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Abstract

Detaiis on two versions of a computerized model for the
transportation “ystem of the NRC Phys‘cal Protection Project are
presented. The Version I model permits scheduling of all types of
transport units associated with a truck fleet, including truck
trailers, truck tractors, escort vehicles and crews. A fixed-fleet
itinerary construction process is used in which iterations on fleet
size are required until the service requirements are satisfied. The
Version Il model adds an aircraft mode capability and provides for
a more efficient non-fixed-fleet itinerary generation process. Test

results using both versions are included.

iv - ‘ 514



1.0 INTRODUCTION

A vital part of the system for safeguarding special nuclear
material used in the nuclear fuel cycle is5 the transport tion system
for this material. In order to analyze the requirernents for this
- transportation system, both in terms of size and - curity, a realistic
computerized model of the system is required. This model must
include all the major features of this transportation network, includ-
ing the shipment schedule for the nuclear material, different trans-
portation modes (truck, aircraft and trains), requirements for
security escort vehicles, different maintenance requirements for
trucks and escort vehicles, personnel assignment policies, and
provisions for convoying trucks ard escort vehicles. It must provide
for both fleet sizing and system simulation. The flecet sizing prob-
lem is complicated by the large amount of flexibility in the shipping
schedule and the varied maintenance requirements of the different
transport unit elements, including personnel. TInfortunately, the
maintenance requirements appear to preclude the application of
previously developed fleet sizing algorithms based on integer linear
programming.

Reference [1] presents an analysis of the problems that must
be addressed in developing a computerized model of this transportation
system, reviews previously developed methoads for fleet sizing, and
provides a recommended approach for the deveiopment of this com-
puterized model.

An important aspect of our recommended approach is the
decomposition of this problem, in part to increase computational
efficiency. The bases for decomposition used are time (scheuule

over a limited time period), transportation mode (separately schedule



trucks, aircraft and trains), transport unit elements (sequentially
schedule truck trailers, truck tractors, escort vehicles and personnel),
and, if needed, geography. Each step of the sequential scheduling
process establishes a service requirement that must be covered by
the next step. For example, the schedule of trucks assig: .d to
cover the required shipments, in turn, defines a set of serv -es to
be covered by the assignment of drivers. A basic assignment mech-
anism for covering the required services has been identified which
involves linking together services that can be sequentially handled by
one transport unit element to form itineraries. This linking process
includes a new approach for enforcing maintenance requirements.
Reference [ 1] also outlines an overall plan for the development
of this model. The development will be carried out in a sequence of
versions as described in Table l.1. An overall model design has been
identified which provides for this sequential development, so that each
version is useful for a rational set of analyses. Furthermore, proceed-
ing from one version to the next involves only refinements and/or
additional modules rather than wholesale changes to previously developed
code.
Version I provides for complete sizing of all transport unit
types for a single mode (trucking), using a /ixed-fleet oriented approach
in which it will be necessary to iterate on the fleet size to find the
rexquired number of each type of transport unit element. A limited simu-
lation capability without provision for breakdowns will also be provided.
Version Il incorporates a non-fixed-fleet approach to sizing
in which no iterations on fleet size are required. The capability
for considering an aircraft mode in addition to the trucking mode
is included.

Version III will extend the model to handle several modes (i.e.,



Table 1.1. Proposed model development.

E: Indicates New Or Modified Feature

COMPONENT VvERSION VERSION VERSION VERSION
FEATURES 1 2 3 B
Modes On;] Two Several Several
iransport Unit

Elements Several Several Several Several
Convoying No No Yes Yes

Simulation

Siz ng
Opt. us

Special
Input/Output
Options

Yes; No Breakdown

Fixed-Fleet Only

None

Yes; No Breakdown
Fixed-Fleet and
Non-Fixed Fleet

None

Yes; With Breakdowns

Fixed-Fleet and
Non-Fixed-Fleet

None

Yes; With Breakdowns

Fixed-Fleet and
Non-Fixed-Fleet

Automated
Sensitivity
Analyses




rail and water in addition to trucks and aircraft), convoying, and to
provide for breakdowns in the simulation.

Version IV will extend input and output options to simplify
sensitivity analyses, i.e., provide for a succession of model runs and
subsequent graphical displays. .

This report presents details on the Versions { and Il models of
this transportation system. The capabilities and some test results for
each of these versions are discussed respectively in Sections 2.0 and
3,0. Detailed presentations of the significant algorithms used in this
model are presented in Section 4. 0. Appendices give details of the
data structures of the Versions I and II models, ‘dcscriptions of each of
the major subroutines, the saraple shipment schedule used to test the

model, and an example of a set of itineraries generated by the model.



2.0 DESCRIPTION OF VERSION I MODEL

The purpose of this section is to present a general description
of \he Version I mode!, and to outline its general capabilities and
limitations. Detailed technical discussions of the important algorithms
used in this model are presented in Section 4. 0. The detailed data
structures of the computer model are given in Appendix A, followed
in Appendix B by descriptions of the operations of each of its major

subroutines.

a1 General Description

A simplified flow diagram for the Version I model of the trans-
portation system is shown in Figure 2.1. The input which drives the
model is the shipment schedule for the nuclear fuel cycle materials.

In general, each individu~l shipmecnt is specified by its origin base,
destination base, earliest departure time, latest arrival time, material
type, quantity of material, and any prespecified transportation require-
ments for that shipmen* (e.g., must be shipped in a specified truck-
trailer type). The method for generating itineraries in the Veision '
model is based on a fixed-fleet approach in which the fleet size .or a
¢iven transport unit element type is varied until the minimum fleet size
is found which saticfies the ser-ice requirements. In order to provide
a set of representative initial conditions for the fixed-fleet, the ship-
ment schedule is expanded to include a ""warm-up' period at the begin-
ning to establish these initial conditions.

The next step is to partition this augmented shipment s-heduie
by truck trailer type. In the Version I model the only criterion for

this partitioning is the type of material being shipped.



Shipment
Schedule

Sizing
Parameters

/sugment Shipment
Schedule To Provide

Warmup Period

Augmented
Shipment
Schedule

Trailer

Selection —
Rules

Partition Shipment
Schedule By

Trailer Type

Partitioned
Shipment
Schedule

Vehicle Data ———P
Base Locations ———3»-
Work Rules

Generate Trailer

Service Requirements

Trailer
Service
Requirements

Vehicle Data
Base Locations
Maintenance Rules

Generate

Itineraries

Itineraries

S

Store

Itineraries

Service
Requirements

Itineraries

'

Extract Service
| Requireruents For
Lower Level
Transport Units

OUTPUTS (FLEET SIZE, ITINERARIES, ITINERARY
STATISTICS, TRANSPORT UNIT ELEMENTS
ASSIGNED TO SPECIFIC SHIPMENTS)

Figvure 2. 1. Simplified flow diagram for the Versior I model.



The partitioned ~hipyment schedule is then combined with work
rules (e.g., no working at bases on weekends) to generate the service
requirements for each type of truck trailer. One set of service
requirements will be generated for each truck trailer type, so that
if three trailer types are being considered, thr-e separate sets of

service requirements will be generated.

The itineiaries for each of the trailer types are then generated
by a process of linking services together to form composite services.
Technical details of this process are given in Section 4. 1. The
generation of these itineraries requires that iterations be performed
on the trailer fleet size until the minimum number is found which
satisfies the service requirements. An efficient search te ‘hnique,
which is described in Section 4.2, has been developed to speed this

procese oi finding the minimum fleet size.

