates two control centers. Satellite Operations
Complex 31-A, called SOC 31-A, which supports GPS and DMSP. SOC
31-B supports DSP and shares responsibility in the support of DMSP.

To fulfill its mission requirements, the 1SOPS needs a waiver to
s50th SPW regulation 55-12. Regulation 55-12 requires twenty crew
members to be on duty at any time during the day. Recent military force
reductions and freezes on the amount of manpower allotted to each
SOPS have caused the 1SOPS to restructure its crew force. Thus, the
1SOPS crew force is organized into five crews supporting both SOC 31-A
and SOC 31-B. At minimum, each crew contains twelve crew members:
a Flight Commander (FCMDR), seven Crew Commanders (CMDRs) or
Deputy Crew Commanders (DCMDRs), and four Ground System
Operators (GSOs).

1.3.2 1SOPS Concerns with Crew Shift Schedules.

1.3.2.1 The 6/4 Shift Schedule. The 1SOPS tried using
the 6/4 shift schedule to meet its 24-hour-a-day support requirement.
Although this shift schedule meets the daily operations requirements, it
violates AFSPACECOM Regulation 55-16. Regulation 55-16 states that
the maximum authorized non-duty period following four or more
consecutive duty chifts is 96 hours (3:20). The 6/4 schedule gives crew
members 120 hours of non-duty time between the end of the last day-
shift and the start of the first swing-shift in the cycle. In addition, the
6/4 schedule gives the crew mnember another 120-hour off-shift period
between the end of the last swing-shift and the start of the first
midnight-shift.
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1.3.2.2 The 2/2/2/4 Shift Schedule. The current
24-hour shift schedule used by the 1SOPS is the 2/2/2/4 shift schedule.
The principal complaint of crews working this schedule is having two
workshift changes within a period of six consecutive duty days. Each
crew's cycle requires that they work two day-shifts, rotate to two swing-
shifts, and then rotate to two midnight-shifts.

According to an article written by Gail Monroe on manpower
scheduling, changing workshifts can cause "personnel adaptation
problems.” Documentation suggests that weekly changes in shifts cause
difficulties in the ability for a shift worker to establish regular sleeping
habits (9:12). Currently, no research has been conducted on the
consequences of performing two workshift changes in a period of six
consecutive days, but it may be reasonable to assume that the effect
should be similar to that found in the study of weekly shift changes.
Some companies requiring 24-hour operations have gone to assigning
fixed forces to each workshift (9:12). This method of scheduling may be a
solution for the non-military community, but it is not acceptable for the
military. Requiring everybody to work all shifts promotes equality and
reduces any perception of favoritism among crew personnel.

1.3.2.3 The 6/2 - 6/4 Shift Schedule. The 6/2 - 6/4
shift schedule complies with AFSPACECOM regulations; however, this
schedule is not used often. AFSPACECOM regulations state that the
normal duty workshift should not exceed eight hours, but 12-hour shifts
may be authorized at the discretion of the SOPS Commander. The 12-
hour shifts are used during specific occasions when workshift manning
requirements increase. An example of such an instance is launch and
early orbit operations. The five crews are reassigned to three crews which
provide more manpower per workshift. The drawback of using this
approach is having a single shift last twelve hours.




1.4 The Current Scheduling System

Three areas that the current scheduling system needs to address
are 1) a way to generate alternative crew shift schedules; 2) a way to
measure the effectiveness of shift schedules, and 3) a way to minimize
the total number of personnel needed to support the shift schedules.

1.4.1 A Need to Generate Crew Shift Schedules. Currently, no
methodical approach exists to generate cyclical crew shift schedules for
the 1SOPS. The three SOPS shift schedules described in Section 1.2
were generated by trial and error. Using a pencil and paper, different
shift scheduling options are examined until an acceptable schedule is
found. Given specific objectives, requirements, and constraints, a
scheduler should be able to generate, quickly and easily, a workable
cyclical crew shift schedule.

1.4.2 A Need to Measure the Effectiveness of Shift Schedules.
Currently, Space Operations Squadrons do not have a formal procedure
for comparing crew shift schedules. For example, if a scheduler is able to
generate several crew shift schedules, how does he/she select one crew
shift schedule over another? Tangible criteria must be established to
choose the best shift schedule. A schedule needs to insure that the
SOPS current requirements for supp orting satellites are met and that the
schedule complies with applicable AFSPACECOM regulations and takes
advantage of current waivers. The ideal schedule would also minimize
the number of workshift changes a crew member must experience during
a sequence of duty days. In addition, the ideal schedule would allow the
maximum amount of non-duty time that is permitted by AFSPACECOM
regulations.

1.4.3 A Need to Reduce the Size of the Crew Workforce.
Recent reductions in manpower are a major concern of Space Operations
Squadrons. The First Space Operations Squadron needs a waiver to the
50th Space Wing Regulation 55-12 which directs the manning




requirements for each SOPS. The most recent revision of the regulation,
dated February 1992, requires assigning one-hundred people to the
1SOPS crew force (4). As of April 1993, the 1SOPS had eighty-two people
assigned to its crews. Thus, another challenge to producing cyclical shift
schedules is to find schedules that not only meet all support
requirements, but also minimize the number of personnel needed to
satisfy all support requirements.

1.5 Problem Statement

The fundamental scheduling problem with conducting 24-hour
satellite support operations in the Space Operations Squadrons is
threefold. The first problem is finding cyclical crew shift schedules that
meet daily workforce manning requirements, adhere to current
AFSPACECOM regulations and any existing waivers, contain a minimum
number of workshift changes within a period of consecutive duty days,
and maximize the non-duty time allowed between duty shifts. The
second problem is how to choose the best schedule from a set of
potential crew shift schedules. Finally, the third problem is to meet the
scheduling requirements stated in the first problem using the smallest
number of satellite support personnel possible.

1.6 Research Objectives

This research is designed to satisfy three objectives. The first
objective is to be able to generate feasible crew shift schedules for Space
Operations Squadrons given workforce requirements and scheduling
constraints. This step requires establishing mathematical relationships
inherent to cyclical crew shift schedules. The second research objective
is to establish a set of criteria to compare crew shift schedules. The
third research objective is to consider an unconventional approach to
scheduling personnel for the Space Operations Squadrons. The purpose
of this step of the research is to observe what effect individually
scheduling SOPS personnel has on the total number of personnel needed
to meet the daily satellite support requirements.




1.7 Research Constraints
Two Air Force publications are used to define the constraints of
this research:

1) AFSPACECOM Regulation 55-16.

2) Waiver to 50th SPW Regulation 55-12.

1.8 Research Assumptions
Two assumptions made in this research are:

1) Shift workload remains constant throughout the day.

2) Crew Training Requirements were not considered.

1.9 Overview of the Remaining Chapters

Chapter II develops a number of pertinent mathematical
relationships, such as the relationship between the number of workshifts
per day and the minimum number of crews required to support the
workshifts. Chapter III uses the relationships from Chapter II to develop
a method to generate cyclical crew shift schedules. Then the method is
redefined to provide a way to generate only the crew shift schedules that
meet the requirements directed by Air Force scheduling regulations.
Using parameters related to the current 2/2/2/4 shift schedule, an
alternate cyclical crew shift schedule that simultaneously minimizes the
number of workshift changes within a period of consecutive duty days
and maximizes the amount of non-duty time allowed between duty shifts
is created.

The second part of Chapter III is dedicated to establishing a set of
measuring criteria to aid the scheduler in selecting the best schedule
from the shift schedules generated. This set of criteria is then used to
compare the alternate shift schedule that was created to the current crew
shift schedule used by the 1SOPS.




Chapter IV introduces an alternate approach to personnel
scheduling for Space Operations Squadrons. The chapter defines the set
covering problem and provides a small example problem. Chapter V
analyzes and presents the results from testing the set covering model
using data collected from the First Space Operations Squadron and shift
schedules generated for a 10-day cycle and a 25-day cycle.

The final chapter, Chapter V1, summarizes this research, provides

conclusions about the research's results, and suggests further areas of
study.
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Chapter II

2. Cyclical Crew Shift Schedules

An essential step for creating a method to generate alternative
schedules for satellite operations involves rigorously examining crew
schedules. This is accomplished by developing a set of mathematical
relationships which are generic among all cyclical crew shift schedules
used in satellite operations. These mathematical relationships are the
foundation for establishing the method shown in Chapter IlI for
constructing alternative cyclical crew shift schedules.

2.1 Terminology and Notation
This section defines the terminology and notation that is used
throughout this chapter.

1) Zz represents the set of all integers and Z * represents the
set of all positive integers.

2) A dayis a 24-hour period of time.

3) A crew is a group of personnel assigned to work together. Any
person allocated to work crew duty is assigned to only one crew. In
this research paper, "CR" represents the total number of crews used
to construct a crew shift schedule.

CR = total number qf crews, where CRe z *.

4) A workshiftis an interval of time within a 24-hour period that
is designated for a crew to be on-duty for work. For this research,
the number of workshifts per day, “"WS," is limited to two or three
to comply with AFSPACECOM Regulation 55-16 (3).

WS = total number of workshifts per day, where WS = 2
or WS =3.
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According to AFSPACECOM Regulation 55-16, a normal
workshift period requires eight hours of duty time; however, the
squadron commander may extend the workshift period to twelve
hours (3). This research will investigate workshift schedules
containing "two 12-hour shifts” and "three 8-hour shifts" per 24-
hour day. The 12-hour shift schedule contains two workshift
periods known as day-shi{ft and night-sh{ft. The 8-hour shift
schedule contains three workshift periods called day-shift, swing-
shift, and midnight-shift. Qff-shiftis the term that is used to
represent any 24- hour day in which a crew does not have duty on
a workshift.

5) The term shift refers to either a workshift or an off-shift.
6) A cycleis a sequence of shifts which is repeated indefinitely.

7) The cycle length (CL) is the total number of consecutive days
required to complete a sequence of shifts before the sequence

repeats.

CL = total number qf workshifts and qff-shifts per cycle,
where CLeZz *.

8) For any crew working a crew shift schedule, the total number of
"same" shift periods within a cycle is represented by the following
notation:

DSji = total number of day-shifts crew i works per cycle;

NSi = total number of night-shifts crew i works per
cycle;

SSi = total number of swing-shifts crew { works per
cycle;

MSji = total number of midnight-shifts crew i works per
cycle;
O0Si = total number of off-shifts crew i has per cycle;

where DSj, NS;i, SSi, MS;, and OSiez* and i = 1,2,..., CR.
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9) A crew's shift schedule is said to be equivalent to another
crew's shift schedule if and only if their cycles are identical; the
only difference between the two crew shift schedules is the day on
which their cycles begin.

10) In this research, for any crew shift schedule having CR crews,
crew one will be the first crew to start a cycle, followed by crews
two through CR, consecutively. The cycle offset (CO) is the total
number days between the start of two consecutive crew's cycles,

where COe z .

2.2 Reiationships Among Cyclical Crew Shift Schedules

The first relationship to be investigated is the minimum number of
crews that are necessary to cover a predetermined set of workshifts each
day.

2.2.1 The Number of Crews. Under normal operations, a crew
may not work more than one shift per day. Using this as the standard,
the absolute minimum number of crews to be scheduled must be equal to
the number of workshifts per day. However, if the number of crews
scheduled is equal to the number of workshifts each day, then each crew
has no alternative but to be assigned to one workshift period everyday for
the length of the schedule. Since AFSPACECCM regulations allow for
each crew to have off-shift periods, another crew must be available to
work when a crew is off-shift (3). Therefore, to ensure that crews receive
off-shift periods, at least one more crew must be added to the absolute
minimum. Thus, the minimum number of crews needed to cover all
required workshift periods and allow fur crew off-shift time is the number
of workshifts per day plus one or

MinCR=WS + 1, where MinCReZz*. 2-1)

Currently, AFSPACECOM regulations provide no limit to the
maximum number of crews that may be used to construct a crew shift
schedule; nevertheless, the number of crews may be limited by the
number of persons assigned to the squadron's crew force coupled with
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the minimum manpower requirement for each crew. Historically, Space
Operations Squadrons have constructed schedules using three crews or
five crews. In this research, the maximum number of crews considered is
five.

2.2.2 The Number of Off-Shifts Per Day. Providing a number
of crews greater than the number of workshifts per day will allow for each
crew to have off-shift time. In general, the total number of crews used by
a crew shift schedule is

CR=WS+N, where NeZz* 2-2)

During any 24-hour period, one crew must be assigned to each of
the workshifts for that day. Any remaining crews not assigned to a
workshift will have an off-shift. Therefore, the total number of crews
having an off-shift each day in the cycle:

N=CR-WS, where Nez* 2-3)

Hence, "N’ represents the number of off-shifts per day.

2.2.3 The Relationship Between the Cycle Length and Shifts.
In Section 2.1, the cycle length is defined as the number of consecutive
days in which a crew completes a sequence of workdays and off-days
before the sequence repeats. A mathematical representation of the cycle
length may be found by adding the number of workshifts and the number
of off-shifts. So, for WS = 2 and WS =3, the cycle length for any crew i
may be expressed respectively as

CLi=DSj+NS{+0Sj; i=12, .. CR, and 2-4)

CLi=DSi+SSi+MS{+0Si{; i=12 .. ,CR (2 -9)
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A crew's shift schedule is equivalent to another crew's shift
schedule if their cycles are identical. It therefore follows that when two
crew schedules are equivalent, their cycle lengths are equal, meaning

CLi=CLj;Vije{l, 2, .. CR. 2 -6)

In addition, if crew schedules are equivalent, then the number of
workshifts and off-shifts must also be the same for all crews. Thus, when
WS = 2,

DSj = DSj ; NSi = NSj ; and OSj = 0Sj ;
Vije il 2 .. CR. 2-7)

Likewise, when WS = 3,

DSj = DSj ; SSi = SSj ; MSj = MSj ; and OSj = OSj ;
Vijell 2, .. CR. 2-8)

2.2.4 The Number of "Same" Workshift Periods Per Cycle.
2.2.4.1 The Total Number of Day-shifts Per Crew. When
WS = 2, there is one day-shift per day each day of the cycle. Therefore,
the total number of day-shifts in the cycle equals the cycle length. Since
each day-shift is worked by exactly one crew, then

CR
Y, DSsi=CL. 2-9)
=1

Since crew schedules are equivalent, DS] = DS2 = ... = DSCR-] = DSCR .
This yields the following equation

DSixCR=CL; Vi=1,2, ..., CR. (2 - 10)
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Solving for DS;, the relationship between cycle length and total number
of day-shifts per crew is

DS(=%%; Vi=1,2, .. CR 2-11)

2.2.4.2 The Total Number of Same Workshift Periods Per
Crew. When WS = 2, there is one night-shift per day on any day in the
cycle. Using the same analysis as in Section 2.2.4.1, the total number of
night-shifts per crew is

NSi=%%; Vi=12, .., CR (2 -12)

Moreover, when WS = 3, the same relationship holds for DS;, SS;, and
MS;.