The truck trailer itineraries now levy requirements on lower
level transport unit elements. For example, on both active and dead-
head itinerary legs, each trailer must be pulled by a truck tractor.

In addition, on active trailer itinerary legs, escort vehicles must be
assigned. The service requirements imposed by the trailer itiner-
aries on the lower level transport unit elements are extracted and the
itineraries for these transport unit elements are generated. ‘inese
new itineraries, in turn, levy service requirements on other lower
level transport unit elements, e.g., crews. This process of sequen-
tially generating itineraries and extracting services continues until
the itineraries for all the transport unit element types have been con-
sidered.

Outputs provided by the model are the required number of each
transport unit type, detailed itineraries for each transport unit ele-

ment, statistics on the itineraries (e.g., percent of total distance



traveled in active service}), and the assignments of specific transport

unit elements to each shipment.

2.2 Version I Capabilities

In this section the general capabilities of the Version I model

are discussed.

2.2.1 Types of Transport Unit Elements

The Version I model is designed to provide both a sizing and
simulation capability for a truck fleet to be ased to transport material
for the nuclear fuel cycle. Later versions will provide for a multi-
mode capability, i.e., aircraft, railroad and water transportation
modes in addition to the truck mode.

Up to nine types of transport unit elements can be considered.
Each type is labeled by a number starting with 11 and ending with 19.
Table 2.1 summarizes the numerical designations currently assigned
to various transport unit elements. Of these tue numbers 11 through
13 are reserved for types of truck trailers, while 14 through 19 can
be used to designate specific types of truck tractors, escort vehicles
and rews.

The user of this Version . model specifies the order in which
the different types of transport unit elements are to be considered.
For example, a sequence might ¥ . truck trailer type I (11), truck
trailer type II (12), truck tractors (15), cscort vehicles (16), and
‘crews (17). It is also possible to requir - that two or more types of
transport unit elements (e.g., truck trailers and tractors) always
remain together as a unit. Details of the procedures for specifying
the order in which the transport unit elements are to be considered

are given in Scction 4. 4.




Table 2.1. Numerical designations of transport unit elemc.:ts.

NUMBER TRANSPORT UNIT ELEMENT
11 Truck Trailer Type I
12 Truck Trailer Type II
13 Truck Trailer Type III
14 (Unassigned)
15 Truck Tractors
16 Escort Vehicles
17 Truck/Escort Vehicle Crews
18 (Unassigned)
19 (Unassigned)




2.2.2 Maintenance Procedures

The requirements for periodic maintenance of vehicles and rest

breaks for personnel preclude the applization of standard integer

linear programming techniques to this model and, therefore, required

that new techniques for fleet sizing be developed.[l] This section sum-

marizes the maintenance procedures and options which are included

in the Version I model for both vehicles anc personnel.

2.2.2.1 Vehicle Maintenance Procedures

Vehicles require maintenance when either a specific time
period has elapsed or the vehicle has traveled a specific distance
since the last maintenance. The Vers.on I model allows both these
time and distance maintenance criteria to be specified. The vehicle
m.3t return to a base for mairtenance before either of these limits
is exceeded.

There are three ways in which maintenance bases can be
desig -ated for vehicles: (1) the vehicle must return to its home base
for maintenance, (2) it can receive maintenance at the nearest
maintenance base, or (3) there is only one maintenance base. The
Version I model allows for specification of either a nearest-base or
a single-base maintenance policy. There are a number of difficulties
in providirg for a home-base maintenance policy. Because of these

difficulties, which are discussed in Section 4.5, an option for specify-

ing a home-base maintenance policy is not included in either the Version

I or Version Il model but will be included in a later version.

10



2.2.2.2 Personnel Maintenance Policies

Generally drivers and guards will spend up to some maximum
number of days on the road without a rest break at home base. Thus
the criterion on which crew rest breaks are determined in the Ver-
sion I model is the total time without such a break, which cannot exceed
a specified amount.

It is mandatory that personnel be returned to their home bases
for these rest breaks so that a home-base maintenance policy is
required for the crews and guards. If there is only a single crew
home base no difficulties arise. However, with multiple home bases
many of the same difficulties arise as occur with a home-buse main-
tenance policy for vchicles. In the Version I moudel a home-hase
policy for crews is approximated by a nearest-hase maintenance
policy. This approximation seems reasonable because the time required
for a crew to travel to and from the nearest crew home base should be
representative of the time it takes to travel to and from the actual home
base, possibly via commercial airline. The implications of a home-

base maintenance policy are discussed in more detail in Section 4. 5.

2.2.3 Work Rules

Work rules for personnel located at bases and traveliug on the
road can have significant impact on the fleet size and the resultant
itineraries.

Specific quantities that can be designated by the user of the
“ersion I computer model are the length of the working day in hours

at bases and on the road. In the model the working day on the road is

used as a basic time unit.




The user is also able to specify whether or not loading and
unloading trailers is permitted on Saturdays, Sundays, and holidays.
Similar restrictions can be imposed for traveling with a load on
weekends and holidays. However, the Version I model has no pro-
vision to prohibit an empty trailer from traveling on weekends and

holidays.

2.2.4 Itinerary Optimization Criteria

In the Version I model, itineraries are generated by linking
together services to form composite services which are themselves
then used in the linking process. At each step the feasible linkings
are ranked in a candidate linking list according to an optimization
criterion which is called a ''linking value function''. The linking
with the best linking value is selected, saved to be used as part of an
itinerary, and then deleted from the candidate linking list.

The linking value function in the Version I model is a linear

combination of

(1) added deadhead time in the linking
(2) added idle time in the linking

(3) loss of flexibility in the composite service compared
to the flexibility in the two linked services

(4) length (in time) of the first service to be linked

/5) length (in time) of the second service to be linked.

The first two criteria penalize added deadhead and idle time, both of
which are undesirable from the viewpoint of efficient fleet utilization.
The loss of flexibility penalty term is also very important in the gener-
ation of efficient itineraries. By retaining as much flexibility as

possible in the composite services as the linking process proceeds,

12



more feasible linkings are available for consideration toward the end
of the linking process. This wider choice of feasible linkings poten-
tially allows more minimization of idle and deadhead time, resulting in
a more efficient set of itineraries. The importance of this penalty
term on loss of flexibility is discussed in detail in Section 2.2. The
last two terms in the linking value function which penalize the length
of the two individual services in the candidate iinking are ;. cluded to
force balanced itineraries to be generated.

The user of the Version I model is able to control the itinerary
generation process by specifying the weightings to be placed on each of

these penalty factors in the linking value {unction.

2.2.5 Fleet Sizing Option

The Version I model is basically designed as a tool to study
the fleet size required to handle shipmente of the nuclear fuel cycl
materials. The driving input which probably has the greatest effect
on the fleet size is the shipment schedule. Within the shipment sche-
dule itself the flexibility in possible shipping dates has a major
impact on the fleet size.

The fleet size is also affected by the sequence in which the
types of transport unit elements are considered, the maintenance p-o-
cedures, the work rules, and the linking value funciion, all of whicl.
are controlled by the user.

Recall that this model buile . itineraries using a fixed-fleet
approach, which requires tiie specification of the initial conditions
for the transport unit elements. To reduce the effect of arbitrary
seleciion of initial conditions on fleet size, provision is made for a

warm-up period to be attached to the beginring of the schedule to

13



establish reasonable initial conditions. The shipments in this warm-
up periovd are obtained by taking all the shipments in a specified interval
of the origiral schedule. The length of the warm-up period and the
portion of the original schedule from which the warm-up shipments are
extracted are under the control of the user. At the start of the
warm-up period the transport unit elements are randomly distributed
among the maintenance bases with random amounts of accumulated use,
i,e., distance traveled and time since last maintenance. Transport
anit element usage statistics are not collected during the warm-up
period, but only for the actual shipment schedule.

The user is also able to specify the desired planning “orizon.
This option could be used when it is not necessary to use the complete
shipment schedule for sizing studies. Specification of a planning
horizon causes the model to ignore those shipments with earliest

shipping dates after the planning horizon date.

2.2.6 Simulation Option

The Version I model provides a limited simulation capability.
This capability allows a user to examine the effect of a specified
fleet size, which may be greater than the minimum, on the resulting
itineraries. In addition, the initial conditions on the transport unit
elements can be either specified or can be generated using a warm-up

period as if done in the fleet sizing option.

14



2.3 Version I Te t Results

In order to test the Version I model, a sample schedule
consisting of 152 individual truckload shipments of nuclear material
was used. The earliest shipment dates in this sample shipment
schedule are distributed over a period of 88 days. Flexibility in
shipping dates was set at 21 days for about 75 percent of the shipments
and at 7 days for the remainder. This sample shipment schedule is
given in Appendix B. The reason for using this sample schedule is
that fleet sizing results using the TRUCKING I algorithm [2] are
available for comparison with the Version I results. The length of the
warm-up interval used with this shipment schedule and the Version I
model was only two days, and consisted of three skipments with a total
additional distance service requirement of 680 km.

In this section we first discuss test results which compare the
Version I results with those obtained with the TRUCKING I algorithm.
Then we present - a1 analysis of the effect of the loss of flexibility
penalty term in the linking value function on the fleet size and itiner-

aries attained with the Version I model.

2.3.1 Comparison with TRUCKING I Algorithm

Table 2.2 summarizes the maintenance, work, and vehicle
parameters assumed with the sample shipment schedule for the appli-
cation of the TRUCKING I algorithm. These same parameters were
used in testing the Version I model. Although the maintenance inter-
vals for the tractors and the trailers are different, the TRUCKING 1
algorithm was run in a mode which requires the tractor and trailer
fleet sizes to be the same. The result was a fleet size of three for
each. Table 2.3 summarizes some of the statistics for the itineraries

15



Table 2.2. Assumed sizing parameters.

Ave. Vehicle Speed

Length of working day

Length of working day »on road
Weekend/Holiday working restrictions

Maximum distance for a trailer
without maintenance

Maximum distance for a tractor
without maintenance

Trailer maintenance time
Tractor maintenance time
L.oading time

Unloading time

16

55 km/hr (35 mi/hr)
24 hrs
24 hrs

none

40,232 km (25,000 mi)

12,874 km (8, 000 mi)

4 days
2 days
2 hrs

2 hrs



Table 2. 3.
km
Trailer Tota!
1 57,878
2 60, 720
3 54, 148
Ave 57,582

Percent of Total km Full
Percent of Total Days Idle

Total Active (full) Distance

km
Tractor Total
1 56,528
2 61,624
3 54, 595
Ave 57,582

Percent of Total km Active
Percent of Total Days Idle

Statistics from runs with TRUCKING I algorithm.

km
km km Travel Days in
Full Empty to Maintenance Maintenance
14,588 38,469 4,821 6.9
14,497 37,740 8, 483 6.7
13,385 35,364 5,399 10.5
14,157 37,191 6,234 8.1
24.6
22.7
42,470 km
km
km km Travel Days in
Full Empty to Maintenance Maintenance
15,586 33,536 7,406 10. 4
12,918 41, 887 6,819 12.7
13,966 36,150 4,479 12.0
14,157 37,191 6,234 1.7
24.6
18.9

17

Days
Idle
19. 3
21,0
21.1
20.5

Days
Idle
17.8
12.7
20.5
17.0



generated using the TRUCKING I algorithm. Note that 24. 5 percent

of the distance traveled by the fleet was on active service, i.e., the

trailer was loaded.

The Version I model was first employed to sequentially schedule
the truck trailers and tractors without the restriction that the trailer
and tractor fleet sizes be the same. The result was two trailers and
four tractors required to handle the shipment schedule compared to
three each with the TRUCKING I algorithm. Table 2.4 presents the
statistics for these itineraries while Figure 2.2 depicts the resulting
itineraries. The percent of total kilometers that the trailers are on
active servi-~ (i.e., loaded) is 42.6 compared to 24. 6 for the TRUCK-
ING I itineraries.

A comparison of the statistics from the TRUCKING I runs (Table
2.3) with those for Version I (Table 2. 4) reveals that the total distance
traveled by loaded trailers (i.e., active service) is 42,470 km for
TRUCKING I and 48, 052 km for the Version I model. These two figures
should actually be equal since the total distance that the trailers travel
loaded is a function only of the shipping schedule. The reason .ur this
difference is the different means employed to calculate distances between
bases in the two algorithms. The TRUCKING I prcgram employs a Rand-
McNally computer tape which provides accurate road distances between
major cities. In contrast, the Version I rmodel approximates the road
distance by multiplying the calculated great circle distance by a penalty
factor. For the runs presented in this report, the penalty factor used

was 1.2, so that the road distance was calculated from

RD. DIST. = 1.2 (GT. CIRCLE DIST.)

Since the total active distance with the Version I model is about 13 per-

cent greater than the actual distance, reducing this factor to about 1. 06

18



Table 2.4

Statistics from Version I run which sequentially scheduled trailers

and tractors (linking value penalties: trailers, idle - 10, deadhead -

flexibility loss - 0.1; tractors, idle - 1, deadhead - 1).

km

Trailer Total
1 41, 357
Z 71,445
Ave 56,401

km

Active

18,036
30,016
24,026

Percent of Total km Active

Percent of Total Days Idle

km
Tractor Total
1 18, 160
2 38,090
3 52,963
4 15,512
Ave 31, 181

km

Active*

17, 095
33,533
48,534
13,638
28,200

Percent of Total km Active*

Dercent of Total Days Idle

*Active service for tractors is defined to be when trailers are being
pulled, whereas deadhead service is defined to be when the tractors

km

Deadhead

23,321
41,429
32,375

42.6
32.8

km
Deadhead
1, 065
4,557
4,430
1,874
2, 981

90.4
61.3

are traveling without towing a trailer.

19

Days in
Maintenance

4

Days in
Maintenance

o N o oo v

Days
Idle
47
12
30

Days
Idle
71
45
30
76
56
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Trailer and tractor itineraries from Version I model when
the trailers and tractors are sequentially scheduled. On the
tractor itineraries, the trailer being serviced on each leg

is labeled.

Figure 2. 2.
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should provicde a more accurate representation of road distance for this
shipment schecule.

A study of the itineraries in Figure 2.2 reveals that one tractor
serves one trailer itinerary until cither the tractor requires maintenance,
the trailer requires maintenance, or the trailer starts an idle period.
Note that it is almost possible to merge tractor itineraries | and 4 to
form one longer itinerary. The last active service for tractor itinerary
1 ends at day 68.9 at base TMI (Harrisburg, PA), while the first active
leg of itinerary 4 starts at day 71.6 at base BRL (Baton Rouge, [.A).
The merging of these two itineraries, however, requires a four day
maintenance stop which precludes this possibility. If a less conserva-
tive penalty factor on great circle distance was used to approximate
road distance, it is likely that the tractor requirements would be
reduced to three since either a backward shift of itinerary 1 or a forward
shift of itinerary 4 of 3 days would allow them to be merged into one
composite itinerary.