Hence, the relationship between cycle length and any workshift
may be summarized as follows:

Given WS = 2: Dsi:%ﬁ and NSi='(é_II:\»:
Vi=1,2, .. CR
Given WS = 3: DSi:%'SSi'-"%%.andMSi:%%;

Vi=12, .. CR

2.2.4.3 The Relationship Among Workshifts. Using the
results obtained in Section 2.2.4.2, it may be deduced that when
WS = 2, the total number of day-shifts worked must equal the total
number of night-shifts worked, DS;= NS; Similarly, when WS = 3, the
total number of day-shifts equals the total number of swing-shifts equals
the total number of midnight-shifts, DS; = SS; = MS;.
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2.2.5 The Number of Off-shifts Per Crew. The relationship
between cycle length and off-shifts differs from the relationship shown
between the cycle length and workshifts. Equation (2 - 3) states there
are N off-shifts per day on any day during the cycle (where N may be
greater than or equal to one). Therefore, the total number of off-shifts in
the cycle must be equal to N times the cycle length. To find the total
number of off-shifts each crew has in the cycle, the same principles
applied in section 2.2.4.1 are used. Hence,

CR
Y OSi=CL. (2-13)

i=]

Again using the requirement that all crew schedules are equivalent, OS]
= 082 = ... = OSCR-1 = OSCR, and it follows that

OSix CR=CLxN; i=1, 2, ..., CR 2-14

Thus, solving for the total number of off-shifts per crew:

CLx N
osi=——Cx§—.- i=1,2 .. CR @ - 15)

Using Equation (2 - 3), (CR - WS) may be substituted for N in Equation
(2 -15). This yields

CL (CR-WS WS
0S; = (t ) )

CR =CL(1"6§ ;
i=1,2..CR @2 - 16)

2.2.6 The Relationship Between Workshifts and Off-shifts.

2.2.6.1 The Relationship Between Day-shifts and Off-
shifts. Recall that Equation (2 -10) revealed that DSjx CR = CL;
Vi=1, 2, ..., CR From Equation (2 -16), the relationship between cycle




length and off-shifts is OS;= gi—(%f@ . When CR > WS, Equation
(2 -16) may be rewritten as
CR
0si(cr-ws) = CL:
i=12 .., CRand CR> WS, 2-17)

Thus, Equations (2 -10) and (2 -17) may be used to derive the
following equation:

CR
DSix CR = OS; (W) ;

i=1,2, ..,CRand CR> " 5. (2-18)

Solving for DS;, this equation becomes
OSi

DSi=tr-ws
Vi=1,2, .. CR and CR> WS. 2-19)

2.2.6.2 The Relationship Between Workshifts and the
Off-shift. In Section 2.2.4.2 the following relationships were

established: when WS = 2, DSj = NSj = %% and when WS = 3, DS; = SS;
= MSj = —%IL . Therefore, it follows from the analysis developed in Section

2.2.6.1 that the relationship between the number of workshifts per cycle
and the number of off-shifts per cycle when CR > WS may be written as

DSi= NSj = a@;_,s_ when WS =2, and (2 - 20)
. OSi
bSi=SSi=MSi=—C—R—_W-§,whenWS=3 (2 -21)
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2.2.7 The Cycle offset. In Section 2.1, a cycle is defined as
a sequence of shifts that are repeated indefinitely and the cycle length
(CL) is defined as the number of consecutive days in which a crew
completes a sequence of workshifts and off-shifts before a sequence
repeats. Assuming crew one starts its first cycle on day "1 then it must
complete its first cycle on day "CL." Crew one will then begin its second
cycle on day "1+CL.”

The results from Section 2.2.2 revealed that on any day in the
cycle when WS = 2, there is one day-shift, one night-shift, and N off-
shifts and when WS = 3, there is one day-shift, one swing-shift, one
midnight-shift, and N off-shifts. This being the case, crew one may be
the only crew to start its cycle on day “1".

Equivalence of crew schedules is a characteristic of shift schedules
used for satellite operations. In Section 2.2.3, it was established that for
two crew shift schedules to be equivalent, their cycles must be identical,
their cycle lengths must be equal and the total number of "same"
workshift periods and off-shifts each crew has must be the same. Hence,
the only difference between crew schedules is the day on which each crew
begins its cycle. Therefore, each of the remaining crews, two through CR,
must begin their cycles on different days between day "1” and day "CL."

The cycle offset, COx, k+1imod cr is the total number of days between
the start of crew k's cycle and crew k+1's cycle, where COe Zz*. When
k= CR, the cycle offset is the number of days from the time crew CR
starts its cycle to the day that crew one begins its next cycle.

For example, Crew one begins its first cycle on day "1” and
completes on day "CL." Crew two will begin its first cycle "CO; 2" days
from the day crew one began its cycle. Thus, crew two will start its cycle
on day "1+COj,2." Crew three will then begin its first cycle "CO3 3" days
from the day crew two began its cycle. This means that crew three
begins its first cycle "CO;,2 + CO2 3" days from day “1”, so crew three will
begin its first cycle on day "1+ COj 2 + CO23."
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Crew one will start its second cycle COcg, ; days after crew CR
begins its first cycle. As mentioned previously, this is day "1+CL."
Therefore,

1+ COj,2+ CO23 + ... COcR-1.cR + COcr,1 = 1+ CL . 2 -22)
This means that

COj,2+ CO23 + ... COcR-1.crR + COcr,1 =CL, or
CR
Y, COx, k+1(mod cr = CL. (2 -23)
k=1

For this research, it is assumed that the cycle offsets between two
consecutive crews are equal. Letting CO represent this common offset,
then

CRx CO = CL. (2 -24)

Solving Equation (2 - 24) for CO gives
CO=¢GR- (2 -25)

Recall from Section 2.2.4.2 that the relationship between cycle
length and any workshift is DS; = %ﬁ and NS;= %% when WS =2

and DSF%%,SSF%,and MS;'=-%1112 when WS = 3. Thus, when

WS = 2 and WS = 3, it follows that CO = DS; = NSjand CO = DSj= SSi =
MS;. Intuitively, this relationship makes sense because when WS = 2,
there may only be one day-shift per day and one night-shift per day; and
when WS = 3, there may only be one day-shift, one swing-shift, and one
midnight-shift per day. If the shift cycle were sequenced so that all the
day-shifts were consecutive, crew two would not be allowed to start its
set of day-shifts until crew one completed its set of day-shifts.
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Subsequently, crew three may not begin its set of day-shifts until crew
two has completed its set of day-shifts and so forth. Thus, it follows
that the cycle offset would equal the number of day-shifts. The same
relationship also holds for the night-shift, swing-shift, and midnight-
shift.

2.2.8 The Total Number of Possible Combinations of Crew
Shift Schedules. Given a set of CL shifts, the total number of
day-shifts per crew, DS;, the total number of night-shifts per crew, NS;,
and the total number of off-shifts per crew, OS;, a relevant question to
ask is, how may combinations can be formed? A combination is any
unordered subset of size k that can be determined from a set of n distinct
objects (5:50). In the case where WS = 2, there are CL objects and there
are subsets of sizes DS;, NSi, and OSL Thus, the number of ways to
choose the day-shifts from the total number of days in the cycle is

CL
( DS) The number of ways to choose the night-shifts from the total

number of days in the cycle given the number of day-shifts already
CL - DS,

NS ); and since WS = 2, the remaining days must be off-

chosen is (

shifts.

Therefore, the total number of possible combinations for a
schedule having WS = 2 is

CL CL - DS CL! (CL - DSy!
(D‘S‘)x( NS )=(Dsi’(CL-DSi)!)x(NSi!(CL-Dsi-Nsw) (2 - 26)

Since OSj = CL - DS¢ - NS;, then the right-hand-side of Equation
(2 - 26) may be restated as

CL!
DSiI NS]_! OS;[ s i=1, 2, vees CR. (2 - 27)
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Using this analysis when WS = 3, the total number of possible
combinations for a schedule with cycle length CL is

CL!
DSy! SSi! MS;! OS{! ° i=1 2, ... CR. 2 - 28)

By substituting the results from Sections 2.2.4 and 2.2.5, both
Equations (2 - 27) and (2 - 28) may be expressed as

(0™ [a( )

The process of determining the total number of possible
combinations may be illustrated using the parameters from the 2/2/2/4
shift schedule. The current crew shift schedule uses three workshift
periods, requires a cycle length of ten days, and requires a crewforce of
five crews. Thus, substituting these values in Equation (2 - 29) results
in 18,900 possible shift schedule combinations.

(2 -29)

2.3 Chapter Summary

The mathematical relationships presented in this chapter are used
in Chapter III to establish a method for constructing alternative cyclical
crew shift schedules.
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Chapter III

3. Generating Alternative Crew Shift Schedules

Chapter II presents the mathematical relationships inherent to the
cyclical crew shift schedules used in satellite operations. This chapter
begins by using the cycle offset and relevant mathematical relationships
to develop a method for generating alternative crew shift schedules. This
method is then modified to generate only crew shift schedules that
adhere to Air Force Space Command regulations and normal space
operation procedures. The modified method is demonstrated by using
parameters attained from the current crew shift schedule employed by
the First Space Operations Squadron. The result is a comparable
alternative crew shift schedule. This chapter then suggests a way to
measure the effectiveness of each schedule by introducing a set of
criteria that compare alternative crew shift schedules to the schedule
currently used in operations.

3.1 The Procedure for Generating a Cyclical Crew Shift Schedule

3.1.1 Create a Partial Crew Shift Schedule. In Chapter II, the
cycle offset is defined as the total number of days between the start of
two consecutive crew's cycles. Section 2.2.6 revealed that summing the
cycle offset for each crew would result in COj2 + CO23 + ... + COCR-1,CcR +
COcr,1 = CL. Since the cycle offset between consecutive crew shift
schedules is assumed to be equal, CRx CO = CL. Figure 3.1 shows a
partial schedule of size "CR x CO.” Note that a total of "CL" shifts must
be assigned in this partial schedule. Each row of "CO” days is called a
set and the total number of sets is equal to CR.
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SET  [CREWIT?
(1) 1
2) 2

(3) 3

(CR-1) CR-1
(CR) CR

Figure 3.1: Partial Shift Schedule of Size CRx CO

The analysis conducted in Sections 2.2.4 through 2.2.5 leads to

the conclusion that a partial schedule with "CL" shifts, must have —CQ%

day-shifts, %% swing-shifts, %Ii; r:idnight-shifts, and C—LCER—IX off-shifts

when WS = 3. To assign these shifts to the partial schedule, recall the
requirement that on any day of the schedule, there must be one day-
shift, one swing-shift, one midnight-shift and N off-shifts. This being the
case, then each set has a different sequence of shifts.

3.1.1.1 Create a Cycle From the Partial Schedule. By
arranging the sets of the partial schedule in succession, it is possible to
create a cycle. The cycle is obtained by rotating from one set to the next
set in a consecutive order, as shown in Figure 3.2. For example, crew one
begins its first cycle by following the sequence of shifts in set(1). Crew
one then rotates to set(CR) and carries out that set's sequence of shifts.
Upon completing set(CR), crew one rotates to set(CR-1); and so on until
it rotates to its last set of shifts, set(2). When crew one finishes the last
shift in set(2), crew one has completed one cycle. Crew one may begin its
second cycle with the sequence of shifts in set(1).
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DAY |

SET
1) 1
2) 2
3) 3

(CR) CR

Figure 3.2: The Rotation of Sets

3.1.1.2 Generate a Crew Shift Schedule Using the Cycle.
Concurrent with crew one beginning its cycle with set(1), the remaining
crews execute their initial sequence of shifts. Each crew then rotates
through each of the sets in order. The rotation order among the sets is
the same for all the crews; the only difference is that each crew begins
with a different set. Each crew must then continue through all the sets
according to the selected rotation pattern. For this research, the
rotation pattern is: set(1) = set(CR) = set(CR-1) = .... = set(3) = set(2)
= set(1) = ... . Each crew moves through the sets as follows:

Crew 1. set(l) = set(CR) = set(CR-1) = .... = set(3) = set(2) =
set(1);

Crew 2: set(2) = set(1) = set(CR) = set(CR-1) = .... = set(3) =
set(2);

Crew CR-1: set(CR-1) = set(CR-2) = .... = set(2) = set (1) =
set(CR) = set(CR-1);

Crew CR : set(CR) = set(CR-1) = .... = set(3) = set(2) = set(1) =
set(CR).

1I-3




3.1.2 Assign Shifts to the Partial Czew Shift Schedule. In
Figure 3.3, the partial schedule is assigned symbols to represent its
scheduled shift assignments. Assuming there is a total of z shift periods
per day, then on any given day in the cycle, one shift period represented
by each letter "a" through "z" must be assigned each day.

DAY
SET  mrpwiriT=T4
(1) I 1221 13g
() 2 %11%2) - e
(3) 3 ] - Ped
(CR-1) | cr1 [°]%)- 1%
b

C
i
(CR) | cr b Ibz " |co

Figure 3.3: Partial Schedule of Size CR x CO with Shift Assignments

3.1.3 Determine the Crew Shift Schedule. Applying the
rotation sequence given in the previous section, each crew's shift
schedule during a period of "CL" days is:

Crew 1:

Crew 2:

Crew CR-1:

aj=az=>.. Dagg=>>b=by=>..=2beg=c1=2c2=>.. >ceo

D DY DY2D . DYoo D 2] DZY D . DZc0:

Z1 2. Do a|2ay=>. Dacg=>b=by=>..=2beg =

C1=C2> ... DCco D DY DY2 ... D Veo!

C1=DC2= ... DCCO = wennen DYIDY2= .. DYeo D2 D2 D ..

=2Zco > a] > a2 > .. Dacog=>b1=>b2=..=beo;
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Crew CR: bi=b2=..=beg=C] =2C2= ... Cco ... DY] DY2 ... >

Yco 2] 222 ... DZcg = A a2 = .. = aco.

Figure 3.4 shows the full crew shift schedule for "CR x CO" days or
"CL" days. A cyclical crew shift schedule is created by repeating this
schedule indefinitely. Note that each day in the shift schedule displayed
in Figure 3.4 contains one "a" shift period, one "b" shift period, one "c"
shift period, and so on through one "z" shift period. Thus, this cyclical
crew shift schedule fulfills each day's shift requirements.