The linking value penalties used in generating the trailer itiner-
aries were 10,0 for idle time, 1.0 for deadhecad time, and 0.1 for loss
of flexibility., The logic used in weighting the idle time more heavily
than deadhead time is that choosing feasible linkings with the least
amount of idle time should produce compact composite services which,
in turn, can be linked to give the minimum number of itineraries and
fleet size. The weighting penalty on the loss of flexibility is discussed
in Sect.on 2. 3.2.

The trailer itineraries levy service requirements on the truck
tractors. These service requirements have no flexibility since all the
flexibility in the original shipment schedule was removed in construct-
ing the trailer itineraries. Because both the active and deadhead legs

of the trailer itineraries i vy service requirements for tractors, a
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large number of feasible tractor service linkings have zero idle and
deadnead time. Each such linking has a linking value of zero when the
only quantities penalized in the linking value function are idle and dead-
head times, as is the case here. These linkings are alvays chosen as
long as maintenance rules are not violated, regardless of the specific
penalties on idle and deadhead time. This is the reason why a specitic
tractor tends to service one trailer itinerary until the tractor requires
maintenance. The specific linking value penalties used were 1.0 for
both idle and deadhead time. The reason for choosing equal weightings
on the idle and deadhead times is that both are equally undesirable in
the generation of geod tractor itineraries. Because of the large number
of feasible linkings with a zero linking value, the sensitivity of the trac-
tor itineraries to changes in these idle and deadhead time penalties is
probably very small

In order to prov. '» another comparison of the Version I results
with TRUCKING I, itineraries were generated using the Version |
model in which spzcific trailer /tractor combinations were assumed to
remain together at all times. This is accomplished by requiring each
tractor /trailer combination to go to maintenance before 12,874 km has
been traveled (the tractor requirement) and to then remain in maincen-
ance for four days (the trailer requirement). The linking value penalties
used were the same as those used for the scheduling of the trailers
alone, with the logic for this choice the same as discrssed earlier.
The resulting tractor /trailer fleet size is three, the same 2s found
with TRUCKING I. The itineraries are shown in Figure 2.3 and the
itinerary statistics are summarized in Table 2.5. The Version I
itineraries have 40,5 percent of the total distance traveled on active
(i.e., useful) service, as opposed to 24. 6 percent for "RUCKING 1.

This indicates a more efficient utilization of the truck fleet in the
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Days 0 20 40 60 80 100

Trailer/
Tractor
Number

3 4\/\/\__ —\W\—

Linking Value Penalties: idle = 10, deadhead = 1, flexibility loss = 0.1

= Active or deadhead service /\N\ = Maintenance

Figure 2. 3. Itineraries from Version I model assuraing
that the trailers and tractors always travel
together. Maximum ='lowable distance with-
out maintenance is 12,874 km and the length
of each maintenance stop is 4 days.
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Table 2.5

Statistics from Version I run which required trailers and tractors to
travel together (maximum allowable distance without maintenance is
12,874 km and the length of each maintenance stop is four days).

Lirking valua pcnalties: idle - 10, deadhead - 1, flexibility loss - 0. 1.

Tractor/ km km km Days in Days
Trailer Total Active Deadhead Maintenance Idle
1 39, 085 14, 315 24,770 16 35

2 56,718 22,755 33,963 16 17

3 22,813 10, 981 11,832 8 66
Ave 39,539 16,017 23,522 13 39

Percent of Total km Active 40.5
Percent of Total Days ldle 42.9
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Version I itineraries. Note that itineraries 1 and 3 have about a 12
day overlap between days 06 and 78. Since itinerary 2 is also active
during this period, this indicates that the requirements for trucks is
greater during this part of the shipment schedule. This is also con-
firmed by the trail=r itineraries in Figure 2. 2a.

If escort vehicles are assumed to have the same maintenance
requirements as truck tractcrs, the itineraries generated by considering
the tractor/trailer combination car be interpreted to be the itineraries
for trailers, tractors, and escort vehicles which are required to always
remain together. Again three of each of these transport unit elements are
required to handle the sample shipping schedule.

An important vbservation from these results is that in some cases
it may be preferable to require two or more types of transport unit elem-
ents to travel together. For example, if specific tractor/trailer combin-
ations are required to remain together, a total of three tractor /trailer
combinations are required to handle the shipment schedule, whereas
two trailers and four tractors are required when the trailers and tractors
are sequentially scheduled. If tractors are more expensive than trailere,
a less expensive transportation fleet results when the trailers and trac-
lors are assumed to remain together in the scheduling process. Even
though the maintenance requirements for the tractor /trailer combina-
tions are more severe than either the tractors or trailers corsidered
separately, a lesser tractor fleet size is obtained because the flexibility
in the schedule allows itineraries to be generated which are, in a sense,
optimized for the tractor/trailer cornbination maintenance requir:meun's.
In contrast, “hen these transport unit elements are sequentially sched-
uled, the flexibility in the scheduie is used to optimize only the trailer
itineraries, regardless of the other types of transport unit elements to
be scheduled later. This is the reason why four tractors are required

to service the two trzailer itineraries.



2.3.2 Effect of Penalty on Flexibility Loss

Some early Version I test runs for scheduling trailers were
made using the sample shipment schedule without any penalty on loss
of flexibility in the linking value function. The resulting itineraries
tended to have shori rcriods of active and deadhead time, separated by
many short idle periods. This usually resulted in a larger fleet size.
However, including a small penalty for loss of flexibility in the linking
value function produced more efficient itineraries in which there were
long periods of active and deadhead service with few idle’periods. The
itineraries in Figures 2.2a and 2. 3 illustrate this effect.

To explain the effect of this flexibility-loss penalty, consider
the three service requirements shown in Figure 2. 4a. Service 1l is
a shipment from location A to B with an earliest shipment date of 0 and
a latest shipment date of 3 for a flexibility of 3 days. Shipment 2 from
location C to B has an earliest shipment date of 1 and a latest shipment
date of 4 for a flexibility of 3 days. Shipment 3 from B to A starts at
3.5 with zero flexibility. Asefume that the distances from A to B and
from B to C are exactly the same, and that the corresponding travel
times (both active and deadhead) are exactly one day. Now consider the
poesible ways in which services 1 and 2 can be linked. First consider
linking of 1 followed by 2. This requires a one day deadhead from B
to C to pick up shipment 2. The resulting composite service is shown
in Figure 2.4b. This composite service has an earliest service time
of 0 days, a composite service time of 3 days (1 day for service 1,

1 day for service 2, and 1 day deadhead from B to C), and a flexibility
of 2 days. Note that now service 3 can be linked to this composite
service so that a fleet s.ize of one is adequate to handle these three

services.
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(c) Composite service resulting from linking of service 2 followed by 1.

Figure 2.4. Example illustrating effect of flexibility loss

penalty in linking value function.
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Consider the linking value penalty for linking of services 1
followed by 2. Assuming penalties of one for both idle and deadhead,
and zero for flexibility loss, the linking value is I due to the deadhead
from B to C.

Next consider the linking of service 2 followed by service 1.
This requires a deadhead from B to A to handle service 1. The result-
ing composite service, shown in Figure 2.4c, has a zero flexibility.
Since this composite service ends at B at time 4 days, it cannot be
linked with service 3 which starts at 3.5 days. However, the linking
value for this composite service 15 1, the same as was obtained by
the linking of service 1 followed by 2, even though the latter choice is
more desirable for the building of efficient itineraries.

The tie between these two choices of linkings services 1 and 2
can be broken by including in the linking value function a penalty for

loss of flexibility., This flexibility loss is defined by

(Flex. loss) = 1/2(Flex. of service 1 + Flex. of service 2)

- (Flex. of composite service)

For the composite service obtained by linking service 1 followed by 2,

the flexibility loss is

(Flex. loss, 1-2)=1/2(3+3) -2 =1

For the composite service of service 2 followed by 1, we have

(Flex loss, 2-1)=1/2(3+3)-0=3
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Therefore, if we include a flexibility loss penalty in the linking value
function, the more desirable linking of 1 followed by 2 will te chosen
since it has the lesser of the two penalties.

Including this less of flexibility penalty in the linking value
function aliows flexibility to be retaired in the composite services as
the linking process proceeds. Thus more feasible linkings are avail-
able toward the end of the linking process permitting those linkings
which minimize idle and deadhead time to be selected. This then

results in a more efficient set of itineraries.
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3.0 DESCRIPTION OF VERSION II MODEL

The Version Il model incorporates all the features of the
Version I model. In addition, it provides for both truck and aircraft
transport modes, and allows for selection of a more efficient non-
fixed-fleet itinerary construction method. This section provides a
general description of the Version Il model and a discussion of its
capabilities. Emphasis is placed on the additional capabilities of the
Version II model compared to Version I. Test results using the Version
II model are presented in Section 3. 3. This includes a comparison of
itineraries obtained using the non-fixed-fleet approach of Version II

with those generated using the fixed-fleet approach.

3.1 General Description

A simplified flow diagram of the Version II model is shown in
Figure 3. 1. Comparing this flow diagram with the flow diagram for
the Versioun I mcael shown in Figure 2.1, the following improvements

contained in the Version Il model can be noted:

(1) The user has a choice of selecting a fixed-fleet or a non-fixed-
fleet option for generating itineraries. Selection of the
non-fixed-fleet option bypasses the step which augments

the shipping schedule with a warm-up period.

(2) The shipment schedule is first partitioned by mode, i.e.,
each shipment is assigned to either the truck mode or the
aircraft mode. Then the schedule is fuither partilioned by
aircraft type for the aircraft mode and by trailer type for the
truck mode. This partitioned schedule is then used to generate

service requirements for the aircraft and truck trail. vs.
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The itineraries for the aircraft are generated first. These
aircraft itineraries then impose service requirements on the truck
trailers because of the need to transport the shipinents between the
bases and airfields. In addiiion, truck trailers must be provided to *
handle the shipments assigned to the truck mode

The aircraft itineraries now levy requirements for assignment
of aircraft crews and guards, while the trailer itineraries place
requirements for the tractors and escort vehicles. In turn, the tractors

and escort vehicle itireraries require the assignment of crews.

3.2 Version 1l Capabilities

In this section the general capabilities of the Version II mode!
which 2re not provided in the Version I model are discussed. The
provisions for maintenance procedures, work rules and itinerary optim-
ization criteria are identical to the Version I model and are covered in
Sections 2.2.2 through 2.2.4. The simulation option, discussed in
Section 2.2.6, is also the same since it requires the selection of the

fixed-fleet itinerary construction process.

3.2.1 Types of Transport Unit Elements

The Version Il model provides for an aircraft mode capability
in addition to the truck mode. Up to nine types of transport unit elements
associated with the aircraft mode can be considered. Each type is
labeled by a number starting with 21 and ending with 29, Table 3. 1
summarizes the numerical designations currently assigned to the
aircraft transport unit elements. Of these numbers, 21 through 23

are reserved for specific types of aircraft.



The itineraries for . aircraft must be generatzad before those
for the truck trailers because the aircraft itineraries levy service re-
quirements for truck trailers to transport the material betwecen the bases
and airfields. These service requirements have no flexibility since all
of the flexibility in the original shipments designated for the aircraft mode
were used ir the generation of the aircraft itincraries. To illustrate these
trailer service requirements resulting from the aircraft it.neraries, con-
sider an active leg of an aircraft itinerary. This leg starts at time s_
when the loading of the material onto the aircraft commences. The
truck trailer used to transpo~t this material from the base to the
airfield must then be scheduled so ti.. t the mateiial can be loaded onto
the trailer at the base, the trailer can travel to the airfield, and it can
be off-loaded at the airfield, with off-loading being complete at s_,
the time that loading of the aircraft commences.

The user of the Version Il model specifies the order in which
the different types of transport unit elements are to be considered,
subject to this restriction that the aircraft itineraries be generated
before the truck trailer itineraries. Complete details on these ordering

procedures are given in Section 4. 4.
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Table 3. 1.

Numerical
Designations

21
22
23
24
25
26
27
28

29

Aircraft mode transport unit designations.

Transport Unit
Element

Aircraft Type 1
Aircraft Type 2
Aircraft Type 3
undesignated
undesignated
undesignated
Aircraft Crews
Aircraft Guards

undesignated
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3.2.2 Fleet Sizing Option

A) important capability of the Version II model is the option
to select a non-fixed-fleet itinerary construction process where the
conditions at the end of the planning interval are used as initial con-
ditions at the beginning. The motivating factor in this approach is that
these terminal conditions should provide a representative set of initial
conditions for the transport unit element type under consideration. The
resulting connection of the terminal and initial conditions effectively
results in a set of closed itineraries. The selection of this non-fixed-
fleet option eliminates the need to provide for a warm-up period in the
schedule to reduce the effects of arbitrary selection of initial conditions.
The user still specifies the desired planning horizon in the non-fixed-
fleet approach.

The major advantage of the non-fixed-fleet approach is that it
is much more efficient from the viewpoint of computer time than the
fixed-fleet approach. The reason for this is that with the {ixed-fleet
approach the iterations on the fleet size require that itineraries for
each type of transport unit eiement be gene 1ited until the number of
itineraries equais the specified fleet size. This generally requires
that itineraries be ;enerated three *+ mes for each type of transport
unit element. In contrast, with the non-fixed-fleet approach no itera-
tions on fleet size are required and the itineraries for each type of
transport unit element must be generated only once. Technical details

on this non-fixed-fleet approach are given in Section 4. 1.
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3.3 Version II Test Results

Three types of tests were made wi’ . the Version II model.
The first was to employ the non-fixed-fleet sizing option to schedule
the trailers and tractors to provide a comparison with the TRUCKING 1
results and the fixed-fleet results of Version I, which were presented
in Section 2. 3. Then the tractors and trailers were required to travel
together and tne restriction of no loading or unloading on weekends
was imposed. The final test checked the multimode capability in

+hich aircraft and truck trailers were sequentially scheduled.

3,3,1 Comparison of Non-Fixed-Fleet Option, Fixed-Fleet
Option and TRUCKING 1

The non-fixed-fleet sizing option was employed to sequentially
schedule the trailers and tractors to satisfy the sample shipment
schedule. The statistics of the resultant itineraries are give . in Table
3.2 and the itineraries are depicted in Figure 3,2, Note that the
resultant ‘leet size is three trailers and three tractors. Trailer itin-
erary 2 is very short and starts at day 85.5 at DJI (Morris, IL), while
(tinerary 3 comes out of maintenance on day 85.2 at HNC (Yecungsville,
NC). The resulting fraction of a day between the end of itinerary 3
and the start of itin: rary 2 is not quite sufficient to allow a deadhead
leg to merge these two itineraries. It is expected that reducing the
_onservative penalty factor in the road distance calculation (see
Section 2. 3. 1) or expanding the planning horizon slightly would make this
merger feasible, thereby reducing the required trailer fleet size to
two.