DAY
l cdc 231 5 x ICli‘
112 ICO+11+2) - lcA | -}~ ICOf e} «oe] «=c] =] coe] oo oo} e ] -+ ] - |CO
CREV], | LRe b g e e ] e y v y |z |2 z
1 l 2 CO 1 m CQ l 2 CO FYY IEFYY BEYYY RPN l 2 ees CO l 2._' CO
z |z zZ a [b {b b ..[c
9 1122 hﬂq:‘ a, "'lcd T EAEEEFEEEEAAEA
b Jc c
3 yl y2 .WC zl F2 Ié 'al 2 a bl b,‘- . ca ilr2]-- Coi'" ces
z 1z z ja ja b.b b C C
~1P2 E 121 lcd 1 4-[cd l'-21'"0Fl 2/"co
c.lc N (- O PO O O LY k]2 2402 .02 [P b T
CR1]1! Cd gl o B [ i i) B ) llg[ﬁa 2--iEC
b W ek (I O (Ot Ot R 2 2% I A 2 z al...
cr ™1™ Eolz'"c 12 EO"[’"C lizl]acc

Figure 3.4: Crew Shift Schedule

The key to constructing a crew shift schedule is to apply the
mathematical relationships developed in Chapter II. To set up a partial
schedule, this procedure uses a cycle offset that is equal to the cycle
length divided by the number of crews. The next step in the procedure is
to assign shifts so there is one day-shift, one swing-shift, one midnight-
shift and N off-shifts each day, then rotate among the sets in the partial
schedule according to the set rotation pattern. This procedure creates
potential crew shift schedules; however, not all of the crew shift
schedules generated by this method comply with the regulations and
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guidelines set by Air Force Space Command and the Space Operations
Squadrons. Therefore, this procedure needs a slight modification.

3.2 Generating Feasible Crew Shift Schedules

The formula to find the total number of shift schedule
combinations was presented in Section 2.2.8 of Chapter II. Although it
is possible to generate all possible shift schedule combinations, not all
the schedule combinations are feasible. Constraints imposed by Air
Force Space Command regulations make some shift schedule
combinations unsuitable for operations. For a cycle to be considered
feasible, it must comply with AFSPACECOM Regulation 55-16.

3.2.1 AFSPACECOM Regulation 55-16.
3.2.1.1 Consecutive Workshifts. AFSPACECOM
regulations state that a crew member 1mmay not work more than one
workshift period per day. When a crew serves a series of consecutive
workdays, the minimum amount of time from the end of one workshift to
the beginning of the next workshift must be twelve hours (3).

On the other hand, AFSPACECOM regulations do not stipulate a
minimum or maximum number of consecutive days a person must work.
The regulation does, however, permit commander discretion. The current
standard for the maximum number of consecutive duty days for satellite
crew operations is six days. Hence, this research will use six days as the
maximum number of consecutive workdays and one as the minimum.

3.2.1.2 Consecutive Off-shifts. AFSPACECOM
regulations do impose a constraint concerning the maximum amount of
time a crew may be off-shift. The maximum amount of time allowed
from the end of one working shift to the beginning of another working
shift is 96 hours. The regulation also states that for every set of three
consecutive workdays, a crew is authorized to receive a minimum of 24
hours of off-shift time (3). For this research, the amount of off-shift
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time a crew receives is a minimum of 24 hours and a maximum is 96
hours.

3.2.2 Using AFSPACECOM Regulation 55-16 to Generate
Compatible Sets. Cycles are created by ordering the sets of a
partial schedule in succession. To ensure that a cycle complies with
AFSPACECOM regulations, two conditions must be met. The first
condition is that each set within a partial schedule must be internally
compatible. For a set to be internally compatible, the shifts within the
set must be sequenced so that they do not violate AFSPACECOM
regulations.

The second condition for cycle feasibility is that consecutive sets
must be compatible. Consecutive sets are compatible if the ordered
sequence of shifts in both sets do not violate AFSPACECOM regulations.

3.2.2.1 Internal Compatibility. The compatibility
of a set may be illustrated by referring to Figure 3.3. As shown in the
figure, the sequence for set(1) is a; = ap = ... = a,,. For set(1) to be
internally compatible, the shift represented by "a," must be compatible
with shift "a;.” Subsequently, "as" must be compatible with "as.” then
"ay"” with "ag.," and so on, continuing to shift "a,," The final shift in the
set, a,o, must be compatible with shift aq. ;.

When WS = 3, there are three workshifts per day; the day-shift (D),
the swing-shift (S) and the midnight-shift (M). Routine operations for
SOPS dictate that the first workshift of the day is the day-shift, the
second workshift of the day is the swing-shift, and the third workshift of
the day is the midnight-shift. Let the workshift combination, D = M,
occur within set(1)'s sequence. This would mean a crew would work the
day-shift on one of the days in the sequence and then work the
midnight-shift on the following day. The combination of changing from
a day-shift to a midnight-shift is permissible under AFSPACECOM
regulations; and therefore, the combination D = M is allowable.
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However, if the workshift combination was M = D, then a crew would be
required to work the day-shift immediately following the midnight-shift.
This shift combination would result in a crew working two workshifts in
succession which is not allowed by AFSPACECOM regulations (3).
Therefore, the combination M = D is not allowable.

3.2.2.2 Compatibility Between Sets. As stated in
Section 3.1.3, all crews follow the same basic rotation pattern: set(l) =

set(CR) = set(CR-1) = ... = set(3) = set(2) = set(1) = ... . To illustrate
the compatibility between sets, again refer to Figure 3.3. For the two
consecutive sets, set(1) and set(CR), to be compatible, day "CO” of set(1)
must be compatible with day "1” of set(CR). In other words, the shift
represented by "a.," must be compatible with shift "b;." The process,
comparing the last day of each set to the first day of its succeeding set,
will continue until all the sets have been checked.

3.3 Generating A Comparable Alternate Crew Shift Schedule

The current crew shift schedule used by the First Space Operations
Squadron is the 2/2/2/4 shift schedule shown in Figure 3.5. This
schedule replaced the original 6/4 schedule.] The 6/4 schedule required
each crew to stay on the same shift for six consecutive work-shifts and
then have four off-shifts before changing to the next workshift. The
major problem with the 6/4 schedule is that it violates the 96-hour
maximum off-duty period allowed by AFSPACECOM Regulation 55-16
(3). The 2/2/2/4 shift schedule employs five crews following a cycle
consisting of six days of duty followed by four days of non-duty. The
crews proceed through their six duty days in the following manner: two
day-shifts, two swing-shifts, two midnight-shifts, and four off-shifts.
Crew personnel object to this schedule because the number of workshift
changes during the period of consecutive duty days (1). Specifically,
crews must make two workshift changes in a period of six days.

1 Refer to Figure 1.2.
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This part of the research seeks an answer to the question: Is there
another crew shift schedule that maintains three workshifts and five crews,
maximizes the total amount of off-shift time, and reduces the number of
workshift changes during any consecutive period of work days ? --- If
there is such a schedule, is this alternative crew shift schedule better than
the current 2/2/2/4 shift schedule?

DAYS IN SCHEDULE
e L R RAR AR AR ERRE R RHARERERE
CRE o|1|2|3|s|s]e|7|s|s|o|1]2|s]|4|5[6]7|s]| olo|1
A |p|p|s|s|mM|m D|D|s|s|mm| D|D|s|s|m| M D
B D|s|s |min D{D|s!s ain p|p|s|s
c p|p|s|s|m| p|s|siu |s|siu
D M} iblpis|s Dis|s D|s|sim
E |[s|s]u]s p|p|s|s|s p|p|s|s|aad Ipip|s

Figure 3.5: The 2/2/2/4 Shift Schedule

3.3.1 The Characteristics of Alternative Schedules.
3.3.1.1 The Schedule Objectives and Attributes. The
process of generating a shift schedule begins by establishing the
objectives and attributes of the schedule. For this research, the
objectives of the schedule are to:

1) Maximize the total number of consecutive off-shifts allowed;
and

2) Minimize the number of workshift changes among consecutive
duty days.

The attributes that the schedule must have are:

1) Three workshifts per day, WS = 3; and

2) Five crews, CR = 5.
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Accomplishing the first schedule objective calls for knowing which
combination of shifts maximize the permitted continual off-shift time.
Table 3.1 lists combinations of shift sequences that may occur during a
cycle when constructing a shift schedule that uses three workshifts. (D:
day-shift, S: swing-shift, M: midnight-shift, and O: off-shift). Table 3.1
also denotes if a sequence of shifts complies with the requirements
directed by Air Force Space Command.

The options presented in Table 3.1 suggest that selecting one or
more of the following shift combinations, D=0=>0=20=S; S=0=
O=0=M;and M= 0=0=0=0 =D, will provide a basis for
constructing a potential crew shift schedule. Each of these sequences
results in 96 hours of off-shift time. Note that the current 2/2/2/4
shift schedule uses one of the three shift combinations, M=0=0=0
= O = D. In this research, the alternative crew shift schedule will be
generated by incorporating all three shift combinations into the
schedule.

3.3.1.2 The Total Number of Off-shifts. To determine the
total number of off-shift periods needed for the schedule, count the
number of off-shifts in each of three shift patterns, D=0=20=0=S;
S=2020=20=>M;and M =0 =0 =0 =0=D. The minimum
number of off-shift days needed to generate the cycle which uses all three
shift combinations is ten, OSj = 10.

3.3.1.3 Off-shifts Per Day. Given WS =3 and CR =5 and
using Equation (2-3), the total number of off-shifts per day is two, so
N=2,

3.3.1.4 The Cycle Length. The cycle length may be found
by applying Equation (2-16) with OS;= 10, WS= 3 and CR=5. The
cycle length is twenty-five days, CL = 25.
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Table 3.1: Potential Shift Combinations Within a Schedule

for Three Workshifts
Shift Hours between Allowed by Shift Hours between Allowed by
| Sequence  workshifts reguiations | Sequence workshifts  regulations
DID 16 yes SIOIOIM 72 yes
DIs 24 yes MIiOIOID 48 yes
DIM 32 yes MiOlols 56 yes
SID 8 no MIOIOIM 64 yes
sis 16 yes DlololoID 88 yes
SIM 24 yes piololols 96 yes
MID 0 no DIOIOIOIM 104 no
MIS 8 no Silellellel)s) 80 yes
MIM 16 yes Slololols 88 yes
DIOID 40 yes S|0i010IM 96 yes
DlolIs 48 yes MlololoID 72 yes
DIOIM 56 yes MIOIOIOIS 80 yes
SIOoID 32 yes MIOIOIOIM 88 yes
siols 40 yes DIOIOIOIOID 112 no
SI0IM 48 yes DlOolOololoIs 120 no
MIOID 24 yes DioiololOIM 128 no
MlOIs 32 yes Sliololololp 104 no
MIOIM 40 yes sloloiolols 112 no
DIOIOID 64 yes SIO101010IM 120 no
DIOIOIS 72 yes MIOIOIOI0ID 96 yes
DIOIOIM 80 yes Miolololois 104 no
SIOloID 56 yes MiOIOIOI0IM 112 no
Siolols 64 yes
m-11




3.3.1.5 The Total Number of Day-shifts, Night-shifts, and
Midnight-shifts. The analysis conducted in Chapter II showed that

when WS = 3, DS; = SSj = MS; =%% for i=1...., CR. Thus, in a 25-day

cycle the total number of day-shifts per crew is five; the total number of
night-shifts per crew is five; and the total number of midnight-shifts per
crew is five.

3.3.1.6 The Cycle Offset. In Section 2.2.7, Equation
(2-25) defined the cycle offset between each crew as the cycle length
divided by the number of crews. Thus, the cycle offset, CO, is five.

3.3.2 Building a Partial Schedule. Using a cycle offset
of five, begin the process of generating a crew schedule by laying out a
partial schedule for five days as shown in Figure 3.6. As stated in
Section 3.1.3, the rotation pattern to create a cycle is set(1) = set(d) =
set(4) = set(3) = set(2) = set(1) = ... . For example, this means that
crew one will rotate from shift set(1) to sets (5), (4), (3), and (2),
respectively, and then repeat the cycle starting with set(1). The partial
schedule must have five day-shifts, five swing-shifts, five midnight-shifts
and ten off-shifts. The off-shift days must be grouped into sets of
consecutive days to maximize the total off-shift period. Thus, the shift
combinations D=0=0=20=S; S=20=20=>0=M;andM=0
= O = O = O = D must be included.

-
|
(2
b
kn

[CREW
(1) 1

\2) 2
3] 3
4] 4
B 5
Figure 3.6: Partial Schedule Based on a Five-Day Offset
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3.3.2.1 Assign Shifts to Set (1). Set(l) may be assigned
any combination of compatible shifts. Since two of the three shift
combinations that provide 96 hours of continual off-shift time contain
five days, then let set(1) be one of these two off-shift sequences. Figure
3.7 shows set(1)'s shift sequence settoD=0=0=0=S.

DAY

oW ek
(1) 1 ojo|s

(2)
&)
@)
(3)

Nl jJWI N

Figure 3.7: Set(1l) Shift Combination D=0=20=0=S8

3.3.2.2 Sets Compatible With Set(1). Given the set
rotation pattern established in Section 3.3.2, there are two sets that
must be compatible with set(1), they are set{5) and set(2). Set(1)'s shift
combination leaves four day-shifts, four swing-shifts, five midnight-
shifts and seven off-shifts remaining to be assigned. Recall that on any
day of the schedule there is 1 day-shift, 1 swing-shift, 1 midnight-shift
and N off-shifts. From Section 3.3.1.3, N = 2, so, there are two off-shifts
each day. Since day one of set(1) is assigned a day-shift, then day one's
shift assignments for the remaining sets, (2) through (5), must be one
swing-shift, one midnight shift, and two off-shifts. Following the
established set rotation pattern, set(5) must follow set(1). Thus, the
shift that is assigned on day one of set(5) must be compatible with the
shift already assigned to day five of set(1). Referring to Table 3.1, a
swing-shift, a midnight-shift, or an off-shift is an acceptable selection
for day one of set(5). If an off-shift were assigned, it would be necessary
to continue to assign off-shifts for two more days to maximize the
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continual off-shift time. This is a reasonable option to consider;
however, upon further examination, assigning an off-shift would cause a
longer stretch of workdays to be assigned at a later point in the schedule.
Specifically, by assigning the three off-shifts, thirteen workshifts and
four off-shifts would remain. The other options are to assign either a
swing- shift or a midnight-shift. Since day five of set(1) is already a
swing shift and one of the objectives is to minimize the number of
rotations amongst consecutive workshifts, then assign day one of set(5) a
swing-shift.

(1)
)
(3)
(4)
(5

>
=)
Q
=)
2

Nld W] N

Figure 3.8: Set(5) Compatibility with Set (1)

When day five of set(2) is complete, the cycle repeats itself starting
with set(1). Therefore, the shift chosen for day five of set(2) must be
compatible with the shift assigned on day one of set(1). According to
Table 3.1, the only shifts able to precede a day-shift are another day-shift
or an off-shift. If an off-shift is chosen the result will be to assign off-
shifts to the three days prior. The resulting shift sequence from
assigning these three days as off-shifts would be four off-shifts, a day-
shift, followed by three more off-shifts. This would require longer
stretches of workdays in other parts of the schedule. Therefore, assign
day five of set(2) a day-shift.

lii-14




DAY
CREWT
(1) 1 olo|o|s
@ | 2 D
3) 3
(4) 4
(3) 5 IS

Figure 3.9: Set (1) Compatibility with Set (2)

3.3.2.3 Assign Remaining Shifts to Set(3). Referring
again to set(5), day five may not be a swing-shift, because set(1) is
already assigned a swing-shift on day five; nor can it be a day-shift
because day five of set(2) is assigned the day-shift. Therefore, day five of
set(5) must either be a midnight-shift or an off-shift. Days two through
Jour of set(5) may be assigned swing-shifts, midnight-shifts or off-shifts.
To avoid changing workshifts, continue to assign the swing-shifts from
day two through day four. Note that Figure 3.10 shows five swing-shifts,
and as such, all the swing-shifts required for the partial schedule are
assigned.

(1)
2)
(3)
4)
(5)

—

i~
Q
Qo
Q
17,]

Nid W

Figure 3.10: Assigning the Remaining Swing-shifts
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3.3.2.4 Set Compatibility With Set(5). Set(4) follows
set(5). Under the definition of compatibility, day one of set(4) must be
compatible with day five of set(5). Since a day-shift and swing-shift have
already been assigned to day one, day one of set(4) may either be a
midnight-shift or an off-shift. Since day four of set(5) was assigned the
last swing-shift of the cycle, assign the continual off-shift pattern: S =
O= O = O = M. Thus, Figure 3.11 shows day five of set(5) assigned an
off-shift; day one and day two of set(4) assigned off-shifts; and day three
assigned a midnight-shift.

DAY
,CREW 1 345
03 3 ololo|s
@1 2
3@ s
(4) 4 |oOjo
B)| s |slsisislo

Figure 3.11: Shift Combination S=0=0=0=M

3.3.2.5 Compatibility Within Set(4). Four off-shifts,
four midnight-shifts, and three day-shifts must still be assigned. Only a
midnight-shift or an off-shift may follow a midnight-shift. If the off-shift
is assigned, then the shift combination of four consecutive off-shifts
must be assigned, M = O = O = O = O = D. Assigning this
combination would force the combination, M = D to occur at a later
point in the schedule. Table 3.1 shows that a midnight-shift to a day-
shift combination is not allowed. Therefore, the midnight-shift must be
assigned to days four and five of set(4). The remaining two midnight-
shifts must also be assigned to the first two days of set(3). Figure 3.12
shows the assignment of the remaining midnight-shifts.
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Figure 3.12: Assigning the Remaining Midnight-shifts

Recall the requirement that on any given day of this partial
schedule there must be one day-shift, one swing-shift, one midnight-
shift, and two off-shifts. Note that on day one and day five of this partial
schedule, a day-shift, swing-shift, and a midnight-shift have been
assigned, thus, day one of set(2) and day five of set(3) must be assigned
off-shifts. On day two of the partial schedule, a swing-shift, a midnight
shift, and two off-shifts have been assigned. Therefore, a day-shift must
be assigned to day two of set(2).

DAY
12345
CREW

(1) 1 |plololols
(2) 2 |olp D
(3) 3 [mMM o
(4) a4 |o|o|mMimiM]
(5) 5 |sis|s|s|o

Figure 3.13: Assigning Shifts to Meet Daily Requirements
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3.3.2.6 Compatibility of Set(3). Since a day-shift
cannot follow a midnight shift, the only choice for day three of set(3) is
the off-shift. Moreover, since off duty time is to be maximized, continue
to assign the off-shifts to complete the last of the three off-shift period
combinations, M=20=0=0=0=D

- DAY
CREW] 2
m| olo|ols
2] 2 |op D|
@] 3 olo
4 s |o|olmlm
(5) 5 s|s|slo

Figure 3.14: Shift Combination M -50=20=0=0=D

3.3.2.7 Compatibility of Set(2). The only shifts
remaining to be assigned are the day-shifts. Thus, days three and four of
set(2) must be assigned day-shifts to complete the partial schedule.
Figure 3.15 shows the complete partial schedule of size CR x CO.

AY

CREW 12345
wy ololo]s
2)| 2 |o|plpiplD
@] 3 Mlolojo
@] 4 lo|o|mmm
B s s|s|slo

Figure 3.15: Assigning the Remaining Day-shifts
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3.3.2.8 Review the Feasibility of the Partial Schedule.
The partial schedule is reexamined to ensure that it meets the standards
established by Air Force Space Command regulations. For the schedule
to be feasible, the following conditions must be satisfied.

1) On any day, there must be only one day-shift.
2) On any day, there must be only one swing-shift.
3) On any day, there must be only one midnight-shift.

4) On any day, there must be N off-shifts per day. (For this
schedule, N must equal two off-shifts per day).

5) Each set must be internal compatible.
6) Consecutive sets must be compatible.

Note that Figure 3-15 meets all these requirements.

3.3.2.9 Schedule Objectives. Along with schedule
feasibility, the schedule must be checked to see that it meets the two
objectives for crew shift schedules:

1) Maximize the total number of consecutive off-shifts allowed.
The three shift combinations D=>0=0=>0=S;, S=>=0=0=

O=M;and M =0 =0=0 = 0 =D were included in the
schedule; each shift combination results in 96 hours of off-shift
time.

2) Minimize the number of workshift changes among consecutive
duty days. The workshifts assigned during any set of consecutive
duty days are the same, thereby eliminating workshift changes.

3.3.3 The Resulting Crew Shift Schedule. Using the
rotation patterns in Section 3.3.2 and the partial schedule in Figure
3.15, an alternate one-month schedule is shown in Figure 3.16.

11-19




DAYS IN SCHEDULE

1[2[3[a]s[e[7[s[e[ [ [A[I[A[I[[1[1[1[2[2[2[2]2[2[Z2]2[2] 2[3]5
CREW o|1]2s|4|5|6]7|8[0|o|1]|2|s]4|5]6|7|s|8]0[1
A |p|ojojo}s|s|s|s|s|ojojo|m|mim| M 0| 0l 0| 0| | D|p|D|D]|O| O] Ol S| S
B |o|p|p|p|o] s|s|s|s|s| ol o| ofasr] s 0l o| 0] olp|p|p|D|D
C Mol ololo|p|p|p|p|n|o]o]ols|s|s|s|s|o]ofolmx ojojo|
D 1 M M 0lo|o]o| p]p|p| p]p| 0] o] d 5| 5] s|s|s|0]0]0]ne] sarlae
E |[s|s|s]s|o| d o slsfsfsd of o] o] ofp|p|p]p|D]0] 0l 05| S| S|s|s | 0l0

Figure 3.16 : The Proposed Schedule

3.4 Comparing the Alternate Schedule to the Current Schedule

To make Figure 3.16 easier to read, the off-shifts, represented by
the symbol "O," were removed. Figure 3.17 illustrates the same crew
shift schedule as Figure 3.16. The only difference is that a day having
no entry represents a crew with an off-shift on that day.

DAYS IN SCHEDULE
1[2[ 3[4 s[e[7[s]o[1[1 [1[1[1[1[1] [1]1]2]2]2[2][2]2]2]2]2] 2[3]3

CREW| o|1]2|3|4|5]|6]7|8]|9]0|1|2|3]4|5|6]/7|8]9|0]|1

A |p s|s|s|s|s M p{D|DiD|D s|s

B | |plp|p|p|p s|s|s|s|s M p|p|p|p|p

C D|D|D|D|D s|s|s|s|s M] M

D M p{D|D|D{D s|s|s|s|s

E |[s|s|s|s i p|p|p|p|p s|s|s|s|s

Figure 3.17: The 5/3- 5/3- 5/4 Shift Schedule

3.4.1 Establish Criteria to Compare Crew Shift Schedules.
Currently, Air Force Space Command and the Space Operations
Squadrons do not have any formal way to measure the effectiveness of
crew shift schedules. An effective schedule is one that meets specific
criteria which makes it more appealing than another schedule. This
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section of the research presents a list of criteria which may be used to
compare two crew shift schedules.

1) First, an effective schedule must provide coverage for satellite
operations 24 hours-a-day, 7-days-a-week.

2) An effective schedule would use the smallest number of people
to meet the daily coverage requirements.

3) One of the major problems with previously used crew shift
schedules is compliance to AFSPACECOM regulations and space
operation policy. Therefore, an effective schedule complies with
applicable AFSPACECOM regulations and takes advantage of any
existing waivers.

4) Another area of concern is the number of workshift changes
among consecutive duty days. An effective schedule minimizes the
number of changes among contiguous workshifts.

5) Crew members are interested in having their off-shift time
arranged so that the off-shift days are consecutive. Therefore, an
effective schedule maximizes the number of continual off-shifts up to the
amount of time allowed by regulations.

Ideally, all of the criteria listed should be met for a schedule to be
considered effective; however, in practical operations, trade-offs among
the criteria may be necessary to meet the goals and priorities of Air Force
Space Command and Space Operations Squadrons. Therefore, the choice
of selecting a crew shift schedule should be made by picking the schedule
that best meets the criteria.
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8.4.2 The Proposed Alternative Schedule Versus the Current
Crew Shift Schedule. The criteria established for measuring the
effectiveness of a crew shift schedule is used to compare the proposed
alternate crew shift schedule to the current crew shift schedule. This
section examines the elements of coverage, workforce size, compliance,
workshift changes, and off-shift periods.

1) In terms of coverage, each crew shift schedule meets the
standard equally.

2) Both crew shift schedules use five crews, so the size of the
workforce each schedule requires is the same.

3) Both of the crew shift schedules meet the requirements directed
by AFSPACECOM regulations.

4) The current 2/2/2/4 crew shift schedule requires a crew to
change workshifts twice within a period of six days while the alternate
schedule has zero workshift changes in its consecutive work periods of
five days. Therefore, the alternate crew schedule is more effective under
this measure.

5) Both schedules give crews 96 hours of off-shift time between
stretches of duty days. Hence, the schedules are considered equal under
this measure.

Both crew shift schedules score essentially the same in all areas
except in the category of minimizing the number of workshift changes.
The alternate schedule provides all the qualities of the current schedule
plus the added bonus of reducing the number of workshift changes
during consecutive duty days. The alternate schedule reduced the
number of changes among consecutive duty days from two to zero.

In addition, the 2/2/2/4 schedule requires crew members to work
six shifts to receive their 96 hours of off-shift time. The alternate
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schedule only requires crew members to work five shifts to receive 96
hours off.

3.5 Chapter Summary

The relationships established between the elements of cycle lengtn,
number of workshifts, total number of crews, number of same shift
periods, and cycle offset can be used to determine alternative cyclical
crew shift schedules. The cycle offset, used in conjunction with other
mathematical relationships, provides a method to generate alternative
crew shift schedules. These crew shift schedules must adhere to Air
Force Space Command regulations and normal space operation
procedures. Using parameters from the current 2/2/2/4 crew shift
schedule, the method to generate feasible crew shift schedules was
applied. The resulting alternate crew shift schedule was compared to the
2/2/2/4 crew shift schedule using a set of criteria as a way to measure
the effectiveness of each schedule. The alternate crew shift schedule was
deemed more effective.

11-23




Chapter IV

4. An Approach to Non-Crew Scheduling

The First Space Operations Squadron currently assigns each of its
satellite-support personnel to one of five crews and then creates a
cyclical crew shift schedule. Civilian professions that require 24-hour
operations, such as nursing, schedule their personnel according to
individual skill level and the needs of each shift period (13:411). The
suggestion of individually scheduling SOPS personnel invites an
immediate negative response from the 1SOPS operations staff. The
compelling argument presented by the operations staff is that crews are
necessary to keep each person on the same cycle as his/her supervising
official. Thus, the supervising officials are able to evaluate their
subordinates much more effectively (12).

Chapter V explores this unconventional approach for scheduling
SOPS personnel. Instead of assigning each person to a crew, each
person is assigned to his/her own shift schedule. The objective is to
examine how individually scheduling satellite personnel effects the size
of the crewforce. Each person's schedule is made up of a cycle of
workshifts and off-shifts. The assigned individual schedules must satisfy
the daily minimum manning requirements for satellite support
operations. This type of personnel scheduling problem may be modeled
through a class of integer programming problems called set covering
problems.

This chapter introduces the set covering problem by defining
applicable terms, displaying a standard model, giving an example of an
application, and discussing its limitations. Then, by applying the
procedures from cyclical crew shift scheduling, a small test model is
formulated as a set covering problem. This test model is entered into a
software program [GAMS (General Algebraic Modeling System)] and
solved. The purpose behind this test model is twofold: 1) to show how




to formulate a personnel scheduling problem as a set covering problem;
and 2) to illustrate how to interpret the results. The primary focus of
this chapter is to develop a foundation for the research and results
presented in Chapter V.

4.1 Set Covering Problems

4.1.1 Terminology. An important term that must be understood
about the set covering problems is the word "cover”. In a set covering
problem, a subset of a given set of possible solutions is chosen to exactly
satisfy or exceed a set of minimum requirements. For example, let the
requirement set be the need for one red, one blue, and one white ball.
The given solution set contains four elements. Element A is composed of
one red ball, element B contains one white ball, element C contains one
blue ball, and element D contains one red and one white ball. One
solution to the problem would be to use element C and element D. The
result of using both elements yields one red, one blue, and one white
ball. Thus, the requirement set is covered by elements C and D.

Garfinkel and Nehauser define the set covering problem as follows
(8:298-300):

1) Given asetI={l,.., m) and a set S = {Sj...., Sp}, where Sjc I
and je J={1,...,n}, then a subset J*C J defines a cover of I

if | Sj=1L
Jjed»*
2) Let ¢j > O be associated with every j € J. Then the total cost of

the cover J*is ) g.
Jed*

Each element of the given set I must be "covered” by an element of
set S. The objective of the set covering problem is to find a cover that
minimizes cost. If the objective is to minimize the number of elements
from set S that are used, then all of the cost coefficients, cj, are equal
andcj=1, Vje J(14:184).