It is interesting to note that three tractors are required com-
pared to four for the fixed-fleet approach. However, this is not

significant since, as was discussed in Section 2. 3. 1, a small change
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= Active or deadhead service IVV\ = Maintenance

Figure 3.2. Trailer and tractor itineraries using non-
fixed fleet itinerary construction process
wl  trailers and tractors are sequentially

scheduled.
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Table 3.2

Statistics from non-fixed-fleet runs in which trailers and tractors
are sequentially scheduled (linking value penalties: trailers, idle - 10,

deadhead - 1, flexibility loss - 0. 1; tractors, idle - 1, deadhead - 1).

km km km Days in Days

Trailer Total Active Deadhead Maintenance Idle
1 41,330 18, 250 23,080 8 43
2 6,407 2, 545 3,862 0 85
3 73,512 27,47¢ 46, 096 12 5
Ave 40, 436 16, 090 24, 346 7 44

Percent of Total km Active 39.8
Percent o. Total Days Idle 49.2

km km km Days in Days

Tractor Total Active® Deadhead Maintenance Idle
1 57,474 51, 366 6, 108 8 29
2 13, 087 10, 586 2,501 -+ 73
3 13,872 56, 862 5,488 10 &
Ave 44,304 39, 605 4,699 7 41

Percent of Total km Active™ 89. 4

Percent of Total Days Idle 45,6

*Active service for tractors is defined to be when trailers are being
pulled, whereas deadhead service is defined to be when the tractors
are traveling without towing a trailer.
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in the road distance penalty factor should reduce the fixed-fleet tractor
fleet size by one.

The non-fixed-fleet option was also tested for the case in which
the tractors and trailers are always required to remain together. The
resulting statistics and itineraries are given in Table 3. 3 and Figure
3.3, respectively. The required fleet size is four. As in some of the
earlier cases considered, it is almost possible to combine two of the
itineraries into one composite itinerary to reduce the flect size by one.
In this case the last active service in itinerary 2 ends at dav 2.5 at
base PPM (Bourne, MA), while itinerary 4 starts at day 72.8 at base
DJI (Morris, IL). There is not sufficient time for a deadhead leg from
Bourne, MA, to Morris, IL to merge these itineraries. Again it is
likely that a reduction of the road distance penalty factor would allow
these 1tineraries to be merged. Note that 37.9 perceat of the total
distance traveled is on active service as compared to 24. 6 for TRUCK-

ING I and 40. 6 for the fixed-fleet option.

3.3.2 Effect of Weekend Loading /Unloading Restrictions

The non-fixed-fleet option was used to investigate the effects
of not allowing loading or unloading of the tra‘.ers on weekends. In
this case the trailers and tractors were required to always remain
together. The statistics of the resulting itineraries are presented in
Table 3.4 and the itineraries themselves are shown in Figure 3.4. The
resulting required fleet size is five, compared to t} ‘ee or four without
this weekend restriction. By reducing the road distance penalty factor
below 1.2 to a more reasonable value, it may be possible to merge

itlneraries 3 and 4 to reduce the fleet size to four,
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Table 3. 3.

Statistics from non-fixed-fleet ru:. . which trailers and tractors
always remain together. Maximuin allowable distance without
maintenance is 12, 874 km, length of maintenance stay is 4 days,
and linking value penalties used are: idle - 10, deadhead - 1,

flexibility loss - 0. i.

Trailer/ km km km Days in Days\
Tractor Total Active Deadhead Maintenance Idle
1 k4, 1733 4,772 9, 961 4 72
2 55, 864 22,698 33,166 20 17
3 53, 909 19, 407 34,502 20 H
4 5,207 1, 395 3,812 4 82
Ave 32,428 12,067 20, 360 12 47
Percent of Total km Active 37.2
Percent of Total Days Idle 52.5
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Table 3.4

Statistics from non-fixed-f zet run in which trailers and tractors
remain together subject to no loading or unloading allowed on week-
ends. Maximum allowable distance without maintenance is 12,874
km, length of maintenance stay is 4 days, and linking value penalties

used are idle - 10, deadhead - 1, flexibility loss - 0. 1.

Trailer/ km km km Days in Days
Tractor Total Active Deadhead Maintenance Idle
1 6, 006 1,678 4,328 4 83
2 44,658 15,715 28,943 16 35
3 36,473 10, 869 25,604 20 31
4 11, 387 4,562 6,825 4 76
5 39,317 15, 447 23,¢8.0 16 40
Ave 27,568 9,654 17,914 12 53
Percent of Total km Active 35.0
Percent of Total Days Idle 58.3
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The linking value penalties used were idle time - 10, deadhead

time - 1, and flexibility time - 0.1. The heavy penalty on idle time
compared to deadhead time tended to force the vehicles to deadhead
rather than idle on weekends, resulting in 35.5 percent of the distance
tr.v:lea veing active service compared to 37. 9 without the loading/
unloading restrictions. It is likely that reducing the idle penalty relative
to the deadhead penalty in the linking value function will increase this

figure for the itineraries with and without the loading restriction.

3. 3.3 Multimode Capability

To test the multimode capability of the Version Il model, air-
craft and truck trailers wer: sequentiully schedulea to meet the require-
ments of the shipment scheaule. The rules used for assigning a shipment
to an aircraft and the assumed aircraft parameters are summarized in
Table 3.5. Note that the loading and unloading times are sufficiently
long to allow for routine aircraft maintenance between flights.

The resulting itineraries for this sequential scheduling of aircraft
and truck trailers are depicted in Figure 3.5. Fleet sizes of 2 and 6
for the aircraft and trailers are required, respectively. Less than
9 percent of the total distance traveled by the trailers is on active
service. Of the total of 152 shipments, 67 were assigned to the air-
craft mode and the remaining ones (the shorter trips) to the truck mode.
Trucks are also required to transport the material between the bases
and airfields, for 134 additional short trips. Whereas all the active
truck trips are short, there are no restrictions on length of deadhead
trips resulting in close to 91 percent of the total distance traveled
being deadhead service. A large portion of the deadhead trips are
simply between bases where aircraft transported shipments are leaving

and arriving.
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Table 3.5

Aircraft parameters and rules for assignment »f aircraft to a shipment

used for test of Version I' multimode capability.

(a) Aircraft parameters.

Velocity 550 km/hr

Capacity Equal to one truck trailer

Loading Time 12 hours

Unloading Time 12 hours

Maintenance Time for routine maintenance
included in loading/unloading
times.

(b) Assignment rules.

(1) Time via truck must exceed 8 hours.

(2) Maximum allowable distance between origin base and
nearest airfield is 100 km,

(3) Maximum allowable distance between destination base
and nearest airfield is 100 km.
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Figure 3.5. Itineraries resulting from sequential scheduling of
aircraft and trailers.
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4.0 TECHNICAL DISCUSSION OF PROCEDURES

The main purpose of this s=ction is to provide technical details
on the major algorithms used in the Version I and Il models. A second-
ary purpose is to discuss the overall efficiency of the models and possible
techniques for improving their efficiency.

Figure 4.1 shows a block diagram of the Version I and II models
with the major subroutines. Subsequent discussions will refer to this

figure.