4.1.2 The Set Covering Model. The set covering problem
is modeled as an integer program. The mathematical representation of

the set covering problem is

n
Minimize ) gx
J=1

n
Subject to Y agx 21, i=12.., m
=1

xj=0orl, j=12..n

Where:
1, if j is in the cover,
= =1.2,...,
g {O. otherwise; J i
Lifie S,
= = II * £
4 {O.otherwise; J 2
q > o j= 192v-"9 n;

Note that any solution satisfying the constraints is called a cover
solution.

4.1.3 A Current Application of the Model. A principle user of
the set covering model are airline companies. One personnel scheduling
application is known as "the aircrew scheduling problem.”

Each day major airline companies schedule thousands of flights
out of cities all over the world. Typically, an airline crew may fly several
of these scheduled flights on any single day. Therefore, the problem is to
assign airline crews to cover the flights already scheduled. A common
objective for aircrew scheduling is to minimize the total cost to the
airline. Each flight combination has an associated cost, represented by




¢j in the model. Costs may include such items as per diem rates for
meals and hotels. Airlines want to meet their coverage requirements at
the lowest possible cost. If, instead, an airline seeks to cover all its
flights during a given period using the minimum number of aircrews,
then all cost coefficients equal one.

Using the notation presented in Section 4.1.1, the elements of set I
are the flights which an airline must cover. The elements of set S
contain possible flight combinations for aircrew members. The flight
combinations are found by listing combinations of flights that physically
connect and comply with airline flight crew regulations. Using the
general model in Section 4.1.2, the aircrew scheduling problem may be
mathematically modeled:

Minimize icpg
J=1

n
Subjectto Y awpg21, i=12.. m;
J=1

xj=0orl, j=12..,n
Where:
i= a flight between two cities;
J = a particular combination of flights;
m = the total number of flights;

n = the total number of possible flight
combinations;

1, if flight combination j is assigned,
= |0, otherwise;




_ f1.if flight { appears in flight combination j,
" | 0.otherwise;

¢ > 0.

4.1.4 Drawbacks to Using Set Covering. The difficulty in set
covering problems does not arise from the structure of the problem but,
rather, from the number of integer variables. In practice, most set
covering problems have comparatively few constraints, but an enormous
number of discrete variables. A problem of this type may have a bounded
feasible region with a finite number of feasible solutions; however, the
set of feasible solutions may be quite large. For example, a binary
integer programming problem allows the value of its discrete variables to
be either one or zero. As such, a problem containing n discrete variables
may have up to 2" feasible solutions. A problem with only 25 discrete
variables would yield a total of 33,554,432 possible solutions.

Problems of this type become difficult to solve because of the large
number of iterations and huge amount of resource time required to find
the answer to the problem. Problems that are large must be divided into
several smaller problems, or the problem's size may be decreased by
eliminating some of the potential cover solutions. This reduction in the
set of possible solutions may reduce the computational time; however, it
is important to note that eliminating a potential solution may also
result in a problem in which the solution is not optimal for the original
problem (10:464).

4.2 Modeling Satellite Operations as a Set Covering Problem

This section introduces a small personnel scheduling problem for
satellite operations. The example problem is formulated as a set covering
problem, formatted for GAMS, entered into the VAX/VMS computer
system and solved. The resulting output is provided in Appendix A. An




assumption made in using the set covering model is that every person
follows a cyclic schedule for a specific cycle.

4.2.1 An Example Personnel Scheduling Problem.

4.2.1.1 The Parameters. For this example, there are two
workshifts each day: the day-shift and the night-shift. When WS = 2,
the day-shift is the first shift and the night-shift is the second shift of
the duty day. Assume the cycle length is four days (CL = 4), the cycle is
composed of one day-shift (DS = 1), one night-shift (NS = 1), and two off-
shifts (OS = 2). Recall in Section 2.2.7 that the cycle offset was assumed
to be equal between successive crew cycles and that CO = DS = NS.
Therefore, CO = 1. This cycle offset is used to set up the partial shift
schedule that will be used to generate the set of possible schedules.

4.2.1.2 Total Number of Possible Combinations of Crew

Shift Schedules. Using Equation 2.27 in Section 2.2.8,

DS | ﬁlé', OS1T °* the total number of possible combinations for a

schedule that this four-day cycle may have is twelve. However, as
Section 3.2 explained, not all twelve shift combinations are feasible.
Table 4.1 shows the shift combinations that occur when constructing a
shift schedule specifically for managing one day-shift (D), one swing-shift
(S), and two off-shifts (0). The table also indicates if a shift
combination is feasible under the requirements directed by Air Force
Space Command.




Table 4.1 Shift Combinations for the Four-day Cycle

Shift Hours Between Allowed by
Sequence Shifts regulations
DIN 24 yes
NID 0 no
DIOIN 48 yes
NIOID 24 yes
DIOIOIN 72 yes
NIOIOID 48 yes

4.2.1.3 Using the Cycle Offset to Generate Potential
Shift Schedules. Part one of Chapter Il introduced a procedure to
generate alternative crew shift schedules. The same principles used to
generate the crew shift schedules may be applied here to generate all
possible combinations of schedules with a cycle length equal to four.
Given CO = 1, Figure 4.1 shows the partial schedule that is used to
generate cycles.

SET |1

(1)

(2)

(3)

4)

Figure 4.1 Partial Schedule of Size 4x 1




The rotation pattern for this partial schedule is: set(1) = set(4) = set(3)
= set(2) = set(1) = ... . Thus, allowing set(1) to begin with the day-shift
creates the partial schedules illustrated in Figures 4.2, 4.3 and 4.4:

DAY

SET

(1)

@)

(3)

(4)
Figure 4.2 Partial Schedule #1

Q| O] 2| U=

DAY

SET
(1)
(2)
(3)
4)
Figure 4.3 Partial Schedule #2

Ol 2] Q0] U |m

DAY

SET
(1)
(2)
(3)
4 [N
Figure 4.4 Partial Schedule #3

Q|O]| U |~




4.2.1.4 Cycle Feasibility. Before proceeding, the
feasibility of each partial schedule must be determined. Referring to
Section 3.2, the partial schedule is feasible if each set is internally
compatible; and all sets are compatible with each other. The internal
compatibility is automatic since there is only one day in each set. The
compatibility between each set may be verified by confirming
compatibility of set(1) with set(4); set{4) with set(3); set(3) with set(2);
and finally set(2) with set(1}. From Table 4.1, the only shift combination
not allowed by AFSPACECOM regulations is N= D. Thus, partial
schedule #1 is not feasible and any cycle generated from this partial
schedule is not a feasible schedule.

Using the rotation patterns defined in Secticn 4.2.1.3, partial
schedule #2 and partial schedule #3 yield the following shift
combinations:

1) D=0=N=0;
2) O=N=0=D;
3) N=20=D=0;
4 O=>D=0=N;
5 D= N=0=0;
6) NoO=0=D;
7) O=0=3D=N; and
8 O=>D=N=0;

These eight shift combinations make up the elements contained in the
set of schedules.

4.3 Formulating the Set Covering Problem

For this example, the manning requirement is for at least one
person to be assigned to each workshift in the cycle. There are four days
in the cycle and two workshifts per day; therefore, there are a total of
eight workshifts per cycle. Only one person may be assigned to each
cycle that is selected. The objective is to minimize the number of people
needed to cover the eight workshift periods. Since the goal is to
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minimize the size of the workforce, all cost coefficients, cj, equal one.
Thus, the example problem is formulated as follows:

Minimize i X
J=1

n
Subjectto Y apg=1, i=12.. m;
=1

xi=0orl, j=12..n
Where:
i = a particular workshift in the cycle;
J = a specific shift combination;
m = the total number of workshifts in the cycle; m=8;
n = the total number of shift combinations; n=8;

N 1, if shift combination j is assigned to a crewperson,
~ {0, otherwise;

_ |L.if workshift iis assigned in the shift combination j,
=10, 0therwise:

IvV-10




Figure 4.5 shows the A matrix used for the example set covering problem.

Column j
1lolololilololo
ol1lolol1lolo
olol1lolololn
R;""01001000
olilololol1lo
1]ololololo]o]1
0[1]0]0[0f1][0]0
oJolol1lolol1]0
Figure 4.5: Matrix A

Given that the cycle length is equal to four days and each day has
two workshifts; there are eight workshifts in the cycle. The eight rows
represent the eight workshifts that must be covered. Each column is a
shift combination. (These eight shift combinations were generated in
Section 4.2.1.4). An element ay corresponds to the value located in row i
and column j; where i= 1,2,...., 8and j = 1,2,..., 8. If the value located in
the ay position is one, then shift combination j assigns workshift i For
example, the value of the element a;; equals one, so shift combination
one assigns the day-shift on day one. Figure 4.6 shows an example of
how to interpret the Matrix A using the shift combination D =20 = N=
O.

Shift
combination
pay 1 dayshift 1 D

night-shift
—%o

dayshift
DAY 2 night-shift
_* N
(0

day-shift
DAY 3 night-shift

day-shift
DAY 4 night-shift

co-olook

Figure 4.6: Shift Combination D=0=N=0
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4.4. Results From the Example Problem

The problem was solved and the output revealed that the minimum
workforce size is four people. The shift combinations selected were: D =
O=>N=200=N=>0=2D;N=20=D=0;andO=>D=0=N.

Figure 4.7 shows the solution as a shift schedule.

1/2]3]4
person #1|D O |N O
person #2 10 (N[O |D
person #3 | NjO|D|O
person#4|O0|D|O|N
Figure 4.7: Individual Schedules for a Four-day Cycle

Note that this schedule meets the manning requirement which is for at
least one person to be assigned to each workshift in the cycle. Therefore,
it is possible to use the set covering problem to model personnel
scheduling for satellite operations.

4.5 Chapter Summary
This chapter introduced an approach to scheduling personnel
without using crews. This approach used the set covering problem.

Using a given set of parameters pertaining to crew shift scheduling,
a small test model was formulated as a set covering problem. This test
model was entered into a software program called GAMS, and the output
report is presented in Appendix A.

The next chapter applies the set covering method to the current
personnel scheduling problem for the First Space Operations Squadron.
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Chapter V

5. Applying the Set Covering Method to the
First Space Operations Squadron

In this chapter, personnel scheduling for the 1SOPS is modeled as
a set covering problem. As a first step, this chapter outlines daily
manning requirements. Then using the parameters from the current
2/2/2/4 shift schedule and the method to generate cyclical crew shift
schedules, other 10-day shift combinations are created to establish a set
of potential schedules. In addition, the alternative 5/3 - 5/3 - 5/4 shift
schedule is used to generate potential schedules for a 25-day cycle.
These potential schedules are then used in set covering models for 10
and 25 day cycles.

5.1 Manning Requirements for the 1SOPS

The First Space Operations Squadron satellite support force is
composed of five crews. Each crew is staffed to fill three crew positions:
Flight Commander (FCMDR), Crew Commander (CMDR), and Ground
System Operator (GSO). Also, the 1SOPS has another position called
the Deputy Crew Commander. The Deputy Crew Commander performs
the same duties as the Crew Commander and the only difference between
the two positions is rank. Since the Crew Commander and Deputy Crew
Commander perform the same duties, this research only uses the title
"Crew Commander."

5.1.1 Flight Commander (FCMDR). The Flight Commander
does not perform any of the support duties for satellite operations.
Instead, Flight Commanders supervise crew shift operations. Flight
Commanders are responsible for directing emergency procedures, writing
performance reports and carrying out administrative duties such as
coordinating leave among crew members.




Currently, there are five people assigned to the Flight Commander
position. One Flight Commander is assigned to each of the five crews;
thus, one Flight Commander is on shift at all times.

5.1.2 Crew Commander (CMDR). Crew Commanders plan
satellite contacts, control real-time support operations on satellites,
and analyze data received from a satellite. Initially, the duties for a Crew
Commander were divided between two crew positions called a Satellite
Operations Officer (SOO) and a Planning Analysis Officer (PAO). In
response to a shortage of personnel assigned to the crew force, the
1SOPS combined the duties of the two crew positions into one position
called the Crew Commander. The 1SOPS received a waiver to combine
the two crew positions in December of 1992 (1).

The 1SOPS was established in 1987 to support two satellite
programs; the Defense Support Program (DSP) and the Global
Positioning System (GPS). Since 1989 the 1SOPS has gradually gained
control over a third satellite program, the Defense Meteorological
Satellite Program (DMSP).

Currently, the 1SOPS has forty-eight Crew Commanders. To
maintain operational support of all three satellite programs, the Crew
Commanders become dual qualified in two of the three programs. First,
a Crew Commander is trained to support either the DSP or the GPS
satellite. Once a Crew Commander is proficient in a primary program,
he/she is trained to support DMSP. A waiver to regulation 55-12, dated
April 1993, directs that at least four DSP qualified Crew Commanders,
three GPS qualified Crew Commanders, and two DMSP qualified Crew
Commanders must be on duty during each shift (7). Figure 5.1
illustrates the current distribution of Crew Commanders among five
Crews.
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CMDRs

; DSP DSP & DMSP GPS GPS & DMSP | Total Number
on Crew

1 2 2 2 2 8

2 s 2 3 2 10

s s 3 2 s 11

4 s 2 2 2 9

5 s 2 2 s 10
w&?:: 14 11 11 12 48

Figure 5.1: CMDR Distribution Among Five Crews

5.1.3 Ground System Operators (GSO). Unlike the Crew
Commander position, the GSO position is not program dependent. Each
Ground System Operator is capable of supporting any of the three
satellite programs. Their primary duty is to set up and maintain the
ground interfaces that are necessary for satellite support. The current
minimum number of Ground System Operators required during any
workshift period is four. This requirement is a waiver to the Space Wing
regulation requirement of six GSOs per workshift (7). The distribution of
GSO's in the 1SOPS is shown in Figure 5.2.

GSO

CREW

1 L]

2 7

3 5

4 6

5 5
Total 29

Figure 5.2: GSO Distribution Among Five Crews




5.2 Generating the Set of Potential Schedules

The next step in the process of formulating the set covering models
is to determine a set of potential schedules. Two sets of schedules are
generated. The first set contains shift combinations that have a 10-day
cycle and the second set contains shift combinations that have a 25-day
cycle. The shift combinations generated for the 10-day and 25-day cycles
are presented in Appendix B.

5.2.1 The 10-Day Schedules. The parameters used to generate
the 10-day shift combinations were determined by examiming the current
2/2/2/4 shift schedule. Using Equation (2 - 28) with a given cycle
length of ten days and the requirement for each shift combination to
have two day-shifts, two swing-shifts, two midnight-shifts and four off-
shifts, it is possible to generate 18,900 shift combinations. Since most
of these shift combinations do not comply with AFSPACECOM
regulations, the method established in Chapter III for generating shift
combinations is used to generate a subset of the set of potential 10-day
schedules. It was noted in Chapter IV that a problem's size can lengthen
the solution process. To ensure reasonable solution times, five-hundred
shift combinations were chosen for inclusion in the n:odel.

5.2.2 The 25-Day Schedules. The same process for generating
the set of 10-day schedules is used to generate the schedules for the 25-
day cycle. The alternate 5/3 - 5/3 - 5/4 shift schedule presented in
Chapter III was used to determine the parameters needed to generate
other 25-day shift combinations. The total number of possible shift
combinations for a 25-day cycle is 2,473,653,742,000; however, only five-
hundred shift combinations which comply with AFSPACECOM
regulations were actually generated.

5.3 The Set Covering Models
To model the daily personnel requirements of the First Space
Operations Squadron, three separate set covering problems were




formulated; the Flight Commander problem, the Ground System
Operator problem, and the Crew Commander problem. In all three
problems, the objective function minimized the total number of crew
personnel needed to meet the workshift requirements of the cycle.

5.3.1 The Flight Commander Problem. From Section 5.1.1,
the number of Flight Commanders required each workshift is one.
Therefore, every workshift in the cycle requires at least one Flight
Commander. Using this constraint and the 10-day and 25-day schedules
generated in the last section, the Flight Commander set covering problem
formulation is as follows:

Given: m = the total number of workshifts in a cycle;
n = the total number of shift combinations;
i = a specific workshift within the cycle;

J =a specific shift combination;

Minimize Y x
J=l

Subject to Y agx > 1 i=12..m
J=1

xj=0orl1, j=12,..,mn

Where:

1, if shift combination j is assigned to a FCMDR,
X = o
0, otherwise;




1, if workshift iis assigned in the
ajj = { shift combination j,
0, otherwise;

This formulation of the set covering problem allows for the
decision variables, xj, to be assigned values of either zero or one. Thus,

this model is referred to as the binary model.

5.3.2 Ground System Operator Problem. Modeling the
Ground Systems Operator problem is very similar to the Flight
Commander problem. The only difference between the two problems is
the minimum manning requirement. Four Ground System Operators are
required during any workshift period.

Since the daily manning requirement for the number of GSOs per
workshift is four, the upper bound on the number of people assigned to
the same shift combination may be any value greater than four. For this
model five was chosen to be the upper bound. This means that the
decision variables for this model may be assigned any integer value
between zero and five.

Using notation similar to that of the binary model for the Flight
Commander problem, the integer model for the Ground System Operator
problem is as follows:

Given: m =the total number of workshifts in a cycle;
n = the total number of shift combinations;

i = a specific workshift in the cycle;

J =a specific shift combination;




n
Minimize Y x
J=t

n
Subjectto Yayx 2 4 i=12..m,
J=1

0<xj<5 j=12.. n;
Where:
1,2,3,4,0r 5 if shift combination j

{ is assigned to a GSO,
|0, otherwise;

X

1, if workshift i is assigned in the
aj=4{ shift combination j,
|0, otherwise;

5.3.3 The Crew Commander Problem. Like the Ground
System Operator problem, the Crew Commander problem is formulated
using an integer model. However, this model must be modified to
incorporate the fact that Crew Commanders are qualified to support a
specific satellite program.

Given that the current minimum number of Crew Commanders on
duty during any workshift must be four DSP, three GPS, and two DMSP,
the decision variables for this problem are expected to be assigned values
between zero and four. To allow for the possibility that a variable could
be assigned a value greater than four, the upper bound was set to seven.
Thus, the decision variables in the Crew Commander problem may be
assigned integer values greater than or equal to zero and less than or
equal to seven.




The set covering problem for the Crew Commander position is
formulated as follows:

Given: m = the total number of workshifts in a cycle;
n = the total number of shift combinations;
i = a specific workshift within the cycle;

J =a specific shift combination;

Minimize Y (u+uy+x+y)
J=1

Subject to Y (wwy+ayuyn 2 4 i=1... m; (DSP)
j=1

Ylayx+agyy 2 3 i=l.., m (GPS)
J=1

Y(ww+ayyy 2 2 i=1.. m; (DMSP)

J=1

Zuy < Zw (Dual Qualified Constraint)
J=1 J=1

Yuw< Yx (Dual Qualified Constraint)
J=1 J=1

0 <vj, wj, xj, Yyj<7; J=12,.., nand vj, wj, xj, yj€ Z*;
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Where:

1,2,3,4,5,6, or 7 if shift combination j
Vj = is assigned to CMDRs qualified in DSP,
0, otherwise;

(1,2,3,4.5,6, or 7 if shift combination j
wj = {is assigned to CMDRs qualified in DSP & DMSP,
(0, otherwise;

1,2,3,4,5,6, or 7 if shift combination j
xj= 4 Iis assigned to CMDRs qualified in GPS,
|0, otherwise;

1,2,3,4,5,6, or 7 if shift combination j
yj= 4 is assigned to CMDRs qualified in GPS & DMSP,
|0, otherwise;

_ |1, if workshift i is assigned in the shift combination j,
§= 0, otherwise;

Note that Crew Commanders can be qualified in two systems. Two
constraints are added to the integer model to more accurately model
current operations. Currently, the 1SOPS has fourteen Crew
Commanders qualified in DSP, eleven in DSP & DMSP, eleven in GPS
and twelve in GPS & DMSP. The first constraint requires that the total
number of DSP & DMSP qualified Crew Commanders selected must be
less than or equal to the total number of DSP qualified Crew
Commanders selected. The mathematical representation of this
constraint iszn:uy < iw. The second constraint requires that the total

J=1 J=1
number of GPS & DMSP qualified Crew Commanders selected must be
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less than or equal to the total number of GPS qualified Crew

n n
Commanders selected, or Yy < Y x.
J=1 J=1

5.4 Stopping Requirements for the Solution Process

Each model described in Section 5.3 was formulated and solved
using the GAMS/ZOOM solver on a VAX/VMS computer system. The
three criteria used to terminate a program were: an optimal tolerance, an
iteration limit and a resource limit.

Quite often, solving an integer programming problemn. requires an
enormous amount of time to find an optimal solution; thus, it is
sometimes reasonable to settle for a solution that is within a specified
percent of an upper bound. The bound is established by relaxing the
problem's integer requirements and solving it as a linear program. When
the integer program is executed, the solver will stop once it finds an
integer solution that is within the specified tolerance. The standard
tolerance used is 0.1. This means the program will stop on the first
solution that is found which has an objective function value within ten
percent of the bound. Unless otherwise stated, each model used a
tolerance of ten percent.

The iteration limit causes the solver to stop after a specified
number of iterations have been completed. The resource limit stops
program execution after a specified number of units of processor time
have been used. The values set for these two stopping criteria varied. If
the results from executing a program did not provide a solution within
the optimal tolerance, then the values for either the iteration limit or
resource limit were increased to allow the solution to fall within the
tolerance.
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5.5 Research Resuits

5.5.1 The Flight Commander. Two binary models were
executed for scheduling personnel for the Flight Commander position.
One model used a 10-day cycle and the other used a 25-day cycle.

5.5.1.1 The 10-Day Model. Initially, the integer
requirements on the decision variable were relaxed and the model was
solved as a linear program with an upper bound of one on the decision
variable. The optimal solution was integer, and less than two minutes
were required to reach optimality.

From the set of five-hundred possible shift combinations, shift
combinations 1,3,5,7, and 9 were selected. Figure 5.3 shows the Flight
Commander shift schedule. Note that the letter "C" is used to represent
the term "shift combination j.”

DAYS IN CYCLE
1| 2[ 3[4]5] 6] 7[8]9]1] rcmpR

C o

1 |D|D|S|s|MM #1

3 |s|s|MiM] DID| #2
5 M p|p|s|s| #3

7 D|D|s|s #4
9 D|D|s|s |m|m| #5

Figure 5.3: FCMDR Shift Schedules for a 10-Day Cycle

The results show that the minimum number of Flight Commanders
needed to meet the daily manning requirements for a 10-day cycle is five.
This result is not surprising since all the schedules are equivalent. That
is, all the shift combinations contain two day-shifts, two swing-shifts,
two midnight-shifts and four off-shifts (recall the analysis conducted in
Chapter II). When WS = 3, there is one day-shift each day in the cycle.
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Therefore, the total number of day-shifts in the cycle equals the cycle
length. Since each day-shift is worked by one Flight Commander, then

FC
Y DS =CL ; 5-1)
i=1

where FC represents the total number of Flight Commanders.

Since all shift combinations are equivalent, DS; = DS = ... = DSpc.| =
DSrc., This yields the following equation:

DSixFC=CL;Vi=1,2, .. FC. (5-2)

Solving for the FC, the number of Flight Commanders needed to
maintain a shift schedule of a given cycle length and a specified number
of day-shifts per Flight C- mmander is

F‘C=‘m;: (5-3)

Thus, for a 10-day cycle having two day-shifts, the number of
Flight Commanders required to build a shift schedule is five.

In order to generate a shift schedule that uses the smallest
possible number of Flight Commanders, again recall the analysis
conducted in Chapter II. When WS = 3, at minimum, four Flight
Commanders must be used to create a shift schedule to cover each
workshift and give off-shift time. Using Equation (5 - 3), when FC = 4
and DS; = 2, the cycle length is eight (CL = 8).

Since the cycle length is the total number of consecutive days
required to complete the sequence of workshifts and off-shifts, when CL
= 8, DS; = 2, SS; =2, and MS; = 2, then the number of off-shifts, OS;,
must equal two. This information may be used to generate shift
combinations for an 8-day cycle. Thus, it is possible to generate a shift
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schedule that uses four Flight Commanders to meet the 1SOPS daily
requirements.

5.5.1.2 The 25-Day Model. The solution time for this
model was minimal. Within two minutes, the computer was able to
obtain an optimal zero-one integer solution. The minimum number of
Flight Commanders needed to meet the daily manning requirements of a
25-day cycle is five. Using Equation (5 - 3), when CL = 25 and DS;j=5
the number of Flight Commanders required is five. The shift
combinations selected formed the shift schedule shown in Figure 5.4.

DAYS IN CYCLE
T TR Bl o eIl o=
1 |(piD|D(D|D s(s|sis|s (MM v | M L
6 S|s|s|s|s M| M D[plpD|D|  #2
11 |s|sls tnaina | ] pipplpfo s|s| #s
18 Ine sls|s|s|s 4
21 |m| plplpip[o s|s|sis|s prlmpana| 45

Figure 5.4: FCMDR Shift Schedules for a 25-Day Cycle

To use the smallest possible number of Flight Commanders when
WS = 3, a minimum of four Flight Commanders are necessary.
Therefore, using Equation (5 - 3), when FC = 4 and DS = 5, the cycle
length would have to equal twenty days (CL = 20).

5.5.1.3 Observations, Suggestions, and Conclusions.
Neither the current method or the set covering method for scheduling
Flight Commanders accounts for the possibility of a Flight Commander
being absent from duty. An absence from duty may include leave,
temporary duty, training, evaluation or illness. The 1SOPS has a total of
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five Flight Commanders. Currently the 1SOPS uses a senior Crew
Commander to serve in the Deputy Flight Commander position. In the
absence of a Flight Commander, the Deputy Flight Commander acts as
the crew's Flight Commander and also performs his/her duties as a Crew
Commander.

The current shift schedule and the two shift schedules that were
generated each require five Flight Commander to support operations;
thus, no benefit seems to be gained from modeling the Flight
Commander position as a set covering problem. Instead, the only way to
reduce the number of Flight Commanders would be to use the
mathematical relationships developed ian Chapter II to determine the
smallest possible number of Flight Commanders needed to meet 1SOPS
requirements. Then generate an acceptable cyclical shift schedule based
on the method shown in Chapter IlII and assign one Flight Commander
to each shift combination in the shift schedule.

5.5.2 The Ground Systems Operator. Two integer models
were solved for scheduling personnel for the Ground System Operator
position. One model used a 10-day cycle and the other a 25-day cycle.

5.5.2.1 The 10-Day Model. The results are shown in
Figure 5.5.

The shift schedule requires twenty Ground System Operators.
Currently, the 1SOPS has twenty-nine GSOs. Thus, nine of the GSOs
are not needed to support normal operations. Some or all of the
remaining Ground System Operators may be used to supplement the
schedule or perform other squadron duties.

The shift combinations shown in Figure 5.5 are the same shift

combinations that were selected to generate the Flight Commander's
schedule for al0-day cycle. Thus, combining the Flight Commanders
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shift schedule with the Ground System Operator shift schedule would
produce five crews having one Flight Commander and four GSOs.

DAYS IN CYCLE
= 123456]789(1, 8o
1 |p|p[s|s|sfsd 1
1 [p|p|s|s|mis 2
1 Ipip|s|s|mm *3
1 |D|D|s|s|m #4
3 |[s|s plp| 5
3 |s|s|mln pjp| e
3 SM[M[ plp| #7
3 Is|s|m plp| #8
5 D|D|S|S| #9
5 luul b|s|s| #10
5 M| p|pisis| #11
5 |mim plp|s|s| #12
7 plo[s[slus] 15
7 Ip[p|s|s|ufsd #14
7 p|p|s|s|mm] #15
7 D|D|S|s #16
9 D|D| s|s|M|m| #17
9 D|s|s|m| #18
9 Ip|p|s|s #19
9 DiD|S|S|M|M| #20

Figure 5.5: GSO Shift Schedule for a 10-Day Cycle

5.5.2.2 The 25-Day Model. The results from solving
the integer model of the 25-day cycle are shown in Figure 5.6.
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T e e ] e
2 |p|olpip s|s|s|s|s MM [ [ae p| #
2 |ppjpjp sis|s|s|s |nefae |afaa[ne D| 42
2 ppipp s|s|s}s|s ﬂn{u]u]u] D] a3
2 |p|p|p|p s|s|s|s|s |ne] ne ne] el e D| 44
7 s(s|s|s|s aelasnejnel pjp|p|p{p -
7 s|s|s|s|s e e o o plplplplp| | +6
7 s|s|s|s|s M Majpa s p|pip 7
7 s|s|s|s | i o] p|p|pjp|p| | s
12 |Sis M| M M| M| M| D|DID|D|D S|S|S| a9
12 |s|s | e aejarfar p|p|p|p sis|s| 410
12 |s|s 2] ] ] | ] p|p|p|p|D| s{s|s] 11
12 [s]s ] 4 M Ml p|p|p|p|D| sis|s| 412
17 |oa|naimejne na] Ip|p]p/p]p| s|s|s|s|s 13
17 [nalnalaaina|na] DD s|s|s|s|s 14
17 [selaaaefaeloa] D D s|ds|s|s .18
17 [|nsarinrlng io|o|p|p{p s|s{s|s|s 16
22 p|p|plp|p s|s|s|s|s Mninelna|
22 p|p|p|p|p s|s|s|s|s MujmMm| o
22 pipip|p|p s|s|s|s|s EEEET —
22 Ipjp|p s|s|s|s|s Mpalaislnel
Figure 5.6: GSO Shift Schedule for a 25-Day Cycle

The shift combinations selected in Figure 5.6 follow the same shift
sequence as the shift combinations selected for the Flight Commander
problem; the only difference is that the pattern is offset by one day. An
option would be to alter each shift combination in Figure 5.6 forward
one day. That is, move the shift assigned to day one to day two, and the
shift assigned to day two to day three, and so on through day twenty-five.
The shift assigned to the twenty-fifth day must move to day one to
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complete the cycle. This would align the twenty GSO shift combinations
with the Flight Commander's shift combinations. Thus, five crews would
be formed and each would have one Flight Commander and four Ground
System Operators.