4.1 Generation of Itineraries

‘
In simulating the performance of a specific transportation
system, the numbers and initial statuses of all transport unit elements
are specified. Typically, one also specifies a shipping schedule for a
fixed, finite interval. In this instance, there is an end effect which is
related to the finite length of the schedule. At the end of the time for
which shipments are required, the lack of yet more shipments intro-
duces an artificial degree of flexibility in scheduling. This may yield
more optimistic results than would actually occur. The natu’ e of this
effect can be identified by running the simulation for successively
extended shipment schedulc., i.e., schedules augme..*~4 bv a "wrap-
up' segment. In practice, it is recommenced that one build itineraries
for a shipping schedule corresponding to an interval which exceeds the
interval of interest, and use the results only for the shorter interval.
In fleet sizing, we do not have the initial conditions for all
transport units; we do not even have the number of transport units.
Thus we encounter difficulties related to both ends of a finite shipping
schedule. The end-of-interval end effect can be handled as for the

simulation. To handle to the beginning-of-interval end effect, a
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warm-up technique is commonly applied. In essence, one needs a
schedule which extends before the interval of interest. To achieve
this, we have adopted a warm-up technique in which a schedule seg-
ment is added to the beginning of the schedule for our fixed-fleet
sizing cpt:on. Though we have not done this, it may be worthwhile to
also add i schedule segment to the end of the schedule, i.e., a
"wrap-up' segment. Final results would be drawn fromthe original,
smalle' interval. Details of the warm-up technique are given in
Section 4.1. 3.

An alternate approach to dealing with the end effects, which
is t' e basis of our non-fixed-fleet sizing option, is to embed the
problem with the fixed shipping schedule into a periodic problem for
which the shipping schedule is repeated with a period equal to the
criginal interval over which the schedule is defined. In effect, this
technique makes the end of the itineraries act also as initial gondi-
tions, and obviates the use of a "warm-up' or a "wrap-up" schedule
segment,

An itinerary which results from this approach is also periodic,
but it can, in general, have a period equal to any integer multiple of
the basic period, i.e., the interval of definition for the shipping
schedule.

Figure 4.2 illustrates these notions. First, an itinerary with
period = T, the basic schedule period, is illustrated. Next, there is
illustrated an itinerary with period = 2T. Since the overall assign-
ments to itineraries is identical in each interval of length T, it follows
that there must be a complementary itinerary, also of period 2T
and shifted from the first itinerary of period 2T by a time T, i.e.,

one basic period.
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The argument carries on for complementary sets of itineraries
of any number, In Figure 4.2, there is also illustrated a complemen-
tary set of three itineraries.

Each complementary set of itineraries can be represented by
a single closed itinerary with a number of ''return arcs' equal to
the number of itineraries in the set. This is illustrated in Figure 4. 3,
with the illustrated sets of one, two and three itineraries corresr>=ing
to the itineraries of Figure 4. 2.

The generation of itineraries is performea in subroutine ITIN.
The basic technique used in building itineraries is to sequentia’ly link
services together to formcomposite services. This linking p.-ocess
then proceeds until no further linkings are possible.

This section discusses the four major aspects of the itinerary
construction process: the process of linking services (with emphasis
on checking the feasibility of candidate linkings) in both the fixed-fleet
and non-{ixed-fleet approaches, the setting of initial conditions in the
itinerary construction process for the fixed-:leet sizing approach,
the actual construction of itineraries by chrosing the best of the feasible
linkings, and the recovery of the details cf the itireraries from the
final set of composite services and the history o. 'he linking process.

To discuss the procedures for gencrating itineraries, we
require a mathematical representation of a service in its most gen-
eral form. Figure 4.4 shows such a service. Note that this general
service may include bands in which travel is allowed. The bands
shown in this figure are based on the assumption that no work is
allowed on bases on weekends. The actual service can occur in

any one of these bands.
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Figure 4. 3 Representation of periodic itineraries as closed itineraries.
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A set of required services is in the form of a list, . e i

element of which has the form

p.P P P P _P P P 1 P
a,b,c, {(sl.t‘.nl,ul.v“.v?_i,nf.w“.wZi).p ’ » 1}
where
ai origin
bi destination
< quantity of service
af earliest departure in pth interval
tf earliest arrival time in pth interval
n? number of retu:.: arcs corresponding to (s?. tf)
(This quantity is used only in the non-fixed-fleet approach
of the Version Il model.)
p : o th .
ui width (flexibility) of p  interval
v]lbi' V,Z)i accumulated use variables from beginning of this service

m, logical variable for inclusion of a maintenance stop

within this service
1 wZi accumulated use variables to the end of this service

P, number of alternat ve time intervals
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Tigure 4. 2.

location

A service representation with multiple intervals.
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defined by a choice of

and then a departure time ¥

For these choices, the denarture time 18

accumulated use variables are related to m vinte
aintenance (or rest) is required before a S pe«
Oor a specified distance

Y > The Dre ' 1 s O f
narng . ifne presence ot

Fixed-Fleet Approach
% Ak J: £

- - - § =

bility of this linking These steps are de picted in Figure 4.

I'he temporal feasibility condition for linking services
1 and ) is based on che« king whether or not the departure time for the

second service (j) can be delaved to a time equal to or later than the latest
] ]

arrival time at a ollowing the first service (1). 'his arrival time must

account for any required intermediate maintenance stops and dead-

heading,




STEP 1

STEP 2

STEP 3

—
Check Temporal

Feasibility of Linking
Service i with a
Following Service J
with No Intermediate
Maintenance Stop

Not

Feasible
—

Feasible

Check Whether Linking
is Feasible Without an
Intermediate
Maintenance Stop

Yes

No

Add Intermediate
Maintenance Stop

and Again Check
Temporal Feasibility

Not
Feasible

Feasible

Linking is Feasible
with an Intermediate
Maintenance Stop
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To mathematically address this temporal feasibility question,

define for service i, fixedp, and 7, g0, uip]r

r€ [0, uP]

and for ser ice ,, fixed q, and 8, ggJo, u.q]:
J

Furthermore, define

£ = travel time from bi to aj .

The temporal feasibility condition for given values of p and r, which

define the departure time of service i, can be stated as
s 3+u9¢ +¢
] J 1 N

for at least one value of q. Services i and j can be connected if this

inequality is satisfied for at least one set of values of p and #.
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If this temporal feasibility test is satisfied, the next s’ep is to
check whether or not this linking of services i and j without an
intermediate maintenance stop violates the upper liinits on the time
and distance accumulated use variables. Maintenance requiremenis
are dciined by (1) upper bounds on time and distance traveled between
maintenance stops and (2) the required duration of a stay in maintenance.
To simplify :he following discussion of maintenance feasibility, we
will suppress the dependence of the accumulated use variables on
departure interval.

Consider a sequence of services, as illustrated in Figure 4.6 =
which are linked together to form composite service i . This sequence
contains 1 stay at maintenance. In considering the possible linking
of this composite service (i) with another (possibly composite) ser-
vice (j}, it is necessary to distinguish between the accumulated use
variables from the beginning of service i, v ., Vv

li 2
the end of the service, Wl Woo This distinction is necessary ' .y

i and those to

if there is at least one stay at maintenance contained in the sequcnce.