5.5.2.3 Observations, Suggestions, and Conclusions.
Both the 10-day and 25-day integer models were able to produce shift
schedules that are consistent with current operations. Both the 10-day
model and the 25-day model select five equivalent shift combinations
and assign four Ground Systems Operators to each shift combination.
Thus, each model requires a minimum of twenty GSOs to support the
shift schedule.

Again it is possible to produce this result using the mathematical
relationships developed in Chapter II. When WS = 3, there is one day-
shift each day in the cycle. Therefore, the total number of day-shifts in

the cycle equals the cycle length. Since each day-shift is worked by at
least four Ground System Operators, then

GS
DSt _ )
ET—CL, (5'4)

where GS represents the total number of Ground System Operators.

Since all shift combinations are equivalent, DS; = DS =... = DSgs-1 =
DSgs. This yields the following equation:

m.
Tlx GS=CL:Vi=1 2 .. GS. (5 - 5)
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Solving for the GS, the number of Ground System Operators needed to
maintain a shift schedule of a given cycle length and a specified number
of day-shifts per four Ground System Operators is

CLx 4
GS = —p5— (5 - 6)

Thus, for a 10-day cycle having two day-shifts, the number of
Ground System Operators required to build a shift schedule is twenty
and for a 25-day cycle with five day-shifts, the number of Ground System
Operators required is twenty.

In order to generate a shift schedule that uses the smallest
possible number of Ground System Operators, again recall the analysis
conducted in Chapter Il. When WS = 3 and a minimum of four people is
needed per workshift then, at minimum, sixteen Ground System
Operators must be used to create a shift schedule to cover each workshift
and give off-shift time. Using Equation (5 - 6), when GS = 16 and DS =
2, the cycle length is eight (CL = 8) and when GS = 16 and DS = 5 the
cycle length is twenty (CL = 20).

5.5.3 The Crew Commander Models. The Crew Commander
problem is more complicated than either the Flight Commander problem
or the Ground System Operator problem because each Crew Commander
is qualified in a specific satellite program. A Crew Commander may only
support a satellite that he/she is qualified to support. Thus, Crew
Commanders must be distributed among the workshift periods so that
their qualifications meet the needs of each workshift period.

Under current operations, 48 Crew Commanders are distributed
among five crews as shown in Figure 5.1. The current coverage meets the
minimum requirements for satellite support; however, the potential
problem with this current method of assigning personnel is the
possibility of one or more Crew Commanders having to be absent from
duty. Crew one stands out as having the greatest potential for a
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problem. Note that if one of the Crew Commanders qualified in DSP is
absent from duty, then the first crew will no longer meet the minimum
requirement of having four DSP qualified Crew Commanders assigned to
a workshift.

As seen previously with the Ground System Operator models, the
set covering method provides the ability to determine a shift schedule
that assigns the minimum number of people necessary to meet each
workshift requirement. Two integer models were used to examine the
Crew Commander problem: the integer model for the 10-day cycle and the
integer model for the 25-day cycle.

5.5.3.1 The 10-Day Model. This integer model was
formulated using a set of five-hundred potential schedules. The first run
of this model was unable to find an integer solution. The program was
terminated because it exceeded its resource limit. On the next run of
the model, the value for the tolerance was changed from ten percent to
fifty percent. This change allowed the program to find an integer
solution that was within fifty percent of the calculated lower bound.
Using the results from this second run, two-hundred ninety schedules
were eliminated from the original set of five-hundred to reduce the time
it would take to solve the problem. The remaining two-hundred ten
schedules were used to a formulate a smaller set covering model. The
tolerance was reset to ten percent and the model was resolved.

The solution to this model requires thirty-six Crew Commanders.
The breakdown of the number of program-specific Crew Commanders is
shown in Figure 5.7 and the shift combinations that were selected are
presented in Figure 5.8.
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| cREW COMMANDERS |
psp | psPapMsP | Gps | GPS & DMSP

10-Day Model 10 10 8 8

Figure 5.7: Total Number of Program-Specific Crew Commanders

These results are significant. Since the Crew Commanders have
various program qualifications, it is not a simple process to just generate
a cyclical shift schedule and assign the minimum required number of
personnel to each cycle. The set covering model provides a way to
determine a shift schedule that will meet the workshift requirements
with the minimum number of personnel. The results for the 10-day
model shows that no more than thirty-six Crew Commanders are
required to support operations. Since the 1SOPS currently has forty-
eight crew commanders, the remaining twelve Crew Commanders are not
needed to support normal operations. Instead, any extra personnel may
be used to supplement the shift schedule or perform other squadron
duties.

The results from the model used the shift combinations 1,3,5,7,
and 9. These shift combinations are consistent with the shift
combinations chosen for the Flight Commanders and the Ground
Systems Operators. Thus, this allows the 1SOPS to maintain its crew
environment.

V-20




dSINA ¥ 84D 96+

dSNAa ¥ 84D

dSING ¥ 84D ¥E#
dSNA ¥ 84D €€#

dSINA ¥ 84D TE#

dSINa ¥ 84D
JdSING ¥ 84D
dSING ¥ 8d9
84D
40

849
4D
840

849
849
849

dSING ¥ d8d
dSNA B 4SA

1e#
og#
6T#

91940 £¥Q-O1 ¥ 10} SAMPIYIS YIS UANO

340038

sla

Q

[

8
EELE

a

a
a
a

%.ﬂ

|
a e
s
al

Aajo W

~BK]

Vo | |m|imjainivinjag|jd I~ ]®

JSINa ¥ 45
dSwa ¥ asq
dSNa f dsa
JSIWa ¥ 45
JSNA ¥ 45
dSHNa ¥ dSa
dSIA ¥ dSa
dSWA ¥ 45a

da8da
d8d
d8d
d8d
d9d
d8d
d8da
d8d
d9a

490

:8°Q 9

81+ (s|s|ala i o
L1+ |s|s|ala wiw| o
ot# |s|s|ala | o
o1+ |s|slala | s
yis Ns{slala] 1
cT# WNssdal
AT NNsslda
11# wns|slala]
or# whlsislala 6
e w|s|s|a 6
s+ WN|s|sjala Z
¢ whislskila L
o+ |wins|s|ala L
o !_ s|s|a Z
vs |ala sis| s
s [ala Nulsls| ¢
z# |ala wlsis| ¢
1# || Sis] ¢

3¥awo |0 J

1es|ziols|vlelz(x

V-21




85.5.3.2 The 25-Day Model. The increase in the cycle
length in conjunction with the complexity of the Crew Commander
problem had a substantial effect on the amount of computer time needed
to solve this model. This model ran for four days and six hours and was
unable to produce any usable results. In order to reduce the amount of
time needed to obtain integer results, the set of potential schedules had
to be reduced in size. The results from the Flight Commander model and
the Ground System Operator model were used to selectively eliminate
cycle combinations from the set of covering solutions. Four hundred
cycle combinations had to be cut from the model in order to solve the
model and provide usable results.

The solution shows that no more than thirty-six Crew
Commanders are required. Figure 5.9 shows the breakdown of personnel
and Figures 5.10a and 5.10b list the shift cycles that were chosen to
make-up the shift schedule.

| CREW COMMANDERS |
DSP | DSP&DMSP | GPS | GPS & DMSP
25-Day Model | 10 10 8 8
Figure 5.9: Total Number of Program-Specific Crew Ccmmanders

\
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The shift combinations selected for the Crew Commanders have
the same shift sequence as the Flight Commanders and Ground System
Operators; however, their shift combinations are offset. The offsets
among the Crew Commander schedules vary; thus, starting their shift
sequence on a different day will not cause the shift combinations to
match up with the other crew positions' schedules. Hence, a pure crew
force structure may not be formed with the Flight Commanders or the
Ground System Operators using this solution. The best that can happen
is a "pseudo-crew” environment. The Crew Commander's schedules and
the Flight Commander's schedules do overlap, so each Crew Commander
may be supervised by a particular Flight Commander. For example, the
Crew Commanders assigned to shift combination #4 could
administratively be assigned to the Flight Commander assigned to shift
combination #1. The Crew Commanders assigned to shift cycle #9 may
fall under the command of the Flight Commander assigned to shift cycle
11. Although the Flight Commanders will not see all their assigned Crew
Commanders everyday, they would still have the opportunity to review
the performance of each Crew Commander on a regular basis.

5.6 Chapter Summary

To model the daily manning requirements for the First Space
Operations Squadron, three separate set covering problems were
formulated; the Flight Commander problem, the Crew Commander
problem, and the Ground System Operator problem. In all three
problems, the objective function minimized the total number of crew
personnel needed to meet the workshift requirements of the cycle.

After solving each model, the results indicated that using the set
covering approach will provide the best minimum solution for a given
cycle length. Set covering is best suited for scheduling the Crew
Commander position. Since Crew Commanders are qualified to support
specific satellite programs, it is more difficult to manually match
personnel qualifications with the needs of each workshift. Simply
assigning people to a crew shift schedule does not guarantee the lowest
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number of personnel will be used to meet the minimum workshift
requirements. Using the set covering method provides a shift schedule
which minimizes the total number of Crew Commanders needed to meet
the requirements for a given cycle length.

The major drawback to this model is that it gives the minimum
requirement for a given cycle length and then only, if all possible cycles
are used in the model. Due to run time requirements, this last
requirement is not feasible. Note that a minimum number required for a
given cycle length does not guarantee that this is the smallest number
required for all possible cycle lengths.

Another drawback to using the set covering method was the
amount of time required for the computer to solve the problem. If more
constraints were placed on the problem or if the size of the problem
increased, the amount of time required for the computer to solve the
problem increased. The Crew Commander model for the 25-day cycle was
too large to be solved in a reasonable amount of time, (meaning less
than a few days). As a trade-off, a number of potential schedules had to
be eliminated from the model. Since potential schedules were
eliminated, the resulting solution may not be optimal.
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Chapter VI
6. Summary and Suggestions for Further Research

The day-to-day mission objective of Space Operations Squadrons is
to support military satellite systems. Military satellite systems provide
strategic and tactical space support to many aspects of military
operations. It is essential for these military satellite systems to operate
twenty-four hours-a-day, seven days-a-week. The personnel assigned to
Space Operations Squadrons ensure the operability of US military
satellites by performing continuous support operations. Currently, each
SOPS is manned with trained personnel who are assigned to permanent
crews. The crews are then assigned to support operations based on a
cyclical crew shift schedule.

The scheduling problem associated with conducting continuous
satellite support operations in Satellite Operations Squadrons is
threefold. The first problem is finding cyclical crew shift schedules that
meet daily workforce manning requirements, adhere to current
AFSPACECOM regulations, contain a minimum number of workshift
changes within a period of consecutive duty days, and maximize the
non-duty time allowed between duty shifts. The second problem is how
to choose the best shift schedule. Finally, the third problem is to meet
the scheduling requirements stated in the first problem using the least
number of satellite support personnel.

6.1 Summary
The first objective was to be able to generate feasible crew shift

schedules for Space Operations Squadrons given workforce requirements
and scheduling constraints. This step required developing mathematical
relationships that are inherent to cyclical crew shift schedules. Chapter
II presented these relationships, which were then used in Chapter III to
develop a method to generate alternate cyclical crew shift schedules.




Using parameters related to the currently used crew shift schedule, an
alternative cyclical crew shift schedule that simultaneously minimizes
the number of workshift changes within a period of consecutive duty
days and maximizes the amount of non-duty time allowed between duty
shifts was created. The alternate crew shift schedule is referred to as the
5/3 - 5/3 - 5/4 shift schedule.

The second research objective was to establish a set of criteria to
compare crew shift schedules. Space Operations Squadrons currently do
not have a set of criteria to compare crew shift schedules. This research
suggests a set of five criteria for measuring the effectiveness of a crew
shift schedule: coverage, workforce size, compliance, workshift changes,
and off-shift periods. Thus, an effective schedule provides the required
minimum amount of shift coverage with the smallest number of people
on the crew force, complies with applicable AFSPACECOM regulations,
minimizes the number of changes among contiguous workshifts, and
maximizes the number of continual off-shifts up to the amount of time
allowed by regulations.

Based on this set of criteria, the current 2/2/2/4 shift schedule
was compared to the alternate shift schedule. The result was that the
alternate schedule was more effective than the current schedule because
it minimizes the number of workshift changes during consecutive
workdays. The alternate schedule contains zero changes during its five
consecutive duty days compared to the current shift schedule with two
workshift changes in each set of six consecutive duty days.

The third research objective was to test an alternate approach to
scheduling personnel in the 1SOPS. The purpose of this step of the
research was to observe the effect that individually scheduling SOPS
personnel had on the total number of personnel needed to meet the daily
satellite support requirements. Chapter IV introduced the set covering
problem and provided a small example problem to show that SOPS crew
scheduling requirements may be mathematically modeled using set
covering.




Chapter V analyzed and presented the resuits from testing the set
covering model using data collected from the First Space Operations
Squadron and shift schedules generated for a 10-day cycle and a 25-day

cycle.

To model the daily manning requirements for the First Space
Operations Squadron, three separate set covering problems were
formulated; the Flight Commander problem, the Crew Commander
problem, and the Ground System Operator problem. In all three
problems, the objective function minimized the total number of crew
personnel needed to meet the workshift requirements of the cycle.

The Flight Commander problem resulted in no change in the
number of Flight Commanders used to support the shift schedule. A
minimum of five Flight Commanders are needed to meet the daily
manning requirements for a 10-day cycle. A way to reduce the number of
Flight Commanders needed to support satellite operations is by using the
relationships developed in Chapter II to determine the smallest possible
number of Flight Commanders needed to meet daily workshift
requirements. Using these relationships, there is a feasible schedule
requiring only four Flight Commanders.