To specify this condition, we define the logical variable m, by
1 if the service contains a stay at maintenance
0 otherwise

= b * Sas - = X
If mi 0, we have, by definition, wli vli and ”Zi VZi

In considering the feasibility of linking services i and j,
there are four possible combinations of m, and mj which can occur.
To investigate these cases, the following additional variables are

required:
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n = distance between bAl and aj
Bi(ﬂj) = travel time from bi(bj) to inaintenan' e base

ai(aj) = travel time from maintenance base to ai(aj)

"

‘)‘i(?j) distance between bi(bj) and maintenance base

"

8 (8.
)

distance between ai(aj) and maintenance base

The accumulated use variables are additive by journey leg,
e.g., if neither service (i or j) includes a stop at maintenance
(m, = mj = 0), the accumulated use variables for the new combined

i
service (k) is

LR TR R

v vi+n+w

2k 2 2j

If we also account for recessary travel to and from maintenance at
either end of the service, we find the constraints to be

Y1

<
k+¢:‘i+Bj T

+y. +8, <D
Y2k 71 63
where T and D are the bounds on time and distance respectis ely
allowed between maintenance stops.
Maintenance feasibility conditions, and the resultant accumu-
lated use variables are given in Table 4.1 as functions of m, and mj

assuming no maintenance stop between services i and j.
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Table 4. 1. Maintenance feasibility checks and resultant accumulated use variables.

m, =0, m, = 0:
1 J

= + = + +
b T Tk T Yok " V23 TV M

ible i +A. + +6 + <
feasible 1fai ﬂj vlksT and Y bj Yok D

feasible if ai + vlk < 7T and -yi + vZk <D

i i
Yik " Vi Yok T Vai
s el
Wik T ¥ T ET Yy, Yok TV2i TN Yy

feasible if w

2

+
1k ﬂjsT and w

k+6jsD

1 J
i " Vi Yok " Vai
mk =1

feasible if tE+v .
easible if w,. + § \ljs'l‘ and v2i+n+vzj$D
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If a bound on one of the accumulated use variables is violated,
an intermediate stop at maintenance must be provided for the linking
of services i and j to be feasible,and temporal feasibility must again
be checked. This requires a redefinition of the travel time from

bi to aj to include the maintenance stop, i.e.,

£ = travel time from bi to maintenance
+ required time in maintenance

4+ travel time from maintenance to aj

With this new definition of £ , the temporal feasibility check dis-
cussed above is again used.

Table 4.2 summarizes the resultant accumulated use varialles
in linking services i and j with an intermediate maintenance stop
as functions of m, and mj.

If the linking between servi-es i and j is feasible, the com-
plete representation for the compo;ite service k is required. Of
major importance is the division of the composite service k into
bands from the bands of the original two services. In general, the
criterion used in selecting the bands of the composite service is mini-
mum idle time. To illustrate the process of defining the bands of the
composite service, consider the example shown in Figure 4. 7 in
which service i has three bands and j has four bands. For simpli-
city, we assume that aj and bi are the same locations.

Table 4.3 describes the possible linkings of the individual ands.
Consider the linking of band 1 of service i with each of the four

bands of service j. The linking of p=1 with q =1 is infeasible

Bt

since the earliest arrival time of i, t is greater than the
i

1 :
latest departure time of j, sjl + u‘j . The band p = 1 can be linked with
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Table 4, 2. Accumulated u*+ variables assuming an intermediate stcp

for maintenance.

i J
e *Vu A
m.k=l
ik T @5t Yy
ml=0, mj=l
ik “ Yt A
oy 3
Yik T Vj
m1= 1, mj=0
vlk:vh
m, =1
wlk—v1j+aj
ml= , mj=l
Vik " Vi
xnk=l
Yik T Vi

i
o
&

<

2k ¢ 2

2k '2j

2k 2i



service

j

b.

J

Figure 4. 7. Example of linking bands of two services
to form bands of a composite service.
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Table 1. 3.

Feasibility of band linking for example.

P
q 1 é 3
i NOT NOT NOT
FEASIBLE FEASIBLE F ZASIBLE
2 r=1 r=2 NOF
FEASIBLE
3 EXCESS - NOT
IDLE = FEASIBLE
4 EXCES*® EXCESS -4
IDLE IDLE =
Table 4.4. Times and flexibility for composite bands in example.
T T T
r
b " "
1
1 S, *f'u.1 t ¢ 0
i i 3
2 2 2
2 s1 t. +(t. -s. ) u 2- (t,z-s.z)
3 2 - : . . sl
3 s. -(t. -s. ) t.3 u "
J 1 ] J
4 3 3 4 3 3 4
B s, -(t. -s t. >
s (1 i ) 3 ti +u1 sJ




the g = 2 band by means of an added idle of minimum length,
2 1 1

sj - t'1 -u . Note that this added idle time is minimized by requir-
ing zero flexibility in the new composite band. Although linkings of
the p =1 band with the bands q = 3 and 4 are feasible, they require
more idle time th.t does the linking with the q = 2 band so they are not
used. Next consider the band p = 2. This can be linked to the bands
q = 2 and q = 3 with zero idle time as shown to produce two composite
bands. Again linking of p ="2 with g = % is feasible, but requires
idle time so is not used. Finally, the band p = 3 can only be linked
to the q = 4 band. The resulting values of earliest departure time,
earliest arrival time, and flexibility are summarized in Table 3. 4.

If the locations bi and aj are not the same, travel time from
bi to aj must be included in these calculations.

The following equations summarize the values of earliest
departure time, earliest arrival time, and flexibility for band r of

composite service k which is obtained by linking band p of service

i with band q of service j.

r P q q q
t =maxit +t -8 "4+E , L.
5 x [t o 3 J]
r__ . ff 4 P P _.4_ 9 P, P
sk-mm[tk (3 (ti si) (tj sj), si+ui]

& wnd 9 _ 41F _ 9 P Pp__T
mu’x[uj (tk tj). si+ui sk]

o

The origin and destination of the composite service are simply

given by
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When services i and j are linked together, the quantities
of the two gervices < and cj may differ. To describe how to handle

this situation, consider the case when

In this linking, service i is divided into two services which are
identical to i except for quantity. One has quantity equal to cj .
so that this service can be linked directl to service j, and the
other accounts for the remaining quantity c; - cj . Therefore the
linking of services i and j with ci> cj produces one composite

service with

and a copy of service i with quantity of service reduced to c, = C
The values of the a~cumulated use and maintenance variables:

for the composite service were given previously in Tables 4.1 and 4. 2.
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4.1.2 Linking of Services in Non-Fixed-Fleet Approach

As was discussed in Section 4. 1.1, the basis for the non-
fixed-fleet approach is the assumption that the shipment schedule is
periodic with period equal to the plai ing horizon.

Consider a set of services with period T, as illustrated in
Figure 4.8. To define a periodic set of services, it iz of course
only necessary to list services associated with a single designated
interval of duration equal t. T . For this purpose, the departur- tiine
for a service will be taken in the designated interval. If the assouciated
arrival time then happens to fall beyond the end of this designated
interval, as illustrated in Figure 4.8, an equivalent representation with
an arrival time within the interval is obtained by considering the service
to be in two pieces. The first piece is obtained f-om the originai
service by terminating it at the end of the period. The second pic-e
is obtained from a second service identical to this ser~ice but arriving
one period earlier than actual arrival time. It is generated by cutting
this new service off at the beginning of the period. The connection of
these two pieces can then be represented by a return arc, as illus-
trated in Figure 4. 8.

It should also be noted that services can cover several periods.
For example, with a period of two days, a seven-day service will
cover four or five periods. An extension of the ideas presented above
leads to the identification of several pieces and associated r=turn arcs
within one period.

Linking of services in a periodic set can be reduced to linking
of services as described in Section 4. 1.1 for the fixed-fleet approach.

This is accomplished in three steps:
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Figure 4. 8. A periodic set of services.
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(1) transform all service times to aperiodic form

(2) execute linking of services as in fixed-fleet approach
(Section 4. 1. 1)

(3) transform resultant linked service to periodic
notation.
Details of these steps are now provided.

In transforming service times to aperiodic form, it is most
convenient to arrange for the arrival times tip fcr service i, and the
departure times s,q for service j to fall in the standard interval, with
other times being Jadjuated accordingly. Specifically, if tip does not

fall in the interval, adjust the departure time of i according to

BPC—S.P - Tnp. P = l. LR » p.
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