Both the Flight Commander problem and the Ground System
Operator problem can be solved more simply by generating a cyclical crew
shift schedule based on the method established in Chapter IIl. Once the
shift schedule is generated, the scheduler may assign the minimum
number of personnel required per workshift to each shift combination.

Chapter V showed that set covering is best suited for scheduling
the Crew Commander position. The Crew Commanders are qualified to
support specific satellite programs. Thus, it is more difficult to manually
match personnel qualifications with the needs of each workshift. The set
covering method provides a shift schedule which minimizes the total
number of Crew Commanders that make-up the shift schedule.
Currently, the 1SOPS uses 48 Crew Commanders to support five crews.




Using the set covering method, a shift schedule was developed which
required thirty-six Crew Commanders. This leaves twelve extra Crew
Commanders that may be used to supplement the schedule or perform
other squadron duties.

The cost of using the set covering model is the potential loss of the
crew environment. The shift schedules resulting from the three crew
position models formulated using the 10-day cycle matched up so a crew
environment was maintained. However, the shift schedules for the crew
positions having a 25-day cycle did not match. At best, the Crew
Commander cycles would overlap the cycles of the Flight Commanders
and Ground System Operators.

6.2 Suggestions for Further Research

Chapter III presented a method to generate alternative cyclical crew
shift schedules. This method is a manual method and is very time
consuming when numerous schedules must be generated. Therefore, one
suggestion for further research is to use the mathematical relationships
developed in Chapter Ii, the constraints directed by AFSPACECOM
regulations, and the method presented in Chapter III to generate cyclical
crew shift schedules to develop an interactive computer program which
generates feasible cyclical crew shift schedules.

Since the shift combinations generated for the set covering models
were cyclical shift schedules, the solution for each model produced a
cyclical shift schedule. This research did not take into account choosing
non-cyclical shift schedules from the set of potential solutions. Thus,
another suggestion for further research is to use non-cyclical shift
combinations for the set of potential solutions. The shift combinations
may be formulated to include personal leave preferences, temporary duty
assignments, and training periods.

A drawback of using the set covering method is that it gives the

minimum requirement for a given cycle length and then, only if all
possible schedules are used in the model. Due to time requirements, it
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is not feasible to use all possible schedules for a given cycle length. The
Crew Commander models were too large to be solved in a reasonable
amount of time, so a number of potential schedules had to be eliminated
from the model. By eliminating potential schedules the potential for
cutting out the optimal solution exists. The approach used to eliminate
schedules from the set of potential solutions was to use results from
previous models and make educated guesses as to which schedules may
provide an acceptable solution. A suggestion for further research is to
create a computer program to perform the schedule elimination process.




Appendix A

This appendix contains the GAMS output report for the example
problem presented in Chapter IV.

The report output is sectioned into eight parts. The first six
sections pertain to preparing the model for execution. The first section
of the report is an echo print of the example problem formatted as a
GAMS program. The next part on page A-3, is called a symbol listing.
This section lists all the symbols used in the program and identifies
them. Page A-4 shows a shortened equation listing, which displays the
objective function and first three equations of the example program. The
remaining constraint equations are not printed in the output report.
The same is true for the next section called a column listing; only the
first three columns of the program are printed. The model statistics,
found on page A-6, shows the size of the model and include the number
of equations and discrete variables.

The final two sections of the report output provide information
about the solution that GAMS found using the given parameters. The
solution report may be found on pages A-7 and A-8. This section begins
with a solve summary, which gives the attributes about the solution that
is found. It contains the solver status, model status, objective value,
resource usage, and iteration counts. The remaining information found
in the solution report is the line-by-line solving details from GAMS.

The final part of the output is called a report summary. This part
displays the solution.
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. GAMS 2.20 VAX VMS 15-0CT-1993 21:54 PAGE
TEST1
3
4 SETS
5 I total number of shifts in cycle / SHIFT1*SHIFTS /
6 J subset of feasible schedules / SCH1*SCHS8 / ;
7
8 PARAMETERS
9 R(I) right hand side
10 / SHIFT1 1
11 SHIFT2 1
12 SHIFT3 1
13 SHIFTA 1
14 SHIFTS 1
15 SHIFT6 1
16 SHIFT7? 1
17 SHIFTS 1/
18
19 TABLE A(I,J) schedule j where shift i is 1 if scheduled to work
20
21 SCH1 SCH2 SCH3 SCH4 SCHS SCH6 SCH7 SCHS
22 SHIFT1 1 0 0 0 1 0 0 0
23 SHIFT2 O 0 1 0 0 1 0 0
24 SHIFT3 O 0 0 1 0 0 0 1
25 SHIFT4 0 1 0 0 1 0 0 0
26 SHIFTS O 0 1 0 0 0 1 0
27 SHIFT6 1 0 0 0 0 0 0 1
28 SHIFT7 0 1 0 0 0 1 0 0
29 SHIFT8 O 0 0 1 0 0 1 0;
30
31 VARIABLES
32 X(J) will be 1 if schedule j is selected
33 Z total schedules that are worked ;
34
35 BINARY VARIABLE X;
36
37 EQUATIONS
38 WORKFORCE defines objective function
39 REQUIRE (I) defines requirement for each shift ;
40
4] WORKFORCE .. Z =E= SUM( J, X(J) ) :
42
43 REQUIRE(I) .. SUM( J, A(I,J)*X(J) ) =G= R(I) ;
44
45 MODEL TEST1 /ALL/ ;
46
47 SOLVE TEST1 USING MIP MINIMIZING 2 ;
48
49 DISPILAY X.L ;
50
A-2




TEST1
SYMBOL LISTING

19
CONTROL
CONTROL

43

45

41

47

47

43

41

REF
IMPL-~ASN
IMPL-ASN

IMPL-~ASN

REF

SYMBOL TYPE REFERENCES
A PARAM DECLARED 19 DEFINED
I SET DECLARED 5 DEFINED
19 39 2%43
J SET DECLARED 6 DEFINED
32 41 2%43
R PARAM DECLARED 9 DEFINED
REQUIRE EQU DECLARED 39 DEFINED
REF 45
TEST1 MODEL DECLARED 45 DEFINED
REF 47
WORKFORCE EQU DECLARED 38 DEFINED
REF 45
X VAR DECLARED 32 IMPL-ASN
41 43 49
z VAR DECLARED 33 IMPL-ASN
47
SETS
I TOTAL NUMBER OF SHIFTS IN CYCLE
J SUBSET OF FEASIBLE SCHEDULES
PARAMETERS
A SCHEDULE J WHERE SHIFT I IS 1 IF SCHEDULED TO WORK
R RIGHT HAND SIDE
VARIABLES
X WILL BE 1 IF SCHEDULE J IS SELECTED
Z TOTAL SCHEDULES THAT ARE WORKED
EQUATIONS
REQUIRE DEFINES REQUIREMENT FOR EACH SHIFT
WORKFORCE DEFINES OBJECTIVE FUNCTION
MODELS
TEST1
COMPILATION TIME - 0.560 SECONDS

A-3
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43
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GAMS 2.20 VAX VMS 15-0CT-1993 21:54 PAGE

TEST1
EQUATION LISTING SOLVE TEST1 USING MIP FROM LINE 47

—=== WORKFORCE =E= DEFINES OBJECTIVE FUNCTION

WORKFORCE.. - X(SCH1) - X(SCH2) - X(SCH3) - X(SCH4) - X(SCH5) - X(SCHS6)
- X(SCH7) - X(SCH8) + Z =E= 0 ;

—=== REQUIRE =G= DEFINES REQUIREMENT FOR EACH SHIFT

REQUIRE (SHIFT1).. X(SCHl) + X(SCHS) =G= 1

~e

REQUIRE (SHIFT2) .. X(SCH3) + X(SCH6) =G= 1

~e

we

REQUIRE (SHIFT3).. X(SCH4) + X(SCH8) =G= 1
REMAINING 5 ENTRIES SKIPPED

A-4




TEST1
COLUMN LISTING

-——-=-X
X (SCH1)
-1
1
1
X (SCH2)
-1
1
1
X (SCH3)
-1
1
1

SOLVE TEST1 USING MIP FROM LINE 47

WILL BE 1 IF SCHEDULE

(.LO, oL' -UP - 0, 0,
WORKFORCE

REQUIRE (SHIFT1)
REQUIRE (SHIFT6)

(.LO, .L' oUP - 0’ 0,
WORKFORCE

REQUIRE (SHIFT4)
REQUIRE (SHIFT7)

(.I.IO, oL’ oUP - 0, 0'
WORKFORCE

REQUIRE (SHIFT2)
REQUIRE (SHIFTS)

REMAINING 5 ENTRIES SKIPPED

-——zZ

J 1S SELECTED

1)

1)

1)

TOTAL SCHEDULES THAT ARE WORKED

(.0, .L, .UP = ~INF,

WORKFORCE

0, +INF)




GAMS 2.20 VAX VMS

TEST1
MODEL STATISTICS

MODEL STATISTICS
BLOCKS OF EQUATIONS
BLOCKS OF VARIABLES
NON ZERO ELEMENTS

GENERATION TIME

EXECUTION TIME

15-0CT-1993 21:54 PAGE

SOLVE TEST1 USING MIP FROM LINE 47

2 SINGLE EQUATIONS 9
2 SINGLE VARIABLES 9
25 DISCRETE VARIABLES 8
- 0.320 SECONDS
- 0.960 SECONDS

A-6




TEST1

SOLUTION REPORT SOLVE TEST1 USING MIP FROM LINE 47
SOLVE SUMMARY
MODEL TEST1 OBJECTIVE 2
mYPE MIP DIRECTION MINIMIZE
SOLVER 2Z00OM FROM LINE 47
*k** SOLVER STATUS 1 NORMAL COMPLETION
**x* MODEL STATUS 1 OPTIMAL
*kx* OBJECTIVE VALUE 4.0000
RESOURCE USAGE, LIMIT 0.340 1000.000
ITERATION COUNT, LIMIT 12 1000
ZOOM/XMP —_— Version 2.1 Oct 1988

Courtesy of Dr Roy E. Marsten,
Department of Management Information Systems,
University of Arizona,
Tucson Arizona 85721, U.S.A.

No options file found - using defaults.

Work space needed (estimate) - 1984 words.

Work space available - 1984 words.

Iterations: Initial LP 12, Time: 2.999973E~02
Heuristic 0, 0.000000E+00
Branch and bound 0, 0.000000E+00
Final LP o, 0.000000E+00

LOWER LEVEL UPPER MARGINAL
—-=== EQU WORKFORCE . . . 1.000

WORKFORCE DEFINES OBJECTIVE FUNCTION

—~=-~ EQU REQUIRE DEFINES REQUIREMENT FOR EACH SHIFT
LOWER LEVEL UPPER MARGINAL

SHIFT1 1.000 1.000 +INF 1.000
SHIFT2 1.000 1.000 +INF EPS
SHIFT3 1.000 1.000 +INF 1.000
SHIFT4 1.0060 1.000 +INF EPS
SHIFTS 1.000 1.000 +INF 1.000
SHIFT6 1.000 1.000 +INF EPS
SHIFT7 1.000 1.000 +INF 1.000
SHIFTS8 1.000 1.000 +INF .
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GAMS 2.20 VAX VNS

TEST1
SOLUTION REPORT

—==== VAR X WILL BE 1 IF SCHEDULE J IS SELECTED
LOWER LEVEL UPPER MARGINAL
SCH1 . 1.000 1.000 .
SCH2 . 1.000 1.000 .
SCH3 . 1.000 1.000 .
SCH4 . 1.000 1.000 .
SCHS . . 1.000 .
SCH6 . . 1.000 .
SCH7 . . 1.000 EPS
SCHS8 . . 1.000 .
LOWER LEVEL UPPER
---= VAR 2 ~INF 4.000 +INF .
Z TOTAL SCHEDULES THAT ARE WORKED
***x* REPORT SUMMARY : 0 NONOPT

SOLVE TEST1 USING MIP FROM LINE 47

0 INFEASIBLE
0 UNBOUNDED

A-8

15~0CT-1993 21:54 PAGE 7

MARGINAL




.~ TRST1
EXECUTING

———— 49 VARIABLE X.L

SCH1 1.000, SCH2 1.000, SCH3 1.000,

*x%* FILE SUMMARY

WILL BE 1 IF SCHEDULE J IS SELECTED

SCH4 1.000

INPUT GSO093D: (MIDZI.FINALTHESIS] TESTRUN.GMS;1
OUTPUT GSO93D:(MIDZI.FINALTHESIS]TESTRUN.LIS;1

EXECUTION TIME - 0.860 SECONDS
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Appendix B

This Appendix contains two data tables. Table B.1 lists five-
hundred schedules having 10-day cycles. Each schedule contains two
day-shifts, two swing-shifts, two midnight-shifts and four off-shifts.
Table B.2 lists five-hundred schedules having a 25-day cycle. Each of
these schedules contains five day-shifts, five swing-shifts, five midnight-
shifts and ten off-shifts.

Table B.1 is a matrix of thirty rows and five-hundred columns.
During any day of a cycle there must be a minimum number of crew
personnel assigned to cover each workshift period. There is a total of
thirty workshift periods in a 10-day cycle. Rows one through thirty
represent these workshift periods. Each column, S1 through S500,
represents a shift combination. Each shift combination contains a
sequence of ones and zeros. The value of the element contained in row i
and column j (where i= 1, ..., 30 and j =1, ..., 500) represents whether a
workshift is assigned. A value of "one" means that workshift iis
assigned in schedule j. Table B.2 is also a matrix. The only difference is
that it contains seventy-five rows and five-hundred columns.

These tables were used to formulate the set covering problems for
each of the three satellite crew positions. ‘ihe Flight Commander and
the Ground System Operator models were formulated and solved using
all five-hundred schedules. However, a number of schedules had to be
eliminated from the Crew Commander models because the models were
too large to solve in a reasonable amount of time.

Each Crew Commander problem was modeled using all five
hundred schedules. The results obtained from the solver process
produced integer solutions that were not optimal. The model size was
reduced by eliminating a number of shift combinations from the set of
potential schedules. The shift combinations that remained in the
models were selected by examining the solution to the model containing
all five hundred schedules. If a shift combination was used in the
solution, then it was kept in the model. In addition, shift combinations

B-1




having the same sequence of shifts but different starting days were also
kept.

The number of potential schedules for the Crew Commander model
with a cycle length of ten days was reduced to the two-hundred ten
schedules. The shift combinations which remained in the model were
S1-S100, S201-S260, S291-S300, S411-S420, S441-S450, and S461-
S480. The number of potential schedules for the 25-day model was
reduced by four-hundred; schedules S1-S100 were kept.




Schedules for a 10-Day Cycle

Table B.1l:
